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Abstract: The prolonged operation of thermal power plants inevitably leads to component
aging and a gradual decline in performance. This deterioration increases the gross heat rate
and reduces electrical output, resulting in higher fuel consumption and lower electricity
production. Consequently, these issues can cause significant financial losses and threaten
the plant’s competitiveness. This paper presents a comprehensive methodology for improv-
ing the performance of existing plants. The methodology consists of two crucial elements:
steam turbine testing and numerical simulation of the process. The tests should be compre-
hensive to ensure accurate measurements and reliable conclusions. The developed method
for process simulation enables the calculation of overall performance, like specific heat
rate and thermal efficiency, as well as the performance of individual components under
various operational conditions. Comparing numerical results with experimental data can
effectively identify operational problems. Based on these findings, targeted overhauls and
other corrective measures can substantially improve the plant’s thermal efficiency and
financial performance. The system was demonstrated through a case study of a 120 MW
coal-fired steam turbine. The test revealed that it consumes more than 10% additional heat
compared to its original design specifications. The analysis identified operational issues
and recommended improvement measures, focusing exclusively on the steam turbine set
while excluding the boiler.
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1. Introduction

Despite the growing use of renewable energy sources, fossil fuel-fired power plants
continue to generate the majority of electricity in many countries. According to the In-
ternational Energy Agency (IEA) [1], fossil fuels accounted for 61% of global electricity
generation in 2023. While IEA forecasts predict a gradual decline in the share of fossil fuels
in the energy mix, significant production from fossil fuel-based power plants is expected to
continue in several regions over the next two decades.

This demand will necessitate the modernization and upgrading of existing steam
turbine power plants. Many power plants in the 100-600 MW range worldwide have
been operating for 2040 years. While some of these units have reached the end of their
theoretical lifespan, many remain in relatively good condition, with no immediate need for
closure or replacement. However, significant pressure and strict legal obligations require
the modernization of these plants. The primary goals are to drastically reduce pollution and
CO; emissions while improving efficiency. Achieving these objectives will allow existing
plants to comply with legal requirements and remain competitive in the energy market for
the next 10-20 years [2].
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When considering improvements to an older unit, detailed knowledge of the actual
performance of the entire system and its components is essential [3,4]. This knowledge
enables planning engineers to identify the most effective technical and commercial solutions
for the required upgrades. Accurate calculation of performance improvements is crucial
for determining the return on investment [5]. However, testing units using existing plant
instrumentation often results in significant uncertainty, increasing the risk of incorrect
improvement decisions [6]. Therefore, sophisticated measuring equipment, appropriate
calculation tools, and substantial experience are necessary for reliable testing.

The gross heat rate and overall thermal efficiency are critical performance parameters
for the economical operation of a steam power plant. As such, these parameters are key
focal points in plant tests and the planning of overhauls.

During daily power plant operations, deviations in thermodynamic parameters, such
as live steam temperature and condenser pressure, are common. Additionally, the gradual
aging of plant components and the deterioration of their performance occur over time [6,7].
These deviations result in the steam turbine plant generating less electricity than predicted
by the design heat balance diagram, despite using the same heat input from the boiler
through the control boundary [8-10].

Thermal power plants (TPP) in operation today are equipped with a distributed
control system (DCS) that collects data from hundreds of electronic measuring instruments
throughout the plant. Based on our experience, in most TPPs, these signals are primarily
used for controlling plant operations and lack analytical capabilities. As a result, detailed
information on individual equipment performance and the impact of parameter deviations
on overall plant efficiency is often unavailable. Typically, power plant staff attempt to
achieve the design power output by increasing heat input, often compensating for power
deficits by burning more fuel. This approach leads to higher specific fuel consumption and
associated negative consequences, such as thermal overloading of the boiler, boiler tube
ruptures, and unplanned outages.

To address these issues, periodic tests of the plant should be conducted to determine
the current status of components and identify parameter deviations. A coal-fired power
plant consists of two main systems: the boiler plant, where the chemical energy of the fuel
is converted to heat, and the steam turbine set, where heat is converted to mechanical work
and subsequently to electricity. Since these processes are different, it is common practice
to test, optimize, and simulate these two parts of the power plant separately. This paper
focuses on the improvement of the thermodynamic performance of the steam turbines
through testing and simulation.

Tests on a steam turbine should be conducted using extensive instrumentation, ensur-
ing that no deficiencies and adhering to applicable standards and the latest advancements
in the field [11,12]. To draw valid conclusions, it is essential to perform parallel calculations
of the heat balance diagram and evaluate the performance of individual components under
both design and off-design conditions.

Numerous systems for monitoring and diagnosing thermal power plants have been
developed. Comprehensive reviews of diagnostic methods for gas turbines and steam
turbines are presented in [13,14], respectively.

Each diagnostic method is distinguished by its selected parameters and analytical
approach. Broadly, performance monitoring techniques fall into three categories: model-
based, data-driven, and hybrid methods. Model-based approaches rely on analytical
simulations of power plant operations, while data-driven methods utilize machine learning
techniques, such as neural networks, to derive insights from real-world operational data
under both nominal and off-design conditions. Hybrid methods integrate aspects of both
approaches, combining analytical models with data-driven learning. A notable example
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of a model-based diagnostic method for gas turbines is found in [15], whereas in steam
turbine diagnostics, data-driven techniques are more prevalent [16].

The method for analysis of operation and improvement of the steam turbine perfor-
mance presented in this paper is based on analytical models, which enable rapid calcula-
tions and precise predictions of component performance and overall thermal efficiency.
This approach effectively handles both nominal and a wide range of part-load conditions,
as well as various plant configurations. The developed methodology is demonstrated
through a case study of a 120 MW coal-fired power plant.

2. Methodology

The procedure for improving the performance of an existing steam turbine plant
consists of the following steps:

1.  Prepare input data: steam turbine internal efficiency and flow coefficient at nominal
load, the geometry of condenser and heaters (number, dimension and material of
pipes, design type), nominal pump characteristics, etc.

2. Calculate the cycle and heat balance under design and off-design conditions to es-
tablish correlations between cycle parameters, component performances, and overall
steam turbine plant performance (thermal efficiency and electrical power output).

3. Conduct comprehensive tests of the steam turbine set and all its components at the
nominal steam mass flow (nominal test case) and several part loads.

4.  Evaluate the test results and calculate the overall performance of the steam turbine
set and the operating performance of individual components based on the test data.

5. Calculate the cycle using the same heat input as in the nominal test case but applying
the design cycle parameters and component performances (nominal design case).

6. Compare the test results with the numerical results to identify the deficit in overall
plant performance, including differences between the measured values of power
output and overall thermal efficiency (test case) and the values achievable under
design conditions with the same heat input (design case).

7. Utilize the correlations developed in step 2 to assess the impact of each deviation on
overall performance.

8.  Define a list of actions for performance improvement based on the previous results.

Mathematical models of the thermodynamic cycle and components must be individu-
ally prepared for each plant due to variations in plant configuration, heat balance diagrams,
and the geometric and thermodynamic parameters of the components.

2.1. Method for Calculation of Steam Turbine Performance

The method follows a standard approach for calculating the heat balance diagram of a
steam turbine, utilizing a modular principle. Each component—such as the turbine, con-
denser, feedwater system, main condenser heaters, and feedwater pump—is represented
by a set of equations that adhere to fundamental conservation laws, including:

1.  mass conservation
Ym; =0,
where m; is the mass flow rate for each inlet and outlet i.
2. energy conservation
S(m;-hi) +L+q=0,

where F; is the specific enthalpy at each inlet and outlet i, L and g are specific work and
specific heat input, respectively.
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To simulate energy conversion in a component, models for the determination of
performance based on the geometry parameters and operation conditions are developed.

The equations governing each component collectively form a system of equations
that represents the entire steam turbine plant, which is solved through an iterative process.
Given specific boundary conditions—such as live steam and reheat steam parameters,
cooling water temperature, and flow rate—the method determines the live steam mass
flow rate, as well as the mass flow rates and thermodynamic properties of water and steam
at each point in the heat balance diagram.

2.2. Steam Turbine Testing

For reliable conclusions, obtaining precise test results is of utmost importance. The
Laboratory of Thermal Turbomachinery at the University of Belgrade (LTT/UB) is fully
equipped with State-of-the-Art measuring instruments and a 200-channel data acquisition
system, enabling steam turbine testing in compliance with industry standards, including
IEC 953-0-3, ASME PTC 6, and ASME PTC 46.

3. Basic Data on the Morava Thermal Power Plant

The Morava Thermal Power Plant has an installed nominal output of 120 MW. Since
its initial synchronization with the electrical grid in 1969, the plant has accumulated over
220,000 operating hours. Table 1 presents the main thermodynamic parameters of the plant
according to the design specifications.

Table 1. Design parameters of the Morava thermal power plant.

Parameter Unit Value
Nominal generator power output [MW] 120
Live steam mass flow rate in front of HP stop valves [kg/s] 97.98
Live steam pressure [bar] 124.5
Live steam/reheat steam temperature [°C] 535.0/535.0
Pressure drop in the reheater [%] 11.32
Feed water injection in the reheater [kg/s] 0.0
Feed water temperature [°C] 229.0
Condenser pressure for a cooling water temperature [bar] 0.071
of 24 °C
Overall heat rate of the steam turbine plant [k]/kWh] 8460.9

The power plant features one steam reheat, six steam extractions from the turbine
for main condensate/feed water heating, two low-pressure (LP) heaters, and three high-
pressure (HP) heaters. Despite utilizing water from the Morava River for condenser cooling,
the design condenser pressure remains relatively high. The design condenser pressure of
0.071 bar is specified for a cooling water temperature of 24 °C, typical of summer periods.

The plant burns a mixture of lignite, brown coal, and hard coal as fuel. Although the
plant’s design is outdated with low parameters and a high heat rate, it remains a crucial
asset due to its reliable operation, capability to burn various types of coal from nearby
mines, relatively quick start-up time, and convenient location. These factors make the plant
essential for meeting high electrical energy demand and covering peak loads.
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4. Test

Due to escalating fuel costs, the management of the power plant has explored options
to modernize operations, aiming to enhance performance and comply with new regulatory
standards. The Laboratory of Thermal Turbomachinery at the University of Belgrade
(LTT/UB) was enlisted to conduct tests on the steam turbine set and assess the current con-
dition of its components. Based on the findings, recommendations for ongoing operation
were to be provided, alongside a detailed list of measures for future modernization of the
steam turbine plant. Notably, the analysis excluded the boiler plant.

Figure 1 illustrates a diagram depicting the locations of measurement points for
testing within the Morava TPP steam turbine. All pressure and differential pressure
transmitters used were of an accuracy class ranging from 0.04% to 0.07%. Temperatures
below 250 °C were monitored using Pt-100 precision resistance thermometers of class A,
while temperatures exceeding 250 °C were measured with class 1 thermocouples. Electrical
power measurements were conducted with a class 0.2% power meter. Mass flows were
quantified using orifices, and cooling water flow was assessed using an ultrasonic flow
meter. Data acquisition involved a 200-channel system based on a National Instruments
PXI DAQ system. Before testing, all instruments and data acquisition systems underwent
calibration. Orifices were dismantled, and inspected, and their dimensions verified to
ensure accuracy, which exceeded standard requirements [11].
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Figure 1. Diagram of measurement points for steam turbine testing at Morava 120 MW TPP.
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The tests were conducted at specific operating loads: 110 MW (test T110), 105 MW
(T105), 90 MW (T90 and T90K), and 80 MW (T80).
Before the official steam turbine tests, additional tests were performed:

e condenser air in-leakage test,
e  preliminary steam turbine tests.

All tests strictly adhered to standard IEC 953-2 [11]. Properties of water and steam
were determined using methodologies outlined in [17]. A computer code designed for test
execution, data acquisition, and processing was preconfigured to ensure precise test control
and efficient data handling.

5. Main Test Results

Following completion of the test and data collection, the data underwent processing
and evaluation, involving the following steps:

e  Determination of mean values of measurement parameters over the selected interval
during the measurement.

e  Calculation of physical parameters using calibrated curves based on measured values

from electrical instruments.

Calculation of mass flow rate, enthalpy, and other properties of the working fluid.

Evaluation of the primary test outcomes.

Calculation of measurement uncertainties associated with the results.

Adjustment of results to align with design conditions.

Due to the complexity of the mathematical model used for data processing, the primary
focus of this paper will be on presenting the main outcomes. Figure 2 illustrates fluctuations
in electrical power, live steam, and feed water mass flow rates observed during the test at
105 MW.

L
! 1

Feed watermassflow - --------- qo—mmmmmmm e — - Fommmmmmmmm oo fommm e e Fomm oo
I ' '

Live steam mass flow

= El. power at gen. terminal

13:12:00 13:40:48 14:09:36 14:38:24 15:07:12 15:36:00 16:04:48 16:33:36

Time [h:m:s]

Figure 2. Fluctuations in electrical power output and mass flow rates of live steam and feed water
during test T105.

The values of the steam turbine thermal efficiency 7y, and gross heat rate w for the
Morava TPP are determined according to [11] as follows:
Pgp PG 1

h = — — — " " S, W= —
G Q mis - (hLS - hFW) + MRH (hRH - hHPTZ) + Mspray - (hRH - hspray) th
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where Pgy, is the electrical output at the generator terminals, Q is the heat added to the
cycle from a boiler, r1 g and hy g are the live steam mass flow and the enthalpy (before the
main stop valves), respectively, hpy is the final feed water enthalpy, mry and hgyy are the
mass flow and the enthalpy of steam before the IP stop valve, respectively, hypr? is the
enthalpy of steam at the HP turbine outlet and rhspray and hspray are the mass flow and the
enthalpy of sprays to the reheater, respectively.

The relative uncertainty of the gross heat rate of the steam turbine plant was calculated
according to IEC 953-2 [11] and the results are given in Table 2. In this case, the measurement
uncertainty of the heat input was 0.981% and that of the electrical power was 0.735%. The
resulting overall uncertainty of the heat rate was 1.226%, fully compliant with the guidelines
outlined in [11,12].

Table 2. Measurement uncertainty of determining the gross heat rate and electrical power.

Parameter Unit Value
Relative measuring uncertainty of electrical output [%] 0.735
measurement
Relative measuring uncertainty of determination of the o
. [%] 0.981
heat input to the cycle
Relative measuring uncertainty of gross heat rate [%] 1.226

Table 3 presents the principal findings from the test. Figure 3 compares the measured
values of the gross heat rate w against the design values across various operating points.
The observed increase in heat rate due to prolonged operation is notable, ranging from 8%
to 10%.

Figure 4 displays the outcomes of mass flow calculations and state properties at specific
cycle points, while Figure 5 depicts the h,s diagram featuring the expansion line within
the steam turbine at an operational point of 110.3 MW. Figure 5 reveals significantly lower
internal efficiency in both the HP and LP turbines. Additionally, the increased pressure at
the LP turbine exit suggests issues with condenser performance.

Table 3. Overview of the key results.

Parameter Unit T80 ¥  T90K T90 T105  T110

Generator electrical power output [MW] 80.02 90.09 90.02 105.10  110.29
Live steam mass flow—measured [kg/s] 68.90 76.88 78.14 91.13 95.51
Heat added to the steam turbine plant [M]/s] 206.02 227.39 231.24 269.49 280.32
HP turbine efficiency with valves [%] 56.26 59.60 60.25 64.55 66.98
HP turbine efficiency—blading only [%] 73.66 73.57 73.74 73.52 73.76
IP turbine efficiency [%] 90.05 90.09 90.01 90.02 90.02

LP turbine efficiency [%] 77.00 78.10 78.00 79.50 79.00

Specific steam consumption [kg/MWs] 0.874 0.853 0.868 0.867 0.866
Spec. electrical generator work [k]/kg] 1144.2 1172.3 1152.1 1153.4 1154.7
Thermal efficiency of the steam turbine plant #;, [%] 38.84 39.62 38.93 39.00 39.35
Gross heat rate w [k]/kWh] 9268.3 9085.5 92483  9229.8 91492

(*) T80, T90, T105, T110—Notification for tests performed at 80, 90, 105, and 110 MW. In test T90K, two cooling
water pumps were in operation, i.e., a larger cooling water flow was available.
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Figure 5. The expansion line in the steam turbine at 110.3 MW.

6. Analysis of Component Performances

Based on the test results, an additional investigation was carried out to determine
not only the overall performance of the steam turbine plant but also the performance of
each component.

The impact of component deterioration on overall plant performance was examined
for test T110. To generate an electrical output of 110.29 MW, a heat input of 280.32 MW
was required for the steam turbine plant (Table 3). Using the in-house steam turbine cycle
calculation code, STCycle [18,19], the heat balance diagram was determined by applying
the design cycle parameters and the specified operating performance of components for
a heat input of 280.32 MJ/s (as in test T110). The condenser pressure, calculated to be
0.040 bar, was determined using the actual cooling water temperature of 6.7 °C, the design
cooling water mass flow rate, and the design condenser geometry (including material,
dimensions, and number of pipes). The results (Figure 6) indicate that the electrical output
would have been 123.20 MW if all components had operated according to their design
specifications. Comparing this with the measured electrical output of 110.29 MW at the
same heat input (280.32 M]J/s), it is evident that there was an electrical power deficit of
approximately 13 MW in this case.

Figure 5 demonstrates significant deviations in the performance of the high-pressure
(HP) and low-pressure (LP) turbines, as well as the condenser [20]. These components
exhibited the most substantial negative impact on the gross heat rate. In contrast, other
components had a relatively minor influence on overall plant performance.
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Figure 6. Heat balance diagram: Calculated for a heat input of 280.32 MW (as in Test T110) with all
cycle thermodynamic parameters and component performances based on design specifications.

6.1. Steam Turbine

Figure 7 illustrates that the efficiency of the HP turbine was markedly lower than its
design specification. Specifically, the efficiency of the HP turbine blading was reduced by 12
percentage points (72% vs. 84%). The overall efficiency of the HP turbine, including the main
valve, was similarly below the design value. This indicates that the HP turbine at the Morava
TPP was in a severely degraded condition, necessitating urgent overhaul or replacement.
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Figure 7. HP turbine efficiency: comparison of the design values and the test results (the dotted line
with red triangles shows the value of the efficiency of HP turbine blading).
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In contrast, no significant deterioration was observed in the intermediate-pressure (IP)
turbine during the measurements. As shown in Figure 8, the efficiency of the IP turbine was
only 1% lower than the design value of 91.5%. However, the efficiency of the LP turbine
was considerably lower, by approximately 5 percentage points, compared to its design
value, as depicted in Figure 9.
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Figure 8. IP turbine efficiency: comparison of the design values and the test results.
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Figure 9. LP turbine efficiency: comparison of the design values and the test results.

6.2. Condenser Performance

The steam condenser is a critical component in a power plant with a condensing steam
turbine [21,22]. Numerous studies in the literature have investigated the impact of various
parameters, such as cooling water temperature at the condenser inlet, cooling water mass
flow rate, and steam pressure, on the performance of steam condensers and overall power
plant efficiency [23-26].

Tests conducted at the Morava TPP revealed that the condenser operates at a signifi-
cantly higher pressure than the design specification, with an increase in pressure ranging
from 10 to 20 mbar. A limited portion of the experimental data related to the condenser, pre-
sented in Figures 10-13, had previously been used in one of our earlier research papers [27].
Detailed analysis of the condensers, based on measured data and simulation results [27,28],
identified three primary causes for the elevated condenser pressure:

e  Reduced cooling water flow;
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e  Leaks and significant air accumulation;
e  Deterioration due to corrosion and fouling of tubes.

Other parameter deviations from the design values were relatively minor.

During the test, it was observed that only one cooling water (CW) pump was in
operation, resulting in a cooling water mass flow of 2382 kg/s. In contrast, during test
T90K, two CW pumps were utilized, achieving a cooling water mass flow of 3457 kg/s,
as measured with an ultrasonic flow meter. The condenser pressure during test T90, with
one CW pump operating, was 19.1 mbar higher than during test T90K. Figures 10 and 11
illustrate a comparison of test data and calculation results, highlighting the influence of
cooling water mass flow rate on condenser pressure.

0.10

mMe,~ 2400 kg/s

0.09 71 X7 T o w] I:I ””””””””

0.08

0.07
0.06
0.05
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0.02 - frmmm e e = Calculation
: : 0O Test

Condenser pressure [bar]

(< S SN S—

0.00 | .
40 50 60 70 80
Steam flow at the condenser inlet [kg/s]

Figure 10. Condensation pressure at a cooling water flow rate of 2400 kg/s and a temperature of 7 °C.
The calculated results correspond to the condenser’s design conditions.
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Figure 11. Condensation pressure at a cooling water flow rate of 3600 kg/s and a temperature of 7 °C.
The calculated results correspond to the condenser’s design conditions.

The impact of increased condenser pressure due to reduced cooling water flow during
test T90 on overall performance is depicted in Figure 3 and Table 3.

To identify the reasons for the increase in condenser pressure beyond the reduction
in cooling water flow, a condenser leakage test was conducted. The vacuum pumps were
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deactivated, and the variation in condenser pressure over time was recorded (Figure 12).
During the test, the condenser pressure increased by 7.45 mbar/min, significantly higher
than the recommended value of 2.67 mbar/min. This result indicates substantial air in-
leakage, which greatly affects the operating pressure.

0.110

vacuum pumps out of operation |

o
=
o
o
|

Condenser pressure [bar]
o (=) o
(o] o (=]
~ (o] (Vo)
(@] o o

m

0.050
13:59:31 14:00:58 14:02:24 14:03:50 14:05:17 14:06:43 14:08:10 14:09:36

Time [h:m:s]
Figure 12. Condenser air leakage test: The condenser pressure increased by 7.45 mbar/min with
the vacuum pumps off, exceeding the recommended value of 2.67 mbar/min. Various color lines
indicate readings from different pressure transmitters.

The power plant is equipped with a tube cleaning system that uses sponge rubber
balls; however, this system has been non-operational for an extended period. Consequently,
fouling and plugged tubes also contribute to the elevated condenser pressure. Figure 13
presents the measured and calculated condenser pressures.
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A Measured value -2 CW pumps in operation
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A Calculated value - 2 CW pumps in operation, CW temperature 7 oC

Figure 13. Condenser performance: variation in the condenser pressure according to the design,
measured during the tests and calculated for the measured cooling water temperature (7 °C).

6.3. Operation of the Feed Water Heaters

During the tests, some degradation in heater performance was observed, attributed to
tube fouling and the plugging of certain tubes. This degradation led to an increase in the
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terminal temperature difference (TTD) of the heaters, a redistribution of the extraction mass
flow rate, and a decrease in plant thermal efficiency. Figure 14 illustrates the temperature
rise in the low-pressure (LP) and high-pressure (HP) heaters at a load of 90 MW. The
increase in TTD in heater H1 was particularly significant. Additionally, the differences in
feed water temperature in the high-pressure heaters (H4, H5, and H6) were due to lower
steam extraction pressures [29-31].
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Figure 14. Feed water temperature rise in six FW heaters (H1-H6): comparison of the test results
with the design data at a load of 90 MW.

7. Impact of Deterioration of the Performance of Individual Components
on the Plant Efficiency and Electrical Output

Additional calculations were performed to assess the impact of deviations from design
values of individual process parameters and component performance on the plant’s power
output and heat rate. These calculations involved heat balance analysis using the in-house
code STCycle, developed by the Laboratory of Thermal Turbomachinery. The results are
summarized in Table 4.

As previously mentioned, the overall deficit in electrical output was 12.9 MW. The
most significant negative impacts on the reduction in electrical power output were due to
deviations in the HP turbine (—4.1 MW), LP. turbine (-1.32 MW), and condenser (-5.20 MW).
Some of these discrepancies can be mitigated through improved plant operation and minor
interventions. However, major issues, such as deviations in the HP turbine, LP turbine, and
partially in the condenser, require substantial overhauls and investment to resolve.

It is important to note that replacing the existing HP turbine with a new, modern
turbine would yield additional benefits, as it would have significantly higher efficiency
than the design and value of the current turbine.

It should also be emphasized that, given the current condition of the Morava power
plant, the nominal design power output of 120 MW cannot be achieved. With the design
heat input, the electrical output will be approximately 13 MW lower. Attempting to achieve
the nominal design power output by increasing fuel combustion and heat input beyond
the design value would lead to boiler overloading, frequent outages, and unnecessary
equipment stress.

The deterioration in plant performance, resulting in reduced electricity production,
also has significant financial repercussions. Assuming the plant operates for 6500 h per year
and the electricity price is 0.07 €/kWh, the financial deficit due to component performance
degradation and parameter deviations is approximately €6 million annually. Using these
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findings, power plant management can readily assess the feasibility of measures to improve
plant performance.

Table 4. Overview of the impact of deviations of the cycle parameters and performances of compo-
nents on the power output and heat rate of the Morava steam turbine plant.

Deficit in

Electrical Deviation Damage
Test T110 Unit Design Test Difference P in Heat KE/Y
ower Rate [%] [ ear]
[MW]
Live steam pressure [bar] 12454  119.74 —4.80 0.19 —0.06%
Live steam temperature [°C] 535.00  530.89 —4.11 —0.34 0.16% —154.6
Reheat steam temperature [°C] 535.00 531.37 —3.63 —0.64 0.31% —291.2
Pressure drop in reheater [%] 10.00 7.40 —2.60 0.51 -0.41%
Condenser pressure [bar] 0.0400  0.0823 0.0423 —5.20 5.19% —2366.0
HP turbine efficiency [%] 82.13 66.98 —15.15 —4.01 2.15% —1824.6
IP turbine efficiency [%] 91.50 90.17 —-1.33 —-0.71 0.38% —323.0
LP turbine efficiency [%] 85.00 80.00 —5.00 —-1.32 0.99% —600.6
FW heater operation [%] # # # —0.44 0.18% —200.2
Other losses [%] 0.00 10.00 10.00 —0.08 0.10% —36.4
Gland steam loss [%] 0.00 0.30 0.30 —0.22 0.19% —100.0
FW injection in reheater [kg/s] 0 4.33 4.33 —-0.71 0.93% —323.0
Overall —-12.9 10.47% —5869.4
Generator electrical output [MW] 123.2 110.30 —-12.9 —-129 #
Heat rate [k]/kWh] 8191.2 9149.2 958.0 # 10.47%

Number of operating hours: 6500 h/year
The price paid for electricity to power plant: 0.07 €/kWh

8. Conclusions

Tests of steam turbine plants are essential to provide reference data regarding the
current state of the plant and identify operational deficiencies in both the overall system
and individual components. These data can be utilized for subsequent analysis and opti-
mization of the plant. The methodology for performance improvement presented in this
paper is based on comparing test data against process simulations, allowing the identifica-
tion of factors contributing to poor plant efficiency. From these conclusions, measures to
address issues and enhance efficiency can be defined. The developed simulation method
relies on analytical models for individual components, enabling fast calculations and seam-
less adaptation to different steam turbine configurations. Instead of using data from the
plant’s SCADA system, specialized tests were conducted with highly accurate, calibrated
instrumentation, similar to those used in steam turbine acceptance testing.

The methodology was demonstrated using a 120 MW power plant that has been
operational for over 40 years. Comprehensive tests of the steam turbine plant were con-
ducted, leading to plausible and reliable conclusions. The measured overall heat rate was
significantly higher than the design value by approximately 10.5%, and a substantial deficit
in electrical power output was detected. Under nominal heat input, the current condition
of the steam turbine plant results in an electrical output about 13 MW lower than the design
specification, causing an annual financial deficit of approximately €6 million. All sources of
loss within the steam turbine plant were identified and analyzed, with the largest impacts
on power reduction attributed to the deterioration of the HP turbine, LP turbine, and
condenser. The primary recommendation is the urgent reconditioning of these components.



Energies 2025, 18, 1615

16 of 18

During the regular plant overhaul conducted a year after the tests, all tubes in the
condenser were replaced, and measures to improve condenser tightness were implemented.
As a result, the electrical power output increased by more than 5 MW at nominal heat input.
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Nomenclatures

Symbols

h specific enthalpy (k] /kg)

p pressure (bar)

m mass flow rate (kg/s)

P electrical output, power (MW)
Q heat flow rate (MW)

t temperature (°C)

w overall heat rate (k] /kWh)

7 efficiency (%)

Subscripts and abbreviations

1,2 inlet, outlet

b overall, gross

CW cooling water

DCA drain cooler approach

E steam extraction

FW feed water

G generator

H heater

HP high pressure

in input

P inter-medium pressure

LP low pressure

LS live steam

MC main condensate

RH reheater, reheat

SCADA Supervisory Control and Data Acquisition
spray feed water injection into the reheater
T turbine, tank

TPP thermal power plant

TTD heater terminal temperature difference
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