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Elkhalej steam turbine, practical load In this study, the performance analysis of the Elkhalej Steam Turbine Power Plant
was carried out based on energy analysis criteria to evaluate the thermal efficiency
and heat rate of the plant, as well as to determine the deviations between off-design
conditions and actual operating loads. A thermodynamic model was developed to
simulate the plant processes and evaluate the performance of its major
components. The model was validated using the design specification data provided

by the manufacturer.

The obtained results show that operation at lower practical loads leads to larger
deviations from the design performance, while operation at higher practical loads
brings the plant behavior closer to the intended design conditions and improves

overall performance efficiency.
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1. Introduction

performance evaluation of steam turbines in practical
operation focuses on measuring and analyzing their
efficiency and power generation under real working
conditions. In many cases, the actual operating
performance deviates from the original design
specifications due to factors such as mechanical
wear, component degradation, and operation at loads
different from the design point. Therefore, several
analytical approaches are used to assess turbine
performance, including thermodynamic analysis
based on heat balance calculations, Computational
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Fluid Dynamics (CFD), and periodic operational
performance testing.

One common method for evaluating steam turbine
performance is the calculation of the heat rate, which
helps determine the deviation between the design
values and the current operating conditions. This
analysis aims to identify energy losses and improve
overall efficiency. Important parameters that are
typically examined include the mass flow rate of
steam, temperature and pressure distributions along
the turbine blades, the power output of each turbine
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stage, and the isentropic efficiency of the stages. The
results of one such study showed that the average
overall efficiency of the turbine reached
approximately 43.49%, with a minimum value of
43.13% and a maximum of 43.75%, compared with
the expected design efficiency range of 44-45%
(Vasa et al., 2018).

Another important method for evaluating thermal
systems is exergy analysis, which investigates
system performance under varying operating
conditions. This method helps identify the locations
and causes of energy losses within the system and
determines the components that contribute most
significantly to inefficiencies. The analysis indicated
that the deaerator and condenser units represent the
weakest parts of the system. Furthermore, the
extraction unit of the first-stage high-pressure heater
was identified as another area with noticeable losses.
In contrast, the extraction unit of the low-pressure
heater shows a high potential for energy saving.
These findings provide a scientific basis for
improving the operational efficiency and economic
performance of steam turbine thermal systems
(Khaleel et al., 2020).

The performance of thermal power stations can also
be evaluated by analyzing the operational parameters
of the generating units through heat balance
calculations for the main plant components. In such
studies, the results obtained from actual plant
measurements are compared with theoretical results
derived from the first law of thermodynamics. These
comparisons help demonstrate the impact of
operational and environmental conditions on the
unit's performance. The results suggest that operating
the unit at full load provides the best economic and
efficiency performance, while operating at partial
loads (around 40%) leads to lower thermal and
overall efficiencies along with a higher net heat rate
(Al-Taha & Osman, 2018).

In addition, advanced evaluation techniques
combining information entropy theory and fuzzy
analytical methods have been applied to assess the
condition of steam turbine units. Fuzzy analysis is
used to transform the original data into an evaluation
matrix, while the entropy method is employed to
determine the relative weight of different
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performance parameters. After determining these
weights, a comprehensive evaluation index can be
calculated for different operating conditions. When
compared with results obtained using the principal
component analysis method, the entropy-based
method demonstrated greater objectivity and
reliability. This comprehensive evaluation index can
serve as an effective benchmark for fault diagnosis
and performance monitoring in steam turbine
systems (Lua et al., 2020).

Energy assessment studies have also focused on
analyzing the role of steam turbines in electrical
power production, particularly under condensing
operating conditions. Since turbine efficiency
directly affects the sustainability of electricity
generation, maintaining proper turbine efficiency is
essential. Lower efficiency levels are typically
associated with turbines of smaller power capacity;
however, the turbine analyzed in the study showed
satisfactory performance levels under the examined
conditions (Anutoiu et al., 2021).

System optimization techniques have also been
proposed to enhance the thermal efficiency of power
plants. One commonly used approach is the
installation of outer steam coolers (OSCs) to utilize
the superheated steam extracted from the turbine. A
newly proposed optimization scheme suggests using
the turbine extraction steam simultaneously for
feedwater preheating and cold reheat steam heating.
Case study results indicate that this proposed system
achieves greater energy savings compared with the
conventional method under similar load conditions.
Additionally, the investment payback period for the
new system was estimated at 3.98 years, compared
with 6.93 years for the conventional system (Zhang
et al., 2020).

Theoretical investigations have also been conducted
to analyze the performance of power plants operating
according to the reheat Rankine cycle. The cycle
performance was evaluated under different operating
parameters such as boiler pressure, condenser
pressure, and steam temperature. The results
indicated that the thermal efficiency improves
significantly when the pressure ratio ranges between
0.25 and 0.35. The optimal efficiency was achieved
when the pressure ratio was approximately 0.33 and

)
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the boiler pressure reached about 26 MPa (Sultan,
2017).

Finally, studies have also been carried out to validate
the performance of Pressure Reducing Turbines
(PRTs) by comparing actual operating data with
predictions obtained from analytical models. The
validation process involved analyzing operational
data collected over several periods through an online
monitoring system. The analysis focused on two key

variables: generated power and effective efficiency.
It was observed that the real operating conditions
differed from the predicted design conditions,
forcing the turbine to operate under off-design
situations. Consequently, the turbine model was
refined to improve its predictive capability, and the
updated model demonstrated satisfactory accuracy in
predicting both power output and efficiency
(Vescovi et al., 2021).

Nomenclature

Qin—steam amount of heat adding to steam (kw)

mg mass flow rate of steam (Kg/s)

i (Kgls)

Wr_qae  Actual output power of turbine (KW)

h; enthalpy at state i (Kj/kg)

mass flow rate of bleeding steam at hater

Wr_g Isentropic output power of turbine (KW)

hy; Isentropic enthalpy at state i (Kj/kg)

mass flow rate of extracting condenser

MECP pump (Kg/s)
Weep—ae  Acual absorbing power of ECP (kw)

Weep—s  Isentropic absorbing power of ECP(Kw)

mpywp  Mass flow rate of feed water pump (kg/s)

2. Description of the processes of Elkhalej
steam turbine power plant:

The working fluid in the power plant is first heated
in the boiler until it reaches a superheated steam
state. This steam then expands in the High-Pressure
Turbine (HPT). Before entering the reheating
process, the steam is extracted at the first bleeding
point (state 5) within the HPT. After reheating, the
steam enters the Intermediate-Pressure Turbine
(IPT), where expansion continues. During this stage,
two additional steam extraction points occur at states
7 and 8. The steam subsequently flows into the Low-
Pressure Turbine (LPT), where expansion proceeds

Open Access Article is distributed under a CC BY 4.0 Licence.

further, accompanied by four extraction points at
states 10, 11, 12, and 13. The resulting vapor—liquid
mixture exits the turbine system at state 14 and is
fully condensed in the condenser to reach state 15.
The condensate is then pressurized by a pump to state
16 and directed through the first preheating system,
which consists of Heater 1 through Heater 4, raising
its condition to state 27. Afterward, the feedwater is
preheating in dearator (28,1), and then pumped again
to state 2 and passes through the second preheating
system (Heaters 6 and 7), reaching state 30. At this
point, the water is adequately preheated and ready to
re-enter the boiler, completing the cycle.
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Fig.1: T-S diagram of processes of Elkhalej
steam turbine power plant

Elements of cycle:

1. Boiler
3. Dearator

2. Steam turbine
4. Six heaters

3. Governing equation of the thermodynamic
processes of KSTPP

Adding heat in boiler:

Qin-boiter = LHV gjese1 * mfdiesel (3'1)

Producing power by turbine in three stages HPT,
IPT and LPT:

Wr_gqe = mg(hs — hy)
+ (mg — mpg7) (hg — hy)

+(m5 - mbs6,7)(h7 — hg)
+ (ms - mbs,5,6,7) *

(hg — hyo) + (ms - mbs4,5,6,7)(h10
- hll)

+(ms - mbs3,4,5,6,7)(h11 — hy2)

(3.4)

+(ms - mb52,3,4,5,6,7)
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6. Extracting condenser

5. Condenser
pump

7. Feed water pump

Process 1 = 2 (Isentropic process)
Process 2 = 3 (Isobaric process)
Process 3 = 4 (Isentropic process)
Process 4 = 6 (Isobaric process)
Process 6 = 9 (Isentropic process)
Process 9 = 14 (Isentropic process)
Process 14 — 15 (Isobaric process)

Process 15 = 16 (Isentropic process)

Qin—steam = M (h3 - h30)

+ (ms - mbs7) (32)
* (he — hy )
Efficiency of boiler:
— Qin—steam (3-3)
Qin—boiler

* (hyp — hy3) + (ms

- mbs1,2,3,4,5,6,7)(h13
— hi4)

Wr_s = mg(hs — hyg)
+ (ms - mbs7)(h6s - h7s)

+(ms - mbs6,7)(h7s - h8)
+ (ms - mbs,5,6,7)

(h9s - ths) + (ms - mbs4—,5,6,7)(h105
- hlls)

+(ms - mbs3,45,6,7)(h115 — hyzs) +

(ms - mbsz,3,4,5,6,7)(h125 — hy3s)

(3.5)
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+(ms - mbs1,2.3,4,5,6,7)(h135 — hyss)

Efficiency of turbine:

_ Wr_qc
WT—S

n (3.6)

Removing heat by sea water in condenser:

Qout = (ms - mbs1,2,3,4,5,6,7)(h14 —hys)  (3.7)

Absorbing power by ECP:

Wecp—ac = Mgcp(hie — ys) (3.8)
Mgcp = Ms — Mpss6,7 (3.9)
Wecp—s = Mgcp(hyes — hys) (3.10)
Efficiency of pump:
WECP—S
=W (3.11)
Absorbing power by FWP:
Wewp—ac = Mpwp(hy — hy) (3.12)
Wrwp—s = Mpwp(has — hy) (3.13)
Mpewp = Mgep T Mysey (3.14)
Energy balance in heaters:
n n
2 Ei, = 2 Eiyye (3.15)
i=1 i=1
E; = hympg (3.16)
Energy balance in heater 7:
hs(Mps7) + (Mewp — Mypray )Azo 3.17)

= hysmy,; + (mFWP — mspray)hso

Open Access Article is distributed under a CC BY 4.0 Licence.
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My = Mpg; (3.18)
- hzo — h
Moy = (mFWP mspray)( 30 29) (3.19)
(hs — h23)
Mspray = 7.6% Mgy p (3.20)
Energy balance in heater 6:
h; (Mpse) + hazmy,;
+ (Mrwp — Mpray )z (3.21)
= hy, (mw6,7) + (mFWP - mspray)h29
Mpse
_ (haz — haz)my,; + (mFWP - mspray)(h (3.22)
(h7 — hy2)
Energy balance in heater 5:
hgMyss + hoaMy7 6 + Mecphyy (3.23)
= Mpwphag
Mpss
_ (Mpwphag — Mecphay — hpaMy67)  (3.24)
hg
Mpss
_ (mpwp(hag — ha7) + (hyy — haz)my, 60 (3.25)
(hg — h27)
Energy balance in heater 4:
hioMpss + Mcephas
3.26
= hyoMyys + Mcpphy; ( )
(mcep(h2y = hae))
——— cep\Il27 26 (3.27)

(h1o0 = h20)
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Energy balance in heater 3:

hy1(Mps3) + (Mcgp)has + hoo(Mys)

(3.28)
= h19(mw3,4) + (Mmcgp)hae
Mps3
_ ((h19 = hoo)Mypa + megp (R — hys)) (3.29)
hi1 — hig
Energy balance in heater 2:
hya(Mpsz) + (Megp)hoy + h19(mw3,4) (330)
= hlB(mW2,3,4) + (mcgp)hys
Mpso
_ ((hig — h1o)my 3.4 + Megp(has — hay) (3.31)
(hy2 — hqg)
4. Validation:

To verify the accuracy of the thermodynamic model
of the Alkhaleej steam turbine power plant, the
model was executed using the design input
parameters provided by the manufacturer. The
obtained results were then compared with the design
specification output data, including efficiency,
output power, and the mass flow rate of the bleeding
steam This should explore the significance of the
results of the work, not repeat them.

Table.1: Validation of thermodynamic model
with design specification

w T?I:m Y?Igsz
n et g g
Mw) | Js) | Js)

0.455 | 354.14 | 23.3 9.1

Design
data

model | 0.459 | 353.87 | 23.95 | 8.88

Energy balance in heater 1:

hiz(Mps1) + (Mcgp)hig + hyg (mw2,3,4)

(3.32)
= h17(mw1,2,3,4) + (mcgp)haa
Mps1
_ (hi7 — hig)My, 234 + (Mcpp) (hos — by (3.33)
h13 - h17
Overall efficiency of power plant:
n = Wr_ae = Wgep—ac + Wrewp—ac) (3.34)
Q;
in-S$
Heat rate of power plant:
Heat rate
LHV gieser * Mfaieser (3.35)

" Wr—ae = Weep—ac + Wewp—ac))

Design

7.78 9.0 10.5 12.09 | 23.6
data

model | 7.8 8.89 | 10.497 | 12.08 | 23.7

Mpg3z | Mpgqg | Mpygs | Mpge | Mpg7
(kg | (kg | (kg | (kg | (kg

/s) | /s) | /) | /s) | /9)
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5. Results and discussion

Table. 2 presents a comparative analysis of the
quantities of bleeding steam extracted from
feedwater heaters 1 through 7 at two operating loads,
170 MW and 250 MW, for the Alkhalej Steam Power
Plant. These values were determined based on energy
balance calculations applied to the feedwater heating
system. The bleeding steam system plays a crucial
role in improving the thermal efficiency of the plant
by preheating the feedwater prior to entering the
boiler.

The results indicate a clear increase in the quantity of
extracted steam with rising plant load. At the
operating load of 170 MW, the bleeding steam
accounted for approximately 25.5% of the total
steam flow (compared to 26.3% at the off-design
specification load of 175 MW). At 250 MW, this
proportion increased to about 29.5% (compared to
28.9% at the off-design specification load of 245
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MW. This trend reflects enhanced regenerative
heating performance, which contributes directly to . oMW =250 MW s
improved overall thermal efficiency at higher loads. g 8 3 °
Table.2: Faction bleeding steam
Mpys1 Mps2 mys3 Mpysq
/ms /ms /ms /ms eff T eff FWP eff ECP eff boiler
170 Fig.2: Efficiency of components of Elkhalej
Efficiency is a key engineering, economic, and
250 0.066661 | 0.03573 | 0.025837 | 0.028821 env_ironmental parameter in thermal power plants,
(Mw) defined as the ratio of useful electrical output to total
energy input. Modern steam power plants typically
Mypss Mpse Mps7 Mpst achieve thermal efficiencies ranging from 33% to
/mg /mg /mg /mg 48%, while advanced reheat cycle plants can reach
up to 50%. Enhancing thermal efficiency leads to
170 0.020835 | 0.012758 | 0.064977 | 0.255304 reduced fuel consum_ption, Iower_ operationz_il costs,
(Mw) and decreased environmental impact. Figure 3
illustrates the thermal efficiency of the Alkhalej
250 15 037855 | 0.029865 | 0.070621 | 0.295389 power plant under both practical loading conditions
(Mw) (170 MW and 250 MW) and off-design conditions

The overall efficiency of a steam power plant is
largely governed by the performance of its main
components, including the boiler, steam turbine,
condenser, and feedwater pumps. Typically, boiler
efficiency ranges from 80% to 95%, while the
isentropic efficiency of steam turbines lies between
80% and 90%. Losses within the system are mainly
due to heat transfer to the surroundings,
irreversibility processes and mechanical friction.
Figure 2 illustrates the efficiencies of the main
components of the Alkhalej steam power plant under
practical operating loads (170 MW and 250 MW).
The results show that all components exhibit higher
efficiencies at 250 MW, which explains the
improved overall plant performance at this load
compared to 170 MW.

Open Access Article is distributed under a CC BY 4.0 Licence.

(175 MW and 245 MW). The results show that
increasing the practical load by approximately 22%
improves efficiency by about 2.54%, whereas a 20%
increase under off-design conditions results in a
smaller improvement of about 0.78%. This
difference can be attributed to deviations from
optimal design conditions. Specifically, the thermal
efficiency at 175 MW (design specification) is about
43.32%, compared to 41.8% at the practical load of
170 MW.
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EFFICIENCY

44.1
44.34

43.32

@
-
<

175 MW-DS 245 MW-DS 170 MW-PD 250 MW-PD

Fig.3: Efficiency of Elkhalej steam turbine
power plant of practical load and design
specification

The heat rate is another important parameter used to
evaluate plant performance, representing the amount
of heat input required to generate one kilowatt-hour
of electricity. A lower heat rate indicates higher
efficiency. Figure 4 compares the heat rate values at
practical loads (170 MW and 250 MW) with their
corresponding design loads (175 MW and 245 MW).
The results demonstrate that increasing the load leads
to a reduction in heat rate. However, the heat rate
under practical operating conditions remains higher
than that of the design specifications, indicating
relatively lower efficiency during real operation.

HEAT RATE

9229

8587

8311
8163

175 MW-DS 245 MW-DS 170 MW-PD 250 MW-PD

Fig.4: Heat rate of Elkhalej steam turbine power
plant of practical data and design
specification
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6. Conclusion:

Based on the results and discussion presented above,
the performance evaluation of the Alkhalej Steam
Turbine Power Plant was carried out by comparing
the design operating conditions (175 MW and 245
MW) with the actual operating loads (170 MW and
250 MW). The thermal efficiency at the design loads
of 175 MW and 245 MW was found to be
approximately 43.32% and 44.1%, respectively,
while the corresponding efficiencies under practical
operating conditions at 170 MW and 250 MW were
41.8% and 44.43%. The results indicate that
increasing the operating load leads to a reduction in
the heat rate, which reflects an improvement in plant
efficiency. Nevertheless, the heat rate under actual
operating conditions remains higher than the design
values, indicating relatively lower efficiency during
real plant operation.

In general, it can be concluded that the performance
analysis of the Alkhalej Steam Power Plant
demonstrates that increasing the operating load
significantly improves the thermal efficiency and
overall performance of the system. The increase in
bleeding steam at higher loads enhances feed-water
heating, which reduces fuel consumption and
improves cycle efficiency. In addition, the main
components of the plant operate more effectively at
higher loads, resulting in better energy conversion
performance. However, a noticeable deviation still
exists between the practical and design
performances, as evidenced by the higher heat rate
and lower efficiency values under actual operating
conditions. This deviation highlights the importance
of optimizing operating parameters, improving
maintenance practices, and minimizing system
losses to achieve performance closer to the design
specification

In conclusion, the performance analysis of the
Alkhalej steam power plant demonstrates that
increasing the operating load significantly enhances
both thermal efficiency and overall system
performance. The increase in bleeding steam with
higher loads improves feedwater heating, which
reduces fuel consumption and boosts efficiency.
Additionally, the main components of the plant
operate more effectively at higher loads, contributing
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to improved energy conversion. However, a
noticeable gap remains between practical and design
performance, as indicated by higher heat rate values
and lower efficiencies under real operating
conditions. This highlights the importance of
optimizing operational parameters and maintaining
equipment performance to minimize losses.
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