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1. INTRODUCTION
1.1. Topicality of the Research
Combined cycle power plants (CCGT) in Latvia used to operate in the baseload regime
until 2014 when Latvia joined the Nord Pool power exchange market. Change of market
principles led to more cycling operations of power plants, which is typical to all open
electricity markets. The European Union is in the pursuit of great improvements in energy
efficiency and renewable energy use, which even more increases the number of CCGT
operation cycles, due to intermitting solar and wind generation [1], [2], [45].
Cycling operation is more damaging for power plant equipment despite many
improvements that have been made to make CCGTs adopt such operation mode. Problems
with the thermal fatigue of heat recovery steam generators (HRSG) and steam turbines are
well known and have been studied for decades [5]–[7]. Less attention is paid to the main
electrical equipment of power plants, which may suffer from cycling operation as well
[8], [9].
The European Commission implemented the Regulation (EU) 2016/631 of 14 April 2016,
establishing a network code on requirements for grid connection of generators (RfG), which is
a good example of understanding further challenges in the electrical power grid. RfG sets
high requirements for all conventional and renewable generators because the power grid
becomes weaker due to the market relationships, increased share of intermitting generation,
high voltage direct current interconnections and disbalance of generation in regions [4],
[23], [67].
The Baltic states are going to interconnect with the Continental Europe network (CEN),
which with the most probability will result in application of RfG for existing generators. In
some cases additional modernization must be made demanding additional investments from
generators. Synchronization with CEN, however, will lead to changes in the ancillary service
provision system. Provision of frequency primary and secondary control service, voltage
control service, and inertia contribution service might become market based and lead to
changes in power plant operating mode [22], [54].
Renewable energy may help to optimize power plant self-consumption reducing the costs
of power plant operation. Even more possibilities are brought by using battery storage
systems (BESS), which could allow reducing the costs for self-consumption as well as
provide ancillary services [28], [30], [43], [74].
Use of additional gains from ancillary service provision and reduction of self-consumption
electricity costs can allow CCGTs to move towards more stable operating modes, which could
result in lower overall costs of operation or greater income.
In this Doctoral Thesis, the following questions and challenges were studied.
 Cycling operation impact on main electrical equipment of a power plant was analyzed.
Based on available main electrical system reliability statistics of combined heat and
power plants (CHP) empirical formulas were obtained to evaluate the impact of
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different operating regimes of CCGT, also outage and unplanned unavailability caused
costs were evaluated. All this can be used for risk assessment.
 Possible ways of modernization of existing power plants to fulfill RfG and provide
additional ancillary services were described. Analysis of possible service provision
costs from CCGT and installations connected to the transmission system operator
(TSO) were made.
 Solar generation data collection from the experimental installation was made and the
methodology of detailed analysis of photovoltaic (PV) system profitability in CCGT
self-consumption system was developed and tested on historical data providing
essential information for economic calculations.
 PV system profitability methodology was enhanced by adding BESS operation
evaluation module, which optimizes BESS operation to reduce self-consumption costs
and maximize use of solar energy. This module operates as a separate program and
optimizes BESS operation even during the hours when PV output is neglectable or
zero. The enhanced methodology was tested on historical data and could be easily
used with forecast data.
 Methodology for CCGT operation planning enhancement, which considers additional
income from ancillary service provision, was developed and tested using historical
data. Combining results of operation planning enhancement algorithms with empirical
formulas for outage rate and caused costs calculation allow choosing the best
operation strategy for CCGTs – move towards income maximization or to a reduction
of startup number.
Provided analysis, calculations and developed solutions allow to improve the planning of
CCGT operation and make decisions about future investments in power plant upgrades. The
remuneration of ancillary services might have a huge impact on the future operation
of CCGT.

1.2. Hypothesis of the Doctoral Thesis
Provision of ancillary service and reduction of electricity self-consumption costs allows
more optimal CCGT operation, reduction of outage rate and extra costs, as well as provide
additional profits. To ensure provision of ancillary services, modernization of existing CCGT
electrical equipment is required.

1.3. The Aim of the Doctoral Thesis
This Doctoral Thesis aims to analyze the cycling operation impact on CCGT's main
electrical equipment and develop tools to evaluate this impact, as well as consider upcoming
challenges and changes in legislation and in grid interconnection. It requires development of a
new methodology for economic calculations of ancillary service provision for evaluation of
the feasibility of proposed modernizations options. Another important target of this Thesis is
the development and validation of the methodology for detailed profitability calculations of
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PV generation and BESS for power plant self-consumption. The main target is the use of
developed methodologies in the methodology for CCGT operation planning enhancement,
which allows choosing an operation strategy.

1.4. The Task of the Doctoral Thesis
To achieve the aims of the Doctoral Thesis, the following tasks were set:
 to study the degradation process in electrical equipment and reliability statistics of
combined heat and power plant main electrical equipment;
 to evaluate the outage rate of main electrical equipment and caused costs;
 to overview the new requirements set up by RfG and possible technical constraints for
existing power plants as well as the measures to overcome them;
 to analyze the possibilities and costs of ancillary service provision from existing
CCGT;
 to develop and verify the methodology for evaluation of the feasibility of solar
generation use in thermal power plant for provision of self-consumption, based on the
collected data from the PV system deployed for an experiment;
 to develop and verify the methodology for evaluation of feasibility of BESS use for
power plant self-consumption;
 to develop a methodology for maximization of income from provision of ancillary
services and minimize CCGT number of startups/shutdowns.

1.5. Scientific Novelty
The study on incident and failure causers as well as statistics of main electrical equipment
of combined heat and power plant was conducted. Within the study, new calculation
methodology, which uses empirical formulas to evaluate the influence of power plant
operating modes on outage rate, as well as evaluation of associated outage costs, were
developed.
Methodology for technical and economic evaluation of the proposed solutions for
modernization, which allow to fulfil RfG requirements of existing power plants, have been
developed.
Various solutions of ancillary service provision from CCGT were analyzed and possible
costs of voltage control, primary frequency control, and inertia services provision were
calculated.
Methodology for evaluation of PV generation and its possible contribution to selfconsumption of the thermal power plant has been developed and verified using the data from
the PV system installed in Riga TEC-2 as an experiment. The methodology uses PV hourly
generation and electricity self-consumption volumes for feasibility evaluation of PV system in
a thermal power plant.
The developed methodology was extended to optimize the BESS operation in combination
with PV generation as well as in standalone operation mode to ensure lower costs for thermal
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power plant electricity self-consumption. The methodology was verified using historical
hourly data.
Methodology for CCGT operation planning enhancement, based on additional income
from ancillary service provision, has been developed and verified on hourly historical data.
Previously developed empirical expressions were applied to calculation results to evaluate the
outage rate of CCGT main electrical equipment and associated unavailability costs due to
shifting in operation.

1.6. Practical Significance of the Research
The obtained empirical formulas for evaluation of outage rate of CHP main electrical
equipment as well as the evaluated costs of caused unavailability can be used in risk
assessment management, giving a better understanding of cyclic operation consequences for
combined cycle power plants.
Solutions were proposed for modernization of existing combined cycle power plants in
order to fulfill new grid connection requirements and possible changes in power plant
operation due to synchronization of the Baltic power system with CEN that could be
implemented in 2025. The developed methodology was used to evaluate possibilities and
costs of ancillary service provision from existing CCGTs after modernization and from sites
connected to TSO. Costs of service provision were used to evaluate possible income for
CCGT in case the ancillary services become remunerated in the future.
The developed methodology for evaluation of electricity supply from PV system to ensure
self-consumption of thermal power plant could be used for different applications to estimate
in detail the feasibility of such solution, as well as to allow selection of optimal power of
photovoltaic system. The proposed methodology was used for evaluation of feasibility of
photovoltaic systems in Riga TEC-2, which were installed during 2017−2019. The
methodology for BESS operation optimization to reduce self-consumption electricity cost was
developed. The interaction of both methodologies gives even more possibilities to reach
ecological targets.
The methodology for CCGT operation planning enhancement based on the income from
ancillary service provision was developed. It allows moving towards maximal profit from
service provision or the lowest number of start-up/shut down operations. The developed
empirical equation should be used to evaluate the impact of the results of both solutions on
the main electrical equipment outage rate and caused costs, which will give an understanding
of possible CCGT operation strategy for the planning period.
The methodologies developed in this Doctoral Thesis were mainly applied to JSC
“Latvenergo” power plants, but they can be used for any other similar generation facilities.
Realization and verification of the developed methodologies were made by developed C#
programs, which as data source use MS Excel databases, the results are extracted as MS Excel
worksheets, which makes the developed programs easy applicable for any new object of
research.
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1.7. Volume and Structure of the Doctoral Thesis
The Doctoral Thesis is written in English. It comprises seven chapters, thirty three
sections, conclusions and bibliography with 139 reference sources. It has been illustrated by
59 figures and 33 tables. The volume of the Thesis is 135 pages.
Chapter 1 provides information about topicality and hypothesis of the Thesis, formulates
the aim of the research and tasks to be fulfilled. Also, scientific novelty and practical
significance of the Thesis are presented. Author’s scientific works are listed.
Chapter 2 provides an overview about the challenges arising from the cycling operation
mode to CCGT main electrical equipment. Also new requirements for generators are briefly
overviewed. Information about possible solutions for ancillary service provision and CCGT
self-consumption electricity costs reduction is provided.
Chapter 3 presents a detailed overview of different stress impact on main electrical
equipment of CHP. Based on statistics, empirical formulas for outage rate approximation
were obtained. The costs of outage caused unavailability are estimated as well.
Chapter 4 describes the problems that arise for existing generators from new
requirements, as well as calculations for possible solutions. Economic impact of power plant
modernization is considered.
Chapter 5 provides a description of possible ancillary service provision from CCGT to
the grid. Ancillary service provision alternatives are analyzed and service costs for Latvia are
evaluated.
Chapter 6 focuses on reducing CCGT self-consumption costs as well as greenhouse gas
emission footprint. A methodology developed for detailed feasibility evaluation of
photovoltaic system is presented. This methodology is also enhanced by the algorithm for
joint optimization of battery storage and photovoltaic system. An example of calculations
using the developed methodology is provided.
Chapter 7 summarizes the results of the Doctoral Thesis and provides a methodology for
CCGT operation planning enhancement based on possible income from ancillary service
provision, combining the results with outage rate evaluation and possible unavailability costs.

1.8. Scientific Work
The results of the research have been presented at international scientific conferences in
Latvia and abroad:
1. 2019 IEEE 7th IEEE Workshop on Advances in Information, Electronic and Electrical
Engineering (AIEEE), 15−16 November 2019, Liepaja, Latvia
2. 2019 IEEE 60th International Scientific Conference on Power and Electrical
Engineering of Riga Technical University (RTUCON), 7−9 October 2019, Riga,
Latvia
3. 2018 IEEE 59th International Scientific Conference on Power and Electrical
Engineering of Riga Technical University (RTUCON), 12−13 November 2018, Riga,
Latvia.
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4. 2018 IEEE International Conference on Environment and Electrical Engineering and
2018 IEEE Industrial and Commercial Power Systems Europe (EEEIC / I&CPS
Europe), 12−15 June 2018, Palermo, Italy.
5. 2016 57th International Scientific Conference on Power and Electrical Engineering of
Riga Technical University (RTUCON), 13−14 October 2016, Riga, Latvia.
During the doctoral studies, the author has participated in other international conferences,
where the topical energy sector problems have been discussed:
1. 2017 IEEE 58th International Scientific Conference on Power and Electrical
Engineering of Riga Technical University (RTUCON), 12−13 October 2017, Riga,
Latvia.
2. 2015 IEEE 5th International Conference on Power Engineering, Energy and Electrical
Drives (POWERENG), 11−13 May 2015, Riga, Latvia.
3. 2014 55th International Scientific Conference on Power and Electrical Engineering of
Riga Technical University (RTUCON), 14 October 2014, Riga, Latvia.
The results of the research have been published in conference proceedings:
1. R. Oļekšijs and B. Olekshii, “Combined heat and power plant electrical equipment
incident rate and unavailability empirical expression,” 2019 IEEE 7th IEEE Workshop
on Advances in Information, Electronic and Electrical Engineering (AIEEE), 15−16
November 2018, Liepaja, Latvia, Electronic ISBN: 978-1-7281-6730-5, doi:
10.1109/AIEEE48629.2019.8976989.
2. R. Oļekšijs and O. Linkevičs, “Possible solutions for ancillary service provision from
combined heat and power plants in Latvia,” 2019 IEEE 60th International Scientific
Conference on Power and Electrical Engineering of Riga Technical University
(RTUCON), 7-9 October 2019, Riga, Latvia, Electronic ISBN: 978-1-7281-3942-5,
doi: 10.1109/RTUCON48111.2019.8982358.
3. R. Oļekšijs and O. Linkevičs, “Photovoltaic system application for combined heat and
power plant self-consumption needs,” 2019 IEEE 60th International Scientific
Conference on Power and Electrical Engineering of Riga Technical University
(RTUCON), 7−9 October 2019, Riga, Latvia. Electronic ISBN: 978-1-7281-3942-5,
doi: 10.1109/RTUCON48111.2019.8982371.
4. Oļekšijs, R., Linkevičs, O. Photovoltaic system application for industry self
consumption needs. In: 2018 IEEE 59th International Scientific Conference on Power
and Electrical Engineering of Riga Technical University (RTUCON), 12−13
November 2018, Riga, Latvia. Piscataway: IEEE, 2018, Electronic ISBN: 978-1-53866903-7, doi: 10.1109/RTUCON.2018.8659909.
5. Makalska, T., Varfolomejeva, R., Oļekšijs, R. The Impact of Wind Generation on the
Spot Market Electricity Pricing. In: 2018 IEEE International Conference on
Environment and Electrical Engineering and 2018 IEEE Industrial and Commercial
Power Systems Europe (EEEIC / I&CPS Europe), 12−15 June 2018, Palermo, Italy.
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Piscataway:
IEEE,
2018,
Electronic
ISBN:
978-1-5386-5186-5,
doi:
10.1109/EEEIC.2018.8494539.
6. Oļekšijs, R., Linkevičs, O. Failure simulation model for evaluation of CHP electrical
equipment reliability. In: 57th International Scientific Conference on Power and
Electrical Engineering of Riga Technical University (RTUCON), 13−14 October
2016, Riga, Latvia. Piscataway: IEEE, 2016, Electronic ISBN: 978-1-5090-3731-5,
doi: 10.1109/RTUCON.2016.7763139.
The author’s articles have also been published in conference proceedings, where different
problems concerning the energy sector have been considered:
1. Krickis, O., Oļekšijs, R. Safe operation of the industrial centrifugal pump sets in
parallel connection. In: 2017 IEEE 58th International Scientific Conference on Power
and Electrical Engineering of Riga Technical University (RTUCON), 12−13 October
2017, Riga, Latvia. Piscataway: IEEE, 2017, Electronic ISBN: 978-1-5386-3846-0,
doi: 10.1109/RTUCON.2017.8124774.
2. Sauhatas, A., Oļekšijs, R. Hallways and stairways lighting system cost reduction. In:
2016 57th International Scientific Conference on Power and Electrical Engineering of
Riga Technical University (RTUCON), 13−14 October 2016, Riga, Latvia.
Piscataway:
IEEE,
2016,
Electronic
ISBN:
978-1-5090-3731-5,
doi:
10.1109/RTUCON.2016.7763150.
3. Olekshii, R., Linkevičs, O., Kukļa, N. Utilization of latent heat of 330 kV
autotransformer for space and water heating in substation Imanta. In: 2015 IEEE 5th
International Conference on Power Engineering, Energy and Electrical Drives
(POWERENG), 11−13 May 2015, Riga, Latvia. Piscataway: IEEE, 2015, Electronic
ISBN: 978-1-4799-9978-1, doi: 10.1109/PowerEng.2015.7266295.
4. Olekshii, R., Linkevičs, O., Kukļa, N. Feasibility of usage of thermoelectric modules
for recovering of low-potential heat from a surface of power transformers. In: 2014
55th International Scientific Conference on Power and Electrical Engineering of Riga
Technical University (RTUCON), 14 October 2014, Riga, Latvia. Piscataway: IEEE,
2014, Electronic ISBN: 978-1-4799-7462-7, doi: 10.1109/RTUCON.2014.6998217.
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2. CHALLENGES FOR CCGT ELECTRICAL EQUIPMENT
2.1. Cycling Operation Impact on Electrical Equipment
Modern CCGTs are designed for a two-shift operation mode, this type of operating is
more damaging for power plant equipment. It is well known that thermal fatigue is at its most
damaging when a component is operating in the creep range and is subject to a constant
tensile load. This mostly affects gas and steam turbines as well as HRSG [5]–[7]. Impact on
power plant electrical equipment is not studied as much. Generator and switchgear can be
susceptible to increased fatigue, wear, and other forms of degradation due to repeated stopstart operation [8], [9].
VGB presented its technical-scientific report “Analysis of Unavailability of Power Plants
2008−2017”. Table 2.1 presents data for 53 CCGTs in Europe [11]. Despite that, total
incident count for main electrical equipment is only 1.22 incidents per unit (according to
VGB one unit is power plant unit, not equipment) per year, which is 3.15 % of all incidents, it
causes 0,97 % of unavailability, which is 12.6 % of total power plant unavailability.
Table 2.1
Unavailability Report for CCGT for 2008−2017
Unavailability incidents
not
postponable
Generator system

0.53

postponable
0.09

Energy unavailability, %
total
0.62

of them generator
Main supply system

0.42

0.18

0.60

of them main transformer

not
postponable

postponable

total

0.5

0.21

0.71

0.28

0.13

0.41

0.26

0.26

0.12

0.12

Main electrical system,
total

0.95

0.27

1.22

0.76

0.21

0.97

Power plant, total

33.3

5.4

38.70

6

1.7

7.7

Generator must operate under electrical, mechanical and thermal stress all the time. The
majority of problems occur with generator insulation. Usual stator defect is improper
impregnation of insulation, which is a manufacturing defect; thermal deterioration (Fig.
2.1 a), which usually is the result of winding short circuits and sometimes is the result of bad
cooling; delamination of insulation from copper (Fig. 2.1 b), which usually is forced by
cycling loading and unloading of generator, different thermal expansion coefficients of copper
and mica lead to additional mechanical stress of insulation and results in crack developing and
delamination. Also, ground painting problems (Fig. 2.1 c), slot vibration (Fig. 2.1 d), end
winding vibration (Fig. 2.1 e), problems with corona protection, contamination, and
insufficient spacing lead to the development of defects [13]–[15].
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Fig. 2.1. Common generator stator defects [13], [15].
According to [11] the main supply system causes 3.38 % of power plant unavailability
time, power transformers represent 1.55 % of 3.38 %. The weakest spots or elements of
power transformer are represented in Fig. 2.2 [16]–[18]. For CHPs [19] the reported failure
rate is 0.094 per unit per year.

Other
12 %

Core
3%

Tap changer
41 %

Bushings
12 %

Leakage
13 %
Windings
19 %

Fig. 2.2. Power transformer subcomponent failures [17].
Main circuit breakers cause very few problems for power plants [10], [11]. Usually the
circuit breaker problem occurs when an operation command is performed. In some cases
circuit breakers lock and do not perform task operation due to failure or blocking within the
circuit breaker control system, such failure mode represents 25 % of CB failures.
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2.2. Transmission Grid Development and Ancillary Services
The European Commission implemented the Regulation (EU) 2016/631 establishing a
network code on requirements for grid connection of generators (RfG). RfG sets high
requirements for all conventional and renewable generators [4]. RfG can be implemented to
existing power plants in Latvia after synchronization with the CEN in 2025 due to significant
changes in transmission system [22].
In [23] it is stated, that in the case of the successful development of the scenario of 2025
for the Latvian energy system, taking into account additional interconnection lines and
increasing the share of renewable energy sources, weak nodes and lines will appear. It will
lead to problems with system static stability and balance of the system.
Also, synchronization with CEN will open new ancillary service markets. The Baltic
balancing energy market, so called CoBA has already been launched providing frequency
restoration reserves with manual activation (mFRR), the results show positive impact [25].
According to [24] frequency restoration reserves with automatic activation (aFFR) and
frequency containment reserve (FCR) markets should be launched next. In future TSO might
demand more reactive power compensation from generators and buy it as ancillary service
[22], [24].

2.3. Optimization of Self-Consumption
Optimization of self-consumption allows reducing short term costs for power plants. It
could be done in several ways. But most solutions depend on specific situations, especially
when used for modernization or retrofitting in existing facilities [27].
European policies, photovoltaic global price reduction, and CO2 market raise the interest
to use solar power for self-consumption. Such solution is applicable to any facility with
unused area. PV systems are widely used for business centers and industrial facilities to
reduce electricity costs [28], [29]. Battery storage systems give even more possibilities to
optimize electricity consumption [30].
BESS is well known for usage in combination with an intermitting source of energy. Such
combination allows shaving peaks [43]. Also, BESS is used for off-grid solutions to provide
as much energy as possible from renewable energy sources [44].
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3. CHP ELECTRICAL EQUIPMENT RELIABILITY
CHP equipment degradation is studied by numerous works, e.g. [31]−[34], but mostly
concerns gas turbine, heat regeneration steam generators, steam turbines outages and caused
costs. [33] provides information about generator failure probability distribution and caused
outage, thus no dependency on cyclic operation is presented. Some CHP outage analysis
works takes into account generator failures, like [35] and [36], which also considered power
transformer failures, thus, in both works electrical equipment failure rates are estimated just to
approve the proposed methodology. [38] focuses on the development of generator outage
model for risk-based maintenance, but generator failure rate also is estimated and has no
relation to power plant operating modes. Therefore, [9], [13] and [14] discuss turbo-generator
failures as a result of manufacturing, maintenance, installation or operating regimes; thus,
lack of statistics does not allow to use these data for generator failure rate estimation.
For power transformers great failure rate statistics are collected in [18] and statistics for
circuit breakers and analysis is available in [16] and [20]. That is why in this Doctoral Thesis
focuses on generator incident rate analysis. Also, economic impact of CHP's main electrical
equipment incident rate is analyzed [21].

3.1. Approach of Incident Rate and Unavailability Evaluation
Fig. 3.1 shows that the generator incident rate is not a regular function of operating hours.
It is the same if the generator incident rate is presented as a function of start-up number. It is
because of the difference of generator constructions, age and operating regimes represented in
statistics; incident rate of generators, in general, can be expressed as follows:
λgen = 𝑓(𝑡op ; 𝑛s ; 𝑐; 𝑦; 𝑡t ; … ),
where
λgen – generator incident rate;
top – operation time per year, h per year;
ns – number of starts per year;
c – cooling method (direct or indirect);
y – insulation technology;
tt – total number of hours in operation, h.
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(3.1)

Fig. 3.1. Number of generator system incidents per year per unit relation
to operating hours per year.
As it is not possible to describe the generator incident rate from a physical model or it is
too complicated to be applied in practice, the empirical model can be used to evaluate the
relations between different variables (start-up number and operating hours) to describe the
incident rate. In this Doctoral Thesis, least square method and proposed approach are used to
find out the empirical formula for turbogenerator incident rate and unplanned unavailability
time [37]. Using the least square method incident rate would be expressed as
λgen.l = β0 + β1 𝑡op + β2 𝑛s ,

(3.2)

Number of incidents per hour per
unit per year

where
λgen.l – incident rate calculated by least square method;
β – unknown parameters of empirical model.
In the proposed approach it is suggested to get rid of the number of operating hours or the
number of starts, to get more clear dependency of incident rate on one of the two proposed
variables. The used statistics clearly defines average operated hours per year, but the number
of startups was evaluated from several sources, so operating hours were used as a base for
further calculation. A graph as in Fig. 3.2 was obtained.
0,004
0,0035
0,003
0,0025
0,002
0,0015
0,001
0,0005
0
0

0,05

0,1
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0,3

Number of starts per hour per unit per year
incidents per hour

Fig. 3.2. Number of generator system incidents per hour per year per unit relation to the
number of starts per hour per unit per year.
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The hourly incident rate is
λgen.h =

λgen
𝑡op

𝑛

= 𝑓 (𝑡 s ).

(3.3)

op

The results obtained from available statistics data were divided in linear segments and an
expression for each were calculated. For incident estimation per hour per unit per year Table
3.1 must be used.
Table 3.1
Equations for Incident Rate Estimation for Generators
Number of starts per hour per unit
per year
0.000 741 to 0.004 272

λgen.h estimation equation

Equation number

0.0264ns.h – 0.000 002

1

0.004 272 to 0.014 341

0.0066ns.h + 0.000 08

2

0.014 341 to 0.570 776

0.0058ns.h + 0.000 09

3

In case the least square method is used, the following expression will be obtained:
λgen.l = −1.92807 + 0.00029𝑡op + 0.03266𝑛s

(3.4)

Generator incident rate per unit per year λgen

The least square method allows to get empirical relation in a shorter time and allows to
use one common expression instead of three different formulas for different occasions as it
should be done for the proposed approach. Simulation of different operating regimes and
using the proposed approach formulas from Table 3.1 and least square method (3.4) show that
the obtained incident rate for different operating regimes than the one used for empirical
formula estimation differs a lot. Fig. 3.3 presents the calculated generator incident rate
dependence on operating hours.
1,6
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1,2
1
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0,6
0,4
0,2
0
-0,2
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Generator operating hours top , h
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Least squares
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Least square_simulated

Incidents per year

Fig. 3.3. Comparison of results of the proposed approach and least square
results for generator incident rate estimation.
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Total incident rate of power plant unit main electrical equipment is calculated as follows:
λel.t = λgen + λt + λcb = λgen.h 𝑡op + ∑𝑛𝑖=1 λt.v + 𝑛s ∑𝑛𝑖=1 λcb.o ,

(3.5)

where
λel.t – main electrical equipment total incident rate per unit (block) per year;
λgen – generator incident rate per unit (block) per year calculated by Table 3.1;
λt – step-up power transformer failure rate per unit (equipment) per year;
λcb – generator circuit breaker failure rate per unit (equipment) per year;
n – total amount per power plant unit (block);
λt.v – step-up transformers failure rate according to the voltage level of step-up
transformer;
λcb.o – generator circuit breaker failure rate according to circuit breaker technology.
The circuit breaker failure rate is very low, so this part could be ignored in risk
assessment.
For generator outage caused unavailability percentage estimation, the same approach is
used that was used for generator incident rate estimation.
𝑘un.h =

𝑘un
𝑛s
= 𝑓 ( ),
𝑡op
𝑡op

(3.6)

where kun.h is hourly energy unavailability percent per unit (block) per year caused by
generator, %.
The obtained equations are presented in Table 3.2. The next step is calculation of
unavailable or unproduced energy due to estimated failure rate, which is done using (3.8).
Table 3.2
Equations for Unavailability Estimation for Generators
Number of starts per hour
per unit per year
0.000 741 to 0.004 272

Unavailability %
estimation equation
0.0148ns.h + 0.000 007

0.004 272 to 0.014 341

0.0133ns.h + 0.000 01

2

0.014 341 to 0.570 776

0.0204ns.h – 0.000 09

3

Equation number
1

Generator unavailability expressions obtained by least square method were calculated.
𝑘un.l_v2 = −0.30140 + 0.00005𝑡op + 0.01674𝑛s ,

(3.7)

where kun.l is generator caused energy unavailability percent per unit per year calculated by
least square method, %.
In case of caused unavailability calculation it is also proposed to use Table 3.2
expressions.
𝑊un.e = 𝑘un.e 𝑃N 𝑡N ,

(3.8)

where
Wun.e – estimated unavailable energy per unit per year due to generator incidents, MWh;
kun.e – estimated incident caused energy unavailability percent, %;
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PN – power plant unit nominal power, MW;
tN – calendar time, h [11].
As power transformer failure rate does not depend on cycling operation, average energy
unavailability of main transformer was taken as constant 0.12 % according to [14]. Circuit
breaker failure caused energy unavailability is not represented in statistics due to negligible
failure rate [20].

3.2. Incident and Unavailability Caused Costs
Costs of unplanned unavailability could be divided into two groups: 1) additional
maintenance and repair costs; 2) loss of income due to incident. Unavailability costs are
expressed as follows:
𝐶un = λgen 𝐶mr.gen + λt.110 𝐶mr.t110 + λt.330 𝐶mr.t330 + 𝑡un 𝑃N 𝐶bal + λel 𝐶s + 𝑡un 𝐶ser ,

(3.9)

where
Cun – unavailability costs, EUR;
Cmr.gen – maintenance and repair costs per one generator incident, EUR;
Cmr.t – maintenance and repair costs per power transformer failure, EUR;
tun – unplanned unavailability hours per year, h;
Cbal – balancing costs, EUR/MWh;
Cs – power plant unit startup costs, EUR;
Cser – costs of loss due to undelivered ancillary services, EUR/h.
In [39] generators incident costs were reported as 140 794 EUR per incident. As power
transformer statistics were provided for significant failures, the costs of failure are assumed as
replacement costs of power transformer, costs of step-up power transformers are
15 000 EUR/MVA [71].
According to [22] average balancing price for upwards activation in Latvia in 2018 was
59.27 EUR/MWh. According to data from [40] incidents can lead to warm start of CHP, for
400 MW CCGT it will result in startup costs of approximately 32 040 EUR. Using equations
from Table 3.1 and Table 3.2 calculations of incident caused costs for 400 MW CCGT block
with 180 MVA 110 kV power transformer and 330 MVA 330 kV power transformer were
made and provided in Table 3.3. The costs of unplanned unavailability time takes most share
of incident and total unavailability caused costs.
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Table 3.3
Incident and Unavailability Total Costs
Predicted
operating
hours per
year

Predicted
starts per
year

λgen

λt.110

λt.330

λel.t

tun, h

Cun, total
costs per
year, EUR

Cun, total
costs per
10 years,
EUR

2000

10

0.226

0.0059

0.0132

0.2451

23.9148

762 240

7 622 408

2000

30

0.354

0.0059

0.0132

0.3731

48.3552

1 402 754

14 027 549

2000

100

0.760

0.0059

0.0132

0.7791

173.448

4 562 196

45 621 966

3000

10

0.258

0.0059

0.0132

0.2771

25.3164

810 740

8 107 402

3000

30

0.438

0.0059

0.0132

0.4571

48.0924

1 436 608

14 366 089

3000

100

0.850

0.0059

0.0132

0.8691

165.564

4 418 230

44 182 304

4000

10

0.256

0.0059

0.0132

0.2751

25.9296

824 323

8 243 236

4000

30

0.518

0.0059

0.0132

0.5371

48.9684

1 495 552

14 955 528

4000

100

0.940

0.0059

0.0132

0.9591

157.6800

4 274 264

42 742 641

To prevent or minimize the number of incidents in power plant generators and step-up
transformers, as well as to predict and control the degradation of insulation and other
elements, numerous methods are used. Generally, they can be divided into online and offline
monitoring [18], [46], [47], [49]–[51].
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4. NEW REQUIREMENTS FOR GENERATORS
Development of electric grid, wider usage of renewable energy source, as well as new
interconnections lead to changes in existing electricity markets. Energy systems become more
vulnerable and grid stability is challenged. In [3] reasons and consequences of changes in
modern energetics are discussed, such studies were carried out also for Latvia and are
presented in [23], [67], [68].
The European Commission supports ENTSO-E actions in development of technical
requirements for grid connected users to ensure greater security of electrical systems [52]. For
existing generators compliance to some of new requirements might be problematic. Basing on
information provided in [76] it can be concluded that the Baltic states synchronization with
CEN will lead to the necessity to ensure higher existing generator security level to provide
grid stability.

4.1. Possible Solutions for Existing Equipment to Meet New Voltage
Control and Reactive Power Demands
To fulfill RfG voltage and reactive power requirements, three main problems need to be
solved for existing generators:
1) high overvoltage up to 17 %, such overvoltage can be a cause for protection operation
and can lead to trip of power plant;
2) great overcurrent (5‒14 %) at undervoltage mode;
3) generator inability to consume / generate enough reactive power to fulfill U-Q/Pmax
requirements.
The target is to maintain overvoltage within 10 %, which could be done by choosing the
appropriate tap of step-up transformer. Overcurrent below 5 % in any operating mode could
be maintained if reactive power is compensated from other source, the same will help to
provide reactive power to fulfil U-Q/Pmax diagram requirements.
Step-up transformer contribution in reactive power consumption is expressed as follows:
𝑄grid = 𝑄mg −

2
2
𝑥T (𝑃g2 + 𝑄gm
)𝑈g1
2
𝑈g2
𝑆g

,

(4.1)

where
Qmg – reactive power to fulfill operation mode (in the case of leading operating mode the
sign before reactive power should be changed to opposite), MVAr;
Pg – generator rated active power, MW;
Ug1 – generator rated voltage, kV;
U2 – generator voltage to fulfill RfG requirements, kV;
Qgrid – reactive power at generator connection point to the grid, MVAr;
xT – step-up transformer reactance, Ω.
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Table 4.1
Necessary Reactive Power Compensation Amount and Investments for Different Solutions

Industrial type turbine
generator (lead
cosφ = 0.93; lag
cosφ = 0.80), 110 kV grid
Heavy duty turbine
generator (lead
cosφ = 0.97; lag
cosφ = 0.78), 110 kV grid
Heavy duty turbine
generator (lead
cosφ = 0.91; lag
cosφ = 0.84), 330 kV grid

Q comp.
leading,
MVAr

Q comp.
lagging,
MVAr

0

Investments, EUR
Capacitor
bank /
reactor

SVC

STATCOM

Synchronous
compensator

12

198 000

858 000

1 122 000

462 000

–15

4

313 500

1 072 500

1 402 500

962 500

–80

50

2 145 000

7 150 000

9 350 000

5 390 000

The amount of compensated reactive power for different generators and possible
investments for different technologies, which will help generators to fulfill RfG requirements,
are presented in Table 4.1. Synchronous compensators could not provide full rated power in
leading regime, so higher rated power is chosen to fulfill the requirements [55]‒[57].

4.2. Frequency Ranges and Ramping Challenges for
Existing Equipment and Possible Solutions
Industrial gas turbine ramp rate according to Siemens is 5 % of CCGT block rated active
power per minute, which is lower than 8 % in 30 seconds demanded by Latvian TSO [61].
Battery energy storage systems (BESS) could provide significant improvement in ramping
speed for industrial type gas turbines [53], [60], [61].
To choose the right BESS for ramping speed improvement, several calculations should be
made to understand power and capacity of installations. BESS power for ensuring proper
ramping rate can be calculated as follows:
𝑃B.r = 𝑘p (𝑃d.r − 𝑃GT.r ),
where
PB.r – power of BESS used for ramping rate improvement, MW;
kp – coefficient to prevent lack of power, used 1.05;
Pd.r – demanded power gain per 1 minute, MW;
PGT.r – GT power gain per 1 minute, MW;
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(4.2)

BESS should have enough capacity to perform within the time span while gas turbine will
reach the demanded power:
𝑇

𝐴B.r = 𝑘c

∑ (𝑡a 𝑃d.r − 𝑡𝑃GT.r ),

(4.3)

𝑡=0.0083

where
AB.r – BESS capacity for ramping rate provision, MWh;
ta – time to activate frequency demanded active power, h.
kc – coefficient to prevent overcharge and under discharge of BESS, used 1.3;
T – time to reach Pd.r using only gas turbine ramping speed PGT.r, h.
For example, for 150 MW CCGT with 5 % per minute ramping rate of gas turbine
according to (4.2) and (4.3), BESS should be at least 11.81 MW and 0.243 MWh, rounding up
the results in 12 MW and 0.25 MWh. According to [26] investments for such BESS will be
around 3 480 000 EUR.
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5. ANCILLARY SERVICE PROVISION
In [41], [62]–[64], the necessary ancillary services to provide greater power system
stability are discussed. Ancillary services from power plants and other users, mainly energy
storage systems, connected to TSO become more and more important.
A thorough study of ancillary service provision situation is provided in [63], voltage and
frequency control are covered, but service prices are not mentioned. Therefore [62]
concentrates more on choosing a proper ancillary service market model and the presented
prices for balancing and spinning reserve are just assumed as possible prices from generators.
In [64] it is stated that BESS also can contribute in different ancillary service provision, but
no service costs are mentioned as well.
R. Petrichenko, K. Baltputnis, D. Sobolevsky and A. Sauhats in [65] present the studies on
possible costs of spinning reserve provision (that could provide inertia, frequency restoration
reserves (FRR), frequency containment reserves (FCR), and reactive power) from the biggest
Latvian hydro power plant (HPP) cascade. However, only costs of HPP are considered, the
costs of the same service provision from CCGT or TSO connected parties are not considered.
Reactive power costs provided from synchronous generators are evaluated in [66]. The study
presented in [59] makes a comparison with possible service provision from generators and
capacitor banks.

5.1. Reactive Power Control
Calculations for existing CCGTs show that the change of power factor from 1 to the rated
will lead to additional costs per MVArh. For generators connected to 110 kV grid additional
costs would result in up to 0.39 EUR/MVArh in lagging mode at rated active power and
power factor, in leading mode additional costs would vary in the range from
0.06 EUR/MVArh to 0.20 EUR/MVArh. For the generators connected to 330 kV grid reactive
power the price in lagging mode is moving from power factor 1 to rated is 0.51 EUR/MVArh
and 0.17 EUR/MVArh in the leading mode. The costs are given at the cost of 50 EUR/MWh
for active power production.
Calculations show that it is more economically feasible to make an upgrade for system
security at the site connected to TSO and do not remunerate generators for reactive power
provision. Results are presented in Table 5.2. It is due to very high costs of existing
generators in order to comply with RfG, discussed in Subsection 4.1.
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Table 5.1
Comparison of Reactive Power Price at Site Connected TSO and Generators Site if Reactive
Power Provision is not Market Based and TSO Should Ensure Grid Security
Payback
time

1.37

25

1.86

25

1.01

25

1.39

25

60.89

1.37

>25

76.11

1.01

>25

2 145 000

60.89

1.86

>25

2 145 000

76.11

1.39

>25

Investments,
EUR

–18/+5

379 500

–80/+50

2 145 000

–18/+5

379 500

–80/+50

2 145 000

110 kV
generator

–18/+5

379 500

–18/+5

379 500

330 kV
generator

–80/+50
–80/+50

Site
connected
to TSO

End user
electricity
price,
EUR/MWh

TSO service
price, EUR/
MVArh

Installed power,
MVAr

60.89
76.11

5.2. Inertia Provision
Latvian TSO announced necessity of 6000 MWs inertia after synchronization to CEN
[22]. Biggest Latvian generators can ensure such amount of inertia only for limited time per
year, and average lack of inertia is 2654 MWs.
Inertia could be provided by synchronous compensators (SC) with flywheel, such
technology allows to reach inertia constant H = 8 s for 200 MVA SC. To ensure the necessary
inertia level, 4 SCs should be installed. Flywheels are known for high self-discharge, usually
1–1.7 % per hour [69], [70].
If synchronous compensator with flywheel is used, operating costs can be calculated as
follows:
8760

𝐶oSCa = 𝐾p 𝑖 + 𝐾p 𝑘m + 8760𝐶e 𝑛SC Δ𝑃T0 𝑘av + 𝐶e ∑ 𝑛SC𝑡 (Δ𝑃SC + 𝛥𝑃T + Δ𝑃fw ),

(5.1)

𝑡=1

where
CoSCa – yearly operation costs of synchronous compensators with flywheel to provide
lacking inertia, EUR;
Kp – project capital investments, EUR;
i – credit interest rate, p.u.;
km – coefficient for maintenance costs per year, p. u.;
ΔPT0 – power transformer no-load losses, MW;
kav – availability of technology per year, p. u.;
ΔPSC – synchronous compensator operation losses, MW;
ΔPT – power transformer load losses corresponding to synchronous compensator load, MW;
ΔPfw – flywheel losses, MW;
Ce – market based self-consumption electricity costs, EUR/MWh;
nSCt – number of lacking synchronous compensators at t hour.
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The results show that average lack of 2654 MWs of inertia provision will cost
1006.53 EUR per hour at high electricity prices (76.11 EUR/MWh), which is taken as base
scenario. Fig. 5.1 shows that the electricity market price has a huge impact on the costs of
inertia provided by CCGTs. At high electricity prices generators can provide lower inertia
costs, but if low price (60.89 EUR/MWh) scenario appears, generators could not compete
with SCs.

EUR

NPV (3 %)
100 000 000
50 000 000
(50 000 000)
(100 000 000)
(150 000 000)
(200 000 000)
(250 000 000)
(300 000 000)
(350 000 000)
(400 000 000)
(450 000 000)
SC operation at low el. price

SC operation at high el. price

Inertia from CHP at low el. price

Inertia from CHP at high el. price

SC_FW_loe el. price

SC_FW_ high el. price

Fig. 5.1. NPV calculation for possible solutions inertia provision.

5.3. Frequency Contamination Reserves
Full activation of FCR should be within 0‒30 seconds and be available for at least 15
minutes. In average, biggest generators in Latvia could not provide FCR for 2400 hours per
year. To ensure FCR provision for a whole year, BESS could be installed at a TSO connected
site or at power plant.
The BESS upkeep costs for a TSO connected site are calculated as follows:
𝐶up.sub = 𝐾p 𝑖 + 𝐾p 𝑘m + 𝐶e (8760𝑘av 𝑃bs + 12𝐴B.f 𝑘),

(5.2)

where
Cup.sub – total upkeep costs at the site connected to TSO, EUR;
Pbs – power used for BESS upkeep, MW;
AB.f – BESS capacity for FCR provision, MWh;
k – coefficient that considers self-discharge in BESS, value used for calculation is 0.07.
Hourly additional energy should be purchased to ensure operation of the system:
𝐴op.f =

Δ𝑃f.op
𝑡 ,
ηop.l op.f
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(5.3)

where
Aop.f – energy purchased for operation in FCR mode, MWh;
Pf.op – average operating power of BESS for FCR provision, MW
ηop.l – inverter efficiency operating at a lower than rated power;
top.f – time per year when BESS operates in FCR mode, h.
So total costs of FCR provision are:
𝐶r.op = 𝐶up.sub + 𝐶e 𝐴op.f ,

(5.4)

where Cr.op are total yearly operation costs of BESS for FCR provision, EUR.
In the case when BESS is installed and runs at the generator site, Ce in (5.2) and (5.4) should
be substituted with Cel.pp ‒ yearly average power plant self-consumption electricity costs.
Calculations are made for several electricity market price scenarios, assuming operation life
of BESS as 10 years. Due to 2 % time for maintenance each year, BESS could not provide
FCR all year long. The results are presented in Table 5.2. An alternative is to install a smaller
BESS at Riga TEC-1, which would allow biggest Latvian generators fully cover the necessity
of FCR. The results are presented in
Table 5.3. If FCR market is open, then none of stand-alone BESS solutions can compete
with Riga TEC-1 upgrade and service provision from all biggest generators. It appears due to
lower investments and operation costs.
Table 5.2
Costs of FCR if Generators are not Performing in Service Provision

Scenario

BESS at site connected to TSO. No EU funding.
BESS at generator site. No EU funding.
BESS at site connected to TSO. 75 % EU funded. FCR
is market based (BESS operates 2400 h)
BESS at generator site. 75 % EU funding. FCR is
market based (BESS operates 2400 h)

End user
electricity
price,
EUR/MWh
76.11
60.89
76.11
60.89
76.11
60.89
76.11
60.89

Operating
hour per
year, h
8585
8585
8585
8585
2400
2400
2400
2400

Cost per MW
per operation
hour, EUR/MW
per h
10.73
9.93
9.67
8.87
20.93
18.46
17.60
15.53

Table 5.3
Costs of FCR if Generators Perform in Service Provision to 100 %

Scenario

End user
electricity price,
EUR/MWh
76.11
60.89

Riga TEC-1 upgraded with BESS. No EU
funding.
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Additional
operating costs due
to CCGT operation
per year, EUR
100 320
321 507

Cost per MW
per operation
hour, EUR/MW
per h
7.27
8.47

6. CCGT SEFLF-CONSUMPTION MODERNIZATION
PV installation and BESS usage are reported in [29], [73] as a measure to move towards
zero-emission buildings, which should work for CCGT self-consumption needs as well. In
[30] such solutions are reported as cost effective, it was in Australia. Therefore, [74] reports
that Latvia has the lowest PV usage in the Baltic States.
At Riga TEC-2 several PV systems (1 phase 4.6 kW and two 3 phase 13.7 kW each) were
installed, the results of 3-year operation and usage for CCGT self-consumption needs show
the possibility to reduce finances used for electricity purchase. Basing on data from the
installed PV system calculations for bigger systems are made in this Doctoral Thesis in order
to find the most economically feasible size of PV system for CCGT self-consumption
coverage. Calculation methodology, which considers power plant self-consumption electricity
price changes depending on operation mode, as well as the results of program calculation are
presented [75].
Another possibility to reduce the costs of self-consumption is to use BESS for peak price
shaving, such solution is proposed in [72]. A more advanced solution is to use BESS for PV
energy storage, CCGT generated energy storage, and for peak price shaving, which is
discussed further. Previously mentioned methodology was enhanced to optimize PV and
BESS usage depending on CCGT operating mode to ensure the lowest self-consumption
costs. Both developed methodologies were approved on historical data of real CCGTs and
electricity market prices.

6.1. PV Generation for Self-Consumption Needs
Data from PV installation deployed at Riga TEC-2 were used to calculate hourly solar
irradiation obtained by one solar panel. For any new system specific power for one panel can
be calculated from hourly solar irradiation. Any new installation will consist of PV modules
of one type and of the same size, calculation of area of all modules should be done, then, (6.1)
should be used to calculate total generation of PV system at desired hour.
𝑃PV.𝑡 = 𝑃sp.𝑡 𝑆inst.n ,

(6.1)

where
PPV.t – new PV installation generated power after inverter at hour t, kW;
Psp.t – specific PV power at hour t, kW/m2;
Sinst.n – total area of all new installed PV panels, m2.
Power from PV system at hour t is calculated as
{

𝑃s.𝑡 = 𝑃PV.𝑡 − Δ𝑃inv.𝑡 − Δ𝑃T.𝑡 − Δ𝑃c.𝑡 ;

𝑃PV.𝑡 − Δ𝑃inv.𝑡 − Δ𝑃T.𝑡 − Δ𝑃c.𝑡 < 0 → 𝑃s.𝑡 = 𝑃PV.𝑡 − Δ𝑃inv.𝑡 ,
where
Ps.t – total provided solar power at t hours, kW;
ΔPinv.t – losses in inverter at hour t, kW;
ΔPT.t – power transformer losses at hour t, kW;
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(6.2)

ΔPc.t – losses in medium voltage cables at hour t, kW.
Optimal use of solar energy in power plant self-consumption is achieved when function
(6.3) is minimized:
𝑡

𝑓(𝑅) = ∑(𝐶m.𝑡 (𝐴g.𝑡 − 𝐴d.𝑡 ) + 𝐶sc.𝑡 𝐴c.𝑡 − 𝐶s.𝑡 𝐴𝑠.𝑡 );
𝑡=1

𝐴c.𝑡 − 𝐴s.𝑡 < 0 → 𝐶s.𝑡 𝐴s.𝑡 = 𝐶sc.𝑡 𝐴c.𝑡 + 𝐶m.𝑡 (𝐴s.𝑡 − 𝐴c.𝑡 );
𝐴c.𝑡 = 0 → 𝐶s.𝑡 𝐴s.𝑡 = 𝐶m.𝑡 𝐴s.𝑡 ;
{
𝐴c.𝑡 − 𝐴s.𝑡 > 0 → 𝐶s.𝑡 𝐴s.𝑡 = 𝐶sc.𝑡 𝐴s.𝑡 ,

(6.3)

where
Cm.t – Nord Pool spot market price at t hour, EUR/MWh;
Ag.t – power plant generated energy at t hour, MWh;
Ad.t – power plant delivered to the grid energy at t hour, MWh;
Csc.t – self-consumption electricity price at t hour, EUR/MWh;
Ac.t – power plant consumed from the grid energy at t hour, MWh;
Cs.t – PV system generated electricity price at t hour, EUR/MWh;
As.t – PV system generated energy at t hour, MWh;
During the power plant shut-down and startups energy is consumed from the grid and is
used for self-consumption. PV produced energy is used to cover self-consumption needs. In
case the generated solar energy is greater than self-consumption of power plant, it is sold in
electricity market. When the generator operates and does not consume any energy from the
grid (Ac.t = 0), the energy provided from PV system is priced as market price, because it just
allows the generator to deliver more energy to market. When the generator is shut down and
PV generation is lower than self-consumption (As.t < Ac.t), PV generated energy is priced as
self-consumption energy from the grid, because it compensates the price which could be paid.
But if PV generation is higher than the consumed power from the grid (As.t > Ac.t), part of
generation is at the price of self-consumption electricity, and part is at market price. It means
that function component Cs.tAs.t can change hour to hour.
It is obvious that when installing more powerful PV system solar generation will rise and,
as a result from (6.3), will decrease. But the increase of PV system does not always lead to
better economic performance. So, results of (6.3) are used in NPV calculation module.
A special program was developed to deal with (6.3) and NPV calculation. Input data are
presented in Table 6.1 but calculation algorithm in Fig. 6.1. For NPV calculation it is essential
to know investments and predicted revenue, which is calculated in module that solves (6.3).
Basing on solar generation, avoided CO2 emissions are calculated. Revenue from CO2
certificates is calculated in NPV module.
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Table 6.1
Inputs for Calculation
Designation
Ag
Ad
Ac
Cm
Cg
CTSO
n
SPV
ηinst
I
Pinv.r
kic
kc
ST
ΔPT0
PTk
cosφ
mCO2

Units
kWh
kWh
kWh
EUR/MWh
EUR/MWh
EUR/MWh
–
m2
p. u.
kW/m2
kW
p. u.
p. u.
kVA
kW
kW
–
t/kWh

Description
Power plant generated energy
Power plant delivered energy to the grid
Power plant consumed energy from the grid
Nord Pool spot market price
Clean energy component (set as 22.68 EUR/MWh)
Transmission system operator tariff (set as 3.53 EUR/MWh)
Amount of installed PV panels
Total area of one installed PV panel
Installed PV panel efficiency
Solar irradiation
PV inverter rated power
PV inverter control self-consumption
Losses in power cables
Power transformer apparent power
Power transformer no-load losses
Power transformer load losses
Power factor for power delivered from PV inverter to consumption
Avoided CO2 emissions
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Input data

For d = 0 to 365 do
(For each day of a year)
For t = 0 to 24 do
(For each hour of a day)

PPV.t = ItηinstSinst.n

As.t = (PPV.t − ΔPinv.t − ΔPT.t − ΔPc.t)1

Ac.t ≠ 0

mCO2t = As.t0.00042

Yes

No
As.t > Ac.t

Yes
Cs.tAs.t = Cm.tAs.t

No
Cs.tAs.t = Csc.tAc.t + (As.t − Ac.t)Cm.t
Cs.tAs.t = Csc.tAs.t
Save Cs.tAs.t and mCO2t

No

t > 24

Yes

d > 365

No

Yes
G = ∑(Cm.t(Ag.t − Ad.t) + Csc.tAsc.t) − ∑(Cm.t(Ag.t − Ad.t) + Csc.tAsc.t − Cs.tAs.t)

NPV

End

Fig. 6.1. Algorithm to calculate PV generation gain (G) for self-consumption use.
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6.2. Use of Battery Storage System for Self-Consumption Needs
Algorithm presented in Fig. 6.1 was modernized by the part presented in Fig. 6.2. This
program allows to use battery in various ways.
As the only controllable variable for algorithm is BESS available capacity, the algorithm
uses enumeration to find the best hours for BESS discharge and charge from the power
grid/generators in case PV generation is not enough.
Target Function (6.3) is changed to
𝑡

𝑓(𝑅) = ∑(𝐶m.𝑡 (𝐴g.𝑡 − 𝐴d.𝑡 ) + 𝐶sc.𝑡 𝐴c.𝑡 − 𝐶s.𝑡 𝐴s.𝑡 + 𝐶bs.𝑡 𝐴bs.𝑡 + 𝐶BESSc.𝑡 𝐴bc.𝑡 − 𝐶BESSd.𝑡 𝐴bd.𝑡 ) ;
𝑡=1

𝐴c.𝑡

{

𝐴c.𝑡 − 𝐴s.𝑡 < 0 → 𝐶s.𝑡 𝐴s.𝑡 = 𝐶sc.𝑡 𝐴c.𝑡 ;
𝐴c.𝑡 = 0; 𝐴g.𝑡 − 𝐴d.𝑡 − 𝐴s.𝑡 < 0 → 𝐶s.𝑡 𝐴s.𝑡 = 𝐶m.𝑡 𝐴s.𝑡 ; 𝐶BESSc = 0;
= 0; 𝐴g.𝑡 − 𝐴d.𝑡 − 𝐴s.𝑡 > 0 → 𝐶s.𝑡 𝐴s.𝑡 = 𝐶m.𝑡 𝐴s.𝑡 ; 𝐶BESSc.𝑡 = 𝐶m.𝑡 ; 𝐶bs.𝑡 = 𝐶m.𝑡 ;
𝐴c.𝑡 − 𝐴s.𝑡 > 0 → 𝐶s.𝑡 𝐴s.𝑡 = 𝐶sc.𝑡 𝐴s.𝑡 ; 𝐶BESSd.𝑡 = 𝐶sc.𝑡 ; 𝐴bd.𝑡 ≤ 𝐴c.𝑡 − 𝐴s.𝑡 ;
𝐴𝑐.𝑡 > 0 → 𝐶𝑏𝑠.𝑡 = 𝐶𝑠𝑐.𝑡 ;
𝑡BESSc ≠ 𝑡BESSd ,

where
CBESSc.t – BESS charging price at hour t, EUR/MWh;
CBESSd.t – BESS discharging price at hour t, EUR/MWh;
Cbs.t – BESS no load self-consumption price at hour t, EUR/MWh;
Abc.t – energy amount that is used for battery charging at hour t, MWh;
Abc.t – energy amount that is discharged from battery at hour t, MWh;
Abs.t – energy amount used for BESS no-load losses at hour t, MWh;
tBESSc – hour when BESS charging could be made;
tBESSd – hour when BESS discharging could be made.
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(6.4)

Input data

For d = 0 to 365 do
(For each day of a year)
For m = 0 to 24 do
(For each hour of a day)

No

PV generation >
Agt − Adt + Act

Charges battery from
grid

Yes

Excessive generation is No
stored in BESS

For k = m to 24 do
No
Agt − Adt + Act > 0
(Possible to discharge)

No

Yes

m > 24

Charges BESS from grid but not
possible to discharge BESS full capacity
with profit

Yes

No

k > 24
Yes

NO

Decreases energy charged from grid to
discharge energy (all losses are included)
Yes

OptD − OptC > 0
(Searches for profitable
discharge hours)

Yes

Saves battery cycle

No
Find all n ∈ ((OptC ∉ Y ∪ OptD ∉ Z) ∪ (OptD − OptC → max))
(Finds as much as possible charge/ discharge cycles)
Saves charge hours,
discharge hours and profit

d > 365
Yes
End

Fig. 6.2. Algorithm for BESS profit calculation for CCGT self-consumption use.
Opt – function optimum for f(R), with related hourly energy consumption; OptC – function optimum for f(PC),
with related battery charging hours; OptD – function optimum for f(PD), with related battery discharging hours;
Y – hours when charging is not possible; Z – hours when discharging is not possible.
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In winter days (Fig. 6.3), when no PV generation is present, the price difference was used,
charging BESS during cheaper hours (1, 2, and 3) and discharging during high price hours (7
and 8). To gain maximum profit from such operation, part of the charged energy was
discharged only in the 17th hour, when the revenue was higher than in any previous or
upcoming hour, taking into account BESS losses.
During the day with PV generation (Fig. 6.4) the main task was to store all excessive PV
generation and later use it for self-consumption needs. The developed algorithm correctly
charged BESS during all hours when PV generation exceeded self-consumption needs. At the
19th and 20th hour BESS started discharging and the covered amount of energy solar
generation was not providing self-consumption needs. At the 23rd hour the price was slightly
lower than at the 24th hour and BESS was not discharging at the 23rd hour to make maximal
profit in this day.

BESS_charge

Fig. 6.3. BESS optimal charging and discharging during the day without PV generation.
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Fig. 6.4. BESS optimal charging and discharging during the day with PV generation.
Results of economic calculations are presented in Table 6.2. Data is represented for a
CCGT plant with low generation in summer during the year with higher electricity prices and
solar generation, which is most optimistic scenario. Revenue from stabilized CO2 allowance
price was considered.
Table 6.2
Comparison of Revenues From PV System and PV System With BESS
Income from
system
operation,
EUR

Maintenance and noload self-consumption
per year, EUR

Revenue per
year considering
operation and
no-load losses,
EUR

% of PV
revenue

PV 1425 kW

97 940.85

11 307.12

86 633.73

100

PV 1425 kW, 1500 kWh BESS

113 318.55

58 776.70

54 541.85

62.96

PV 1425 kW, 3000 kWh BESS

123 706.18

62 226.70

61 479.49

70.966

PV 1852 kW

121 290.32

14 688.45

106 601.87

100

PV 1852 kW, 2000 kWh BESS

145 940.23

74 312.93

71 627.30

67.19

PV 1852 kW, 4000 kWh BESS

158 714.38

78 912.93

79 801.45

74.86

PV 2565 kW

151837.10

20 324.01

131 513.09

100

PV 2565 kW, 4000 kWh BESS

205 697.16

116 187.55

89 509.60

68.06

PV 2565 kW, 8000 kWh BESS

222 321.86

125 387.56

96 934.30

73.71

Using the combination of excessive solar system and BESS leads to much higher
investments, BESS installation costs are significant, but even more problems arise from noload losses of battery storage system. At present such solution is not feasible and installation
of PV system without BESS is preferable.
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7. OUTAGE AND ANCILLARY SERVICE IMPACT ON
CCGT OPERATION STRATEGY
The proposed methodology is presented in Fig. 7.1. Several steps should be taken before
impact calculation. Service prices that should be used are presented in Table 7.1. Step four is
simulation allowing to understand weather additional income from ancillary service provision
allows to reduce the number of startups and/or shutdowns in order to reduce the incident rate
of CCGT electrical equipment, unavailability time, and caused costs. Step five is the analysis
of simulation in which λ, kun of power plant electrical equipment and caused costs are
recalculated according to simulation results and compared to the results before simulation.
Table 7.1
Amount and Costs of Ancillary Service
Service

Amount per hour
(average per year)

Generator price for
service

Price of equipment
connected to TSO for
service

Reactive power
control

–64 MVAr

Cqm.sub

Cqm.sub

Inertia

2200 MWs

𝐸CHP 𝐶i
𝐸h

Ci

FCR

15 MW / 15 min

𝐶F.g =

𝐶up.gen
𝑡op

1

•Local legistation analysis − see Subchapter 2.2 and
Chapter 4

2

•Service provision amount − see Subchapters 5.1; 5.2;
and 5.3.

3

•Service provision costs from generator site and TSO
connected site − see Subchapters 5.1; 5.2; and 5.3

4

5

𝐶F.sub =

𝐶r.op
𝑡op

•Simulation with shutdown/startup reduction algorythm
•Calculation of λ, kun of power plant and caused costs −
see Subchapters 3.1 and 3.2

Fig. 7.1. Methodology of outage and ancillary service provision impact analysis.
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7.1. Reduction of Number of Cycles and Profit Maximization Algorithms
Optimization of CCGT operation, e.g. increase of flexibility, reduction of operation and
startup costs are presented in various publications [3], [6], [7], [33]. Provision of ancillary
service could open new possibilities for flexibility improvement, due to additional income.
Proposed methodology takes into account reduction of costs due to change of startup type,
which is described in [40].
For the proposed methodology power plant operation was divided into three stages,
startup, operation mode, and shutdown. The idea is to extend operating hours moving the
startups back in time or shutdown forward. The assumption is made, that such movement does
not impact market electricity price. Service provision is taken as additional income. Moving
startup and shutdown hours sometimes leads to power generation in hours when market
electricity prices are lower than electricity production costs. As additional income from
movement reduction of startup costs is taken.
The program based on the proposed methodology is developed to solve two tasks; the first
one is maximization of power plant profit. As moving is related to loss of income from
electricity trading and program seeks to make any change only if some profit from startup
costs reduction and service provision is foreseen. The second task is defined as reduction of
number of startup, for this reason program uses all income from service provision in normal
operating mode to cover the losses of electricity trading when power plant is not originally
operated. The parameters given in Table 7.2 are used.
Table 7.2
Parameters for Shutdown/Startup Reduction Algorithm Simulation
Designation
t

Time, h
n 1
st

Hour of previous shutdown, h

n
st

Hour of actual startup, h

t

t

Description

Pst.1, Pst.2, …, Pst.k
k
Pmin
Qst.1, Qst.2, …, Qst.k
Qavg
Ct
Cst.1, Cst.2, …, Cst.k
C0
Cq
Ci
ECHP
CF.g
Psp.1, Psp.2, …, Psp.m
Qsp.1, Qsp.2, …, Qsp.m
Csp.1, Csp.2, …, Csp.m
m

Active power of 1st , 2nd … kth hour of startup sequence, MW
Startup sequence duration
Generator minimum allowed active power, MW
Reactive power of 1st , 2nd … kth hour of startup sequence, MVAr
Average reactive power provided from generator site, MVAr
Electricity market price at hour t, EUR/MWh
Electricity market price of 1st , 2nd … kth hour of startup sequence, EUR/MWh
Active power generation costs, EUR/MWh
Price for generated reactive power, EUR/MVArh
Price for generator provided inertia, EUR/MWs
Generator provided inertia, MWs
Price of generator granted FCR of 15 MW for 15 minutes
Active power of 1st , 2nd … mth hour of shutdown sequence, MW
Reactive power of 1st , 2nd … mth hour of shutdown sequence, MVAr
Electricity market price of 1st , 2nd … mth hour of startup sequence, EUR/MWh
Shutdown sequence duration
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Continuation of Table 7.3
Cs
tsp.s; tst.s
n

Avoided costs of startup due to change of state of startup (cold/warm/hot), EUR
Hours of simulated shutdown and startup
Iteration number

Function for simulated startup hours is expressed as follows:
𝑛−1 +1
𝑡=𝑡sp

𝑓1 =

[𝑃st.1 (𝐶𝑡 − 𝐶st.1 ) + 𝑄st.1 𝐶q + 𝑃st.2 (𝐶𝑡+1 − 𝐶st.2 ) + 𝑄st.2 𝐶q + ⋯

∑
𝑛 −1
𝑡=𝑡st

(7.1)

𝐸CHP 𝐶i
+ 𝑃st.𝑘 (𝐶𝑡+𝑘 − 𝐶s.𝑘 ) + 𝑄st.𝑘 𝐶q ] + 𝑘
.
𝐸h

Function for simulated hours between real operating hours and simulated startup hours is
expressed as
𝑛−1 +𝑘+1
𝑡=𝑡sp

𝑓2 =

∑

𝐸CHP 𝐶i
+ 𝑄avg 𝐶q + 𝐶F.g ] .
𝐸h

[𝑃min (𝐶𝑡 − 𝐶0 ) +

𝑛
𝑡=𝑡st

(7.2)

Function for simulated shutdown hours is expressed as follows:
𝑛
𝑡=𝑡st
−𝑚

𝑓3 =

∑

[𝑃sp.1 (𝐶𝑡 − 𝐶sp.1 ) + 𝑄sp.1 𝐶q + 𝑃sp.2 (𝐶𝑡+1 − 𝐶sp.2 ) + 𝑄sp.2 𝐶q + ⋯

𝑛−1 +1
𝑡=𝑡sp

(7.3)

𝐸CHP 𝐶i
+ 𝑃sp.𝑚 (𝐶𝑡+𝑚−1 − 𝐶sp.𝑚 ) + 𝑄sp.𝑚 𝐶q ] + 𝑚
.
𝐸h
Function for simulated hours between real operating hours and simulated shutdown hours
is expressed as
𝑛
𝑡=𝑡st
−𝑚−1

𝑓4 =

∑

[𝑃min (𝐶𝑡 − 𝐶0 ) +

𝑛−1
𝑡=𝑡sp

𝐸CHP 𝐶i
𝐸h

+ 𝑄avg 𝐶q + 𝐶F.g ] .

(7.4)

Function of additional profit from ancillary service provision for operating hours is
expressed as
𝑛
𝑡=𝑡st

𝐸CHP 𝐶i
𝑓5 = ∑ (
+ 𝑄avg 𝐶q + 𝐶F.g ) .
𝐸h
𝑛
𝑡=𝑡sp
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(7.5)

To ensure maximal profit gained from ancillary service provision, the following function
is proposed:
𝑛
𝑌mp
= 𝑓1𝑛 + 𝑓2𝑛 + 𝑓3𝑛−1 + 𝑓4𝑛−1 + 𝐶s ;
𝑛
𝑛
𝑛−1
𝑛−1
8 < 𝑡st
− 𝑡sp
≤ 72; 𝑡st.s
− 𝑡sp.s
≤ 8 → 𝐶sh = 16 020;
𝑛
𝑛
𝑛−1
𝑛−1
72 < 𝑡st
− 𝑡sp
; 𝑡st.s
− 𝑡sp.s
≤ 8 → 𝐶s = 29 380;
𝑛
𝑛
𝑛−1
𝑛−1
72 < 𝑡st − 𝑡sp ; 8 < 𝑡st.s − 𝑡sp.s ≤ 72 → 𝐶s = 13 360;
𝑛
𝑛−1
𝑡st.s
− 𝑡sp.s
> 72 → 𝐶s = 0;
𝑛
𝑛
𝑛−1
𝑛−1
{ 0 < 𝑡st − 𝑡sp ≤ 8; 𝑡st.s − 𝑡sp.s = 0 → 𝐶s = 16 020.

(7.6)

To ensure the least number of startups using gain from ancillary service provision, the
following function is proposed:
𝑛
𝑌lst
= 𝑓1𝑛 + 𝑓2𝑛 + 𝑓5𝑛 + 𝑓3𝑛−1 + 𝑓4𝑛−1 + 𝐶s ;
𝑛
𝑛
𝑛−1
𝑛−1
8 < 𝑡st
− 𝑡sp
< 72; 𝑡st.s
− 𝑡sp.s
≤ 8 → 𝐶sh = 16 020;
𝑛
𝑛
𝑛−1
𝑛−1
72 < 𝑡st − 𝑡sp ; 𝑡st.s − 𝑡sp.s ≤ 8 → 𝐶s = 29 380;
𝑛
𝑛
𝑛−1
𝑛−1
72 < 𝑡st
− 𝑡sp
; 8 < 𝑡st.s
− 𝑡sp.s
≤ 72 → 𝐶s = 13 360;
𝑛
𝑛−1
𝑡st.s − 𝑡sp.s > 72 → 𝐶s = 0;
𝑛
𝑛
𝑛−1
𝑛−1
{ 0 < 𝑡st − 𝑡sp ≤ 8; 𝑡st.s − 𝑡sp.s = 0 → 𝐶s = 16 020.

(7.7)

In Fig. 7.2 graphical presentation of (7.7) is provided. Functions (7.6) and (7.7) include
avoided costs due to better startup position, for example, moving from cold start state to hot
start state will allow to avoid the costs of 29 380 EUR and in Y function are included as
additional profit. Prices of possible avoided costs of different startup states were calculated
from data provided in [40] for a similar 400 MW CCGT power plant.
When maximizing income of CCGT, the main objective of program is defined as
𝑛
𝑛
∑ 𝑌mp
→ max.

(7.8)

𝑛=0

When moving to reduction of number of CCGT startup, the main objective of program is
defined as
𝑛
𝑛
∑ 𝑌lst
> 0;
𝑛

𝑛=0

(7.9)

𝑛
𝑛−1
∑ 𝑡st.s
− 𝑡sp.s
→ min.

{𝑛=1

Historical data of real 400 MW CCGT as well as methodology calculation results for 400
MW CCGT running in 2017, when there was the lowest electricity market price in Latvia, are
provided in
Table 7.4; the same for 2018, when there was the highest market electricity price in
Latvia, is provided in Table 7.5. Calculation of generator incident rate, total incident rate, and
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caused unavailability was done as described in Subchapter 3.1, the costs of incidents and
caused unavailability were calculated as defined in Subchapter 3.2. Results show, that
steering for maximum profit is better in the case of low operating number (2359) of hours and
high number (28) of starts, therefore in the case of high operating hours (5421) and the same
startup number as previously, seeking for startup number reduction might lead to even better
economic gain than seeking for maximal profit. The proposed methodology for power plant
planning enhancement could be easily applied to various scenarios and each case should be
analyzed separately, no general statement can be made from obtained results.
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Fig. 7.2. Visualization of algorithm of reduction of shutdown/startup number.
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Maximum profit after
planning enhancement
Least starts after planning
enhancement

Ancillary service provision

Maximum profit after
planning enhancement
Least starts after planning
enhancement

Ancillary service provision

5

13

13

18

Cold

2
0

6457

3

Hot

0

6

17

Warm

Cold

Number of startups

6203

5421

Operating
hours

0

2773

12

8

Warm

0.340 64

0.369 92

0.366 84

Generator
incident
rate

0.359 74

0.389 02

0.385 94

Total
incident
rate

33.91

42.98

44.03

Unavailability
hours

2 137 948

–1 049 080

5

5

8

0.144 91

0.355 61

0.618 48

Generator
incident
rate

0.164 01

0.374 71

0.637 58

Total
incident
rate

20.95

31.17

47.88

Unavailability
hours

7 201 747
6 949 929

–651 265

5 652 005
–990 983

–1 508 885

Incident and
unavailability
caused costs,
EUR

Profit from
ancillary service
provision, EUR

2 586 604

2 370 192

Profit from
ancillary service
provision, EUR

–1 277 500

–1 301 183

Incident and
unavailability
caused costs,
EUR

Results of the Proposed Methodology for 400 MW CCGT for 2018

1

1

Hot

Number of startups

2479

2358

Operating
hours

Results of the Proposed Methodology for 400 MW CCGT for 2017

6 298 663

6 210 763

4 143 119

Total, EUR

Table 7.5

1 088 868

1 309 104

1 069 009

Total, EUR

Table 7.4

CONCLUSIONS
1. Analysis of available statistics was made to obtain empirical formulas for incident and
unavailability calculations for CHP main electrical equipment. Results show that the rise
in number of startups leads to more incidents and unavailability of main electrical
equipment, the same is with the rise of operating hours, whereas impact is much lower.
2. Costs of incident caused unavailability were evaluated to show economic impact of main
electrical equipment incidents. The obtained results can be used in risk assessment and in
future planning of power plant operation.
3. Additional equipment should be installed at existing generator sites to fulfill RfG. In the
Doctoral Thesis calculation examples are provided to ensure proper modernization of
existing generators. Some cases were analyzed, and solutions were proposed.
4. Synchronization with CEN will lead to new ancillary service markets. For that reason,
calculations of costs for reactive power provision, inertia and FCR provision were made.
Results show that the lowest rate of reactive power control is possible if generators are not
remunerated for service provision. Provision of FCR is cheaper when provided from
biggest generators. Inertia provision is the most costly ancillary service, generators should
be remunerated for such service provision to reduce investments in installation of
additional equipment in power network.
5. Methodology to calculate possible gains from PV system installation for CCGT selfconsumption needs was developed. Results show that PV installation is especially useful
for power plants with low operating hours in summer. Most optimistic results show
payback time of 13 years without any support, thus 0 % interest rate was assumed. The
optimal size of installed PV system should be 1 to 1.5 times of minimal summer selfconsumption load. The developed program can be applied to any specific case to calculate
optimal power of PV system.
6. Combination of oversized PV and BESS does not show any economic gain due to high
investments, no-load losses and relatively high losses during operation. The developed
methodology for BESS operation optimization for CCGT self-consumption was approved
on historical data.
7. The developed methodology for CCGT operation planning enhancement was tested on
historical data. It allows to seek for maximal gain from ancillary service provision or
minimum startup number per year. Based on the gained results total incident rates as well
as caused unavailability costs of generators and main electrical equipment were
calculated. Comparing the results of both approaches allow to choose optimal operation
strategy for CCGT.
8. CCGTs are capable to provide all necessary services to support grid stability.
Remuneration of ancillary services will give new possibilities for CCGTs. Methodology
for CCGT operation planning enhancement shows that ancillary service provision allows
to move to less cycling operation mode.
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