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Kurzfassung

Ergebnisse aus der Diagnostik als 
Grundlage für Know-how und  
Strategien zum flexiblen Betrieb  
von Kohlekraftwerken

Unter den rechtlichen, wirtschaftlichen und 
technischen Anforderungen an Kraftwerksblö-
cke sind letztere aktuell sehr entscheidend. Der 
technische Zustand von Kraftwerken und ihren 
Einrichtungen bestimmt deren Sicherheit und 
Verfügbarkeit. Für konventionelle Kraftwerks-
blöcke, insbesondere für solche, die in Zukunft 
im Versorgungssystem noch weitreichender als 
bisher Netzstabilität gewährleisten werden, 
sind erhöhte Flexibilität und hohe Verfügbar-
keit die wünschenswerten Merkmale. Solche 
können mit durch qualitativ hochwertiges, 
ständig aktualisiertes Know-how aus dem Be-
trieb gewährleistet werden. Eine systematische 
Diagnose und eine darauf aufbauende Instand-
haltung mit angemessenem Umfang führen zu-
dem zu akzeptablen Kosten. Dazu wurde ein 
Diagnosesystem entwickelt, das Lebenserwar-
tung und Ausfallvorhersage integriert, wobei 
insbesondere die Betriebsbedingungen von 
Kraftwerksblöcken einer Leistungsklasse be-
rücksichtigt werden.
Eine umfassende Diagnose ermöglicht es, die 
Systemkomponenten und deren Betriebsbedin-
gungen eingehend zu erfassen, auch dann, 
wenn Hersteller-Know-how nicht – mehr – ver-
fügbar ist. Solches Know-how ermöglicht nicht 
nur die Optimierung von Instandhaltung son-
dern auch die Modernisierung von Systemkom-
ponenten unter Berücksichtigung des zukünfti-
gen Betriebsregims des Kraftwerks sowie der 
Anforderungen des Betreibers und der sich dy-
namisch ändernden Situation auf dem Energie-
markt. l

Introduction

Among the requirements for power units 
which are legal, economic and technical, 
the latter is the most important. The tech-
nical condition of power equipment deter-
mines their safety and availability. For con-
ventional power units, especially those, 
which in the future will stabilize power 
system even more than before, rationally 
increased flexibility and high availability 
will be their most desirable features. Such 
expectations can be ensured by high quali-
ty constantly updated knowledge, which 
comes from properly organized and per-
formed diagnostics, as well as maintenance 
based on it, having the appropriate scope 
and level at acceptable costs. To achieve 
this, a complete diagnostic system, which 
integrates lifetime expectancy and failure 
prediction, taking into account in particu-
lar the operating conditions of units of the 
same class, has been developed.
Comprehensive diagnostics allow to learn 
the design and technology of device com-
ponents and their operating conditions to a 
degree similar to the knowledge of the sup-
plier, which is particularly important when 
the devices are operated longer than the 

supplier is on the market. Such knowledge 
allows not only to optimize the scope and 
costs of technical maintenance, but also to 
modernize the equipment, taking into ac-
count the strategy of the power plant as 
well as the operator’s requirements and the 
dynamically changing situation on the en-
ergy market.

Coal-fired units in Polish power 
system

The European Union’s policy of climate 
neutrality assumes complete decarboniza-
tion of the power sector in the next 30 
years, which means, among others, resig-
nation from the construction of new coal-
fired units and gradual decommissioning 
of existing generating units, followed by 
their operation in unusual and increasingly 
difficult conditions. For the Polish electric-
ity system it is an extremely big challenge. 
This is due to the current fuel structure, 
which is shown in F i g u r e  1 . With a rela-
tively small share of RES, however, with a 
significant predominance of energy from 
onshore wind farms and with the priority 
of its reception by the power system, con-
ventional power units, especially those 

Industrial power plants

Wind farms & RES

Gas power plants

Lignite‐fired power plants

Coal‐fired power plants

Water power plants

5.10 % 5.83 %
5.07 %

50.53 %

19.05 %

14.41 %

Fig. 1.  Fuel structure of the Polish power system, as of December 31, 2018.
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burning coal, operate in an increasingly 
flexible mode. This situation will deepen 
(Ta b l e  1 ), also because of over 800 MW 
of recently built high-capacity coal- and 
lignite-fired units, which should be treated 
as an additional potential source of system 
instability in the event of their failure. The 
power system is also stabilized by growing 
energy imports, but the assumed increase 
in wind and photovoltaic generation will 
continue to pose growing challenges for 
the stabilization of the power system. One 
of the remedies for this situation may be an 
appropriate strategy for the operation of 
360 MW and 200 MW units, which, due to 
their number (respectively 15 and about 40 
units) as well as design features and good 
technical condition, can play a significant 
role in the perspective of up to 2030 (F i g -
u r e  2  and Ta b l e  2 ).

The described diagnostic system, which is 
a source of knowledge that can be used to 
ensure not only the safety of long-operated 
power units, but also their operating strat-
egy, on the example of 200 MW class units, 
may show better their features and advan-
tages.

Basic construction data and 
operating parameters

Power units class 200 MW and 360 MW 
have been the basis of the system since they 
were put into service. They can be replaced 
only in the long run after having planned a 
rational alternative for them. Boilers of 
200 MW power units of type OP-650, OB-
650, EP-650 are the devices with a dust 

furnace and natural refrigerant circula-
tion; they are fired with coal (OP, EP) or 
lignite (OB), have irradiated screen com-
bustion chambers. Boilers of 360 MW pow-
er units of type BP-1150 and BB-1150 are 
the dust and flow boilers fired with coal or 
lignite respectively.
Basic construction data and operating param-
eters are shown in Ta b l e  3  and Ta b l e  4 .
The service lifetime of power units is usu-
ally not related to the working time of their 
main and auxiliary devices as well as im-
portant construction nodes and compo-
nents (Ta b l e  3  and Ta b l e  4 ) as they 
have been modernized many times. Their 
current technical condition means that they 
meet the requirements of the IED Directive 
2010/75/EU, the Operator and the Office of 
Technical Inspection and most of them will 
meet the BAT Conclusions requirements, 
which will become effective from July 2021. 
Their availability and maintenance costs 
are at an acceptable level.
Numerous modernizations mean that in 
the last period of operation there should be 
expected damages more typical for the first 
period of operation, i.e. design errors, 
manufacturing and assembly errors of 
their modernized parts, than those con-
nected with the remaining lifetime of criti-
cal (thick-walled) elements. These units, 
including the 200 MW class, have under-
gone a modernization cycle related to im-
proving their efficiency. Those of them, 
which have undergone this process, have 
their efficiency fully increased to approx. 
38 %. Such efficiency is roughly demon-
strated by modern supercritical coal-fired 
units that operate in a flexible mode.

16 %

16 %

20 %

48 %

200 MW                 100 to 130 MW                  360 MW                  Other

Fig. 2.  The structure of Polish power system due to the power of generating units.

Tab. 1.  General characteristics of 200 MW 
power units and the probable scenario 
of their further operation.

Characteristics of 200 MW power units

Time of operation 220,000 – about  
300,000 hrs

Total numer of starts 1100 - 1600

Maximum power about 240 MW 
(designed 220 MW)

Technical minimum 110 - 160 MW 
(designed 130 MW)

Tab. 2.  The probable scenario of further opera-
tion of 200 MW power units.

Expected period & conditions of further 
operation

Time of operation about 350,000 hrs 
(until about 2035)

Total numer of 
starts about 3000

Scenario of 
further operation:
 – Basic (P)
 – Regulating- 

reserve (RR)
 – Stand-by (RZ)

 

4,500 hrs/year – 4500 MW

1,500 hrs/year – 2500 MW 
300 hrs/year – 3000 MW

Tab. 3.  Boilers of 200 MW and 360 MW power units; Source: Folder of Rafako SA (own study).

Power of unit Type of boiler Scheme of boiler Basic operation parameters

Pressure of 
live steam

Temperature 
of live steam

215 MW, after 
modernization 
to 242 MW

OP-650 13.5 MPa 540 °C

EP-650 13.8 MPa 540 °C

OB-650 13.8 MPa 540 °C

360 MW

BB-1150 18.3 MPa 540 °C

BP-1150 19.0 MPa 570 °C

After 
modernization 
to 394 MW

BB-1150 
(after moderni-

zation)
18.3 MPa 540 °C
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An important advantage, especially of 
200 MW units, is their construction, ena-
bling the extension of the durability of the 
main thick-walled (critical) elements far 
beyond the design time when using regen-
eration and revitalization, the costs of 
which do not exceed 30 % of the value of 
the new element.

Diagnostics as a source of lifetime 
extension strategies 

Periodic tests and assessments of critical 
elements, especially of units of 200 MW 
class, indicated that almost all damages of 
critical/thick-walled elements are of ther-
mal and fatigue character. Creep degrada-
tion was and still is rare and their source is 
additional stress caused by construction, 
assembly, repair and maintenance errors. 
This was fully confirmed by destructive 
testing of the elements (HP and MP rotors, 
HP and MP casings and valve chambers as 
well as bends of live steam and superheat-
ed steam pipelines) from the decommis-
sioned power units after exceeding 
250,000 hours of operation and the results 
of ongoing destructive testing of these ele-

ments as well as drums and steam super-
heater chambers performed on trepanning 
samples. 
For cast-steel element technology of revi-
talization was developed, which consists in 
repairing by welding defects after removing 
damaged in the form of operational cracks 
combined with heat treatment, structure, 
regeneration and removal of unacceptable 
deformations (HP and MP casings) by ther-
mal and mechanical treatment. The earliest 
revitalized cast-steel elements of turbines 
are operated without failures around 
150,000 hours from completing this pro-
cess. The regeneration of the structure has 
improved the plasticity of the material, 
making them more resistant to cyclic ther-
mal fatigue damage both at the stage of 
crack initiation and their propagation.  
Properly performed diagnostics made it 
possible to identify non-optimal solutions 
for fastenings of steam and water pipelines 
and some design errors of drums and ro-
tors (e.g. shape of holes and heat grooves). 
Modernizations carried out on this basis 
have permanently eliminated damages of 
piping installations. The operating time of 
the pipelines modernized in this way the 
earliest exceeded 300,000 hours. 

An important source of lifetime extension 
is failure analysis performed in a way that 
allows determining not only the cause of 
a direct failure or damage but also an indi-
rect cause. In particular, determining the 
indirect cause has the advantage of elimi-
nating or significantly reducing the risk of 
subsequent failures. To monitor the risk of 
failure in online mode, systems for remote 
monitoring of the technical condition of 
the main thermo-mechanical components 
of power units have been developed in the 
form of the IT Platform LM System PRO+ 

were equipped with a risk analysis module, 
which classically understood the risk of 
failure as a product of  its probability and 
consequence, updates on-line depending 
on the current value of risk, including the 
operating conditions  and the quality of 
technical maintenance, and the conse-
quences of a failure depend on the cost of 
removing its effects and the value of loss of 
production. In this way the risk of failure of 
heating surfaces of boilers OP-650 and BP-
1150 (Ta b l e  2 ) is being monitored on-
line. The service is performed in a SaaS 
(Software as a Service) mode, which 
means that it does not require the purchase 
of a software or license. 

Tab. 4.  Turbine sets of 200 MW and 360 MW power units; Source: Folder of Rafako SA (own study).

Power of unit Type of turbine set Scheme of boiler Basic operation parameters

Temperature and 
pressure of intake 
steam to HP part

Temperature and 
pressure of intake 
steam to MP part

215 MW,
After modernization 
to 242 MW

13K215

535 °C
12.75 MPa

535 °C
2.31 MPa

13K225
after modernization  

according to 
Alstom

13K225
after modernization  

according to  
Westinghouse

360 MW
18K360
before 

modernization

535 °C
17.6 MPa

535 °C
4.0 MPa

After modernization 
to  do 394 MW

18K360
after 

modernization

547 567 °C
17 to 18.37 MPa

568 °C
4.19 to 4.22 MPa
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Diagnostics as a source of 
knowledge for flexibility 
improvement  

Conventional power units are entering the 
last phase of operation. Depending on the 
current technical condition and the degree 
of meeting the current and foreseeable le-
gal requirements, especially regarding the 
emission level, the horizon of their further 
operation may be from several to a dozen 
or more years.
One of the significant limitations may be 
meeting the operator’s flexibility require-
ments (F i g u r e  3 ). Its radical improve-
ment may prove impossible due to some 
design features of coal-fired power units 
designed 30 to 40 years ago. The costs of 
some extensive modernization may also 
prove unacceptable.
Also in this case, the knowledge of the pre-
viously performed diagnostics and the ac-
companying operation of the unit with im-
proved flexibility may prove useful. Good 
knowledge about the current technical 
condition of the unit and the possibility of 
its selective improvement, as well as identi-
fication of the remaining lifetime of criti-
cal/thick-walled elements and the possibil-
ity of its full, safe use create the basis for 
developing a low-cost improvement in flex-
ibility, the concept of which is presented in 
F i g u r e  4 .
The improvement of flexibility is under-
stood primarily as acceleration of start-ups 
from individual thermal states and reduc-
tion of the technical minimum. Technical 
audits of the units and tests show that the 
critical / thick-walled elements of boilers 
and turbo sets have considerable reserves 
of lifetime, which can be safely used even 
by significantly accelerating their heating. 
In general, greater problems are caused by 
operational limitations: relative elongation 
in the turbine flow systems and – when op-
erating with a lower technical minimum - 
combustion stability when operating with 
basic fuel, maintaining safe circulation of 
the medium in the boiler furnace chamber 
and steam parameters at the outlet of the 
boiler and at the last stages of the LP part of 
turbine. Diagnostics in these cases should 
enable correct and quick assessment of the 
effects of more intense work of structural 
elements / nodes exposed to conditions 
conducive to damage.

Diagnostics for elements and 
pieces of equipment in the last 
phase of operation 

The cycle load operation of a significant 
part of the power units causes fatigue to a 
greater extent than creep leads to damage 
to many of their components. The cracks 
should be as accurately located and dimen-
sioned as possible (length, depth), which 
can usually be ensured by integrating the 

results of endoscopic and ultrasonic exami-
nations. Repair of cracks located on the 
internal surfaces of the elements is gener-
ally technically impossible and organiza-
tionally (long time of prefabrication of new 
elements) and economically (especially in 
the last phase of the elements and / or de-
vices’ service) unjustified. For cases where 
the cracks have fatigue character, a meth-
odology of conditional exploitation of 
damaged elements was developed. Their 
technical condition is assessed on the basis 
of BS 7910 – 2013 + A1: 2015 [7]. If the 
element can be approved for further opera-
tion, the depth of cracks is monitored on-
line using computing tools, and when nec-
essary, crack sizes are periodically checked 
by selecting NDT methods appropriate for 
the specific case.

In order to implement the described meth-
odology the existing sensor system must be 
verified in the area of temperature and 
steam pressure as well as metal tempera-
tures for suitability for calculations of the 
required quality. If the measuring system 
does not meet the requirements, additional 
sensors should be installed optimizing 
their location due to the accuracy of cur-
rent analysis of their effort.

The assessment of the technical condition 
of damaged elements should be accompa-
nied by simulation of various working con-
ditions using the finite element method 
(FEM). The critical criterion should be the 
critical crack sizes and the acceptable limit 
load reserve. Material properties are best 
taken on the basis of end-of-life tests [6].

a) b)

CDGU hard coal

CDGU gas & steam

Wind farms CDGU lignite

Commercial and industrial power plants, hydro power plants, RES

Fig. 3.  Strategies of the power system Operator in the scope of  satisfying the temporary needs 
for electricity:  a) 2016,  b) forecast for 2020 (with periods of increased power generation 
by wind farms). Source: PSE (own study).

AUDITS
of the same class units

Diagnostics, measurements and tests of the reference unit

Implementation of Life Control Block

Installation of Control-Analytic-Support Program

Identification of life 
time reserves

Identification of control
reserves

Identification of operation
problems 

Fig. 4.  Diagram of the flexibility improvement procedure of 200 MW class power units based on 
the knowledge from diagnostics at the stage of method implementation and supervision of 
more flexible operation.
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The prefabrication of new elements ex-
posed to thermo-mechanical fatigue should 
include the performance of additional 
measurements ensuring the possibility of 
conducting calculations of exhaustion of 
durability from fatigue in the most accu-
rate way possible.
The monitoring and conditional operation 
of the components uses the measuring and 
analytical module of the IT Platform LM Sys-
tem PRO +  [3]. Depending on the results 
of ongoing analysis of the technical condi-

tion of the elements, decisions are made re-
garding the possibility of their further safe 
operation, including the performance of 
NDT control tests to the appropriate extent.
After completing the diagnostic supervi-
sion, ending with the replacement of ele-
ments or the end of their service lifetime, it 
is recommended to perform destructive 
tests to the extent that allows determining 
the nature of the damage and the actual 
size of the cracks in various phases of con-
ditional operation.

F i g u r e  5  presents a diagram of the diag-
nostic supervision process for an element 
exposed to thermo-fatigue damage.

Diagnostics supported by 
exchange of knowledge and 
experience 

The operating experience of users of the 
one-type or very similar to each other 
equipment, have the highest status, be-
cause they allow both the identification of 
the most important problems and provide 
proven methods of solving them.

The combination of the results of tests per-
formed during planned and emergency 
overhauls and the results of the analysis of 
operating conditions and availability al-
lows for obtaining advanced knowledge for 
planning the scope of diagnostics, over-
hauls and expenditure on maintenance of 
technical condition [4, 5]. 

For this purpose testing standards, a re-
mote diagnostic system and a web portal 
integrating information, knowledge and 
experiences of many users of the same 
class of power equipment have been devel-
oped.

The internet portal is a place where com-
mon knowledge is created on the scale of 
users of one class of power equipment 
(F i g u r e  5 ). 200 MW units will remain an 
important part of the power system in the 
foreseeable future. The portal integrates 
standstill and operational/remote diagnos-
tics in a way that allows current updating 
of the technical condition assessment of 

Phases of life time consumption

No cracks
structural criterion

To crack initiation
NDT-based criterion

Conditional operation
NDT and calculation based criterion

Life
consumption

level <1

Life
consumption

level =1

End of operation

Fig. 5.  Use of Life Consumption of the critical components depending on the mode, conditions 
and strategy of operation.

Guidelines for life time extension 
of thermo-mechnical

equipment
Diagnostic tests

Units under the
diagnostic supervision

Web portal that integrates
information from diagnostic

supervision

Automatic report Diagnostic supervision
based on LM System PRO+®

Fig. 6.  Diagnostic system for power units 200 MW class using an IT portal.
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thermo-mechanical equipment and verifi-
cation of their durability forecast. It can 
act  as a strong tool supporting the work 
of engineers dealing with maintenance is-
sues in the conditions of continuous trans-
formation of the power sector, which 
means the operation of conventional 
units in conditions less and less typical for 
them.
The portal communicates with the users in 
the website mode while maintaining all the 
necessary security requirements. This ap-
plies both to reports addressed to individu-
al users as well as joint reports.

Summary and conclusions

Properly modernized units of 200 MW and 
360 MW class may prove to be safe in op-
eration and available in the next time hori-
zon supporting the gradual transforma-
tion of the Polish power system in accord-
ance with the European green deal 
scenario.
Diagnostics, treated as a source of ad-
vanced technical knowledge, has created a 
significant share in the possibility of imple-
menting such a strategy, especially in the 
case of 200 MW power units, which created 
conditions for low-cost extension of opera-
tion through:

 – lifetime extension of critical or thick-
walled components of main thermo-me-
chanical power equipment, well above 
design durability,

 – improving their flexibility.
In the last phase of operation of conven-
tional power units diagnostics should be a 
source of advanced knowledge to a greater 
extent than before. Limited possibilities of 

using the previous experience and the loss 
of technical expertise of the personnel may 
turn out to be a greater threat than the loss 
of durability of power unit components.
In order to significantly reduce such a 
threat, diagnostics should be organized and 
performed in the described below manner:

 – organized as a process appropriately in-
tegrated with operation, where standstill 
of the unit is also treated as important 
part of the operation,

 – performed in a remote mode, which cre-
ates conditions for increasing quality, 
reducing costs and using advanced ana-
lytical methods,

 – supported by failure analysis, associated 
with the analysis of working conditions 
and maintenance costs,

 – test results of decommissioned compo-
nents should be assured of high status,

 – enabling the transfer of information, 
knowledge and experience from many 
objects of the same class using the AI   
methods,

 – use the methodology and criteria of frac-
ture mechanics to a greater extent than 
before, which enable the use of the life-
time reserve of elements with material 
discontinuities of the nature of thermo-
mechanical cracks, when repair/replace-
ment is unacceptable for economic 
reasons.

Diagnostics equipped with more functions 
than before does not have to be more time-
consuming and more expensive than previ-
ously used. Properly organized and imple-
mented, it can be maintenance-free, espe-
cially in the area of reporting current 
knowledge and guidelines for the opera-
tion strategy.
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With more stringent emission limits with time, including NOx and N2O, and due to the high 
costs of secondary measures for NOx emissions reduction, knowledge of primary NOx and 
primary N2O is very important. With this knowledge, primary NOx and primary N2O can be 
reduced at low costs and in this way costs for secondary measures are much reduced as well.  
By applying the knowledge presented, the project costs of a CFBC plant can be lower than  
those of a PFC plant. 

With this thesis, the mathematical models of primary NOx of CFBC, primary NOx of PFC and 
primary N2O of CFBC were improved. The models are based on chemical aspects, such as ther-
modynamics, kinetics and reaction mechanisms.

With CFBC, the presence of catalytically active elements, like Na, K, Fe, Mg and Ca, in the fuel, the ash and the bed material, 
must be considered as well, which is often not the case in literature. The addition of limestone to the bed can increase primary 
NOx drastically, depending on the fuel, and hence in such cases limestone addition is definitely a bad idea. 
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