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ABSTRACT

After long-term operation, the performance of components in the GTCC system deteriorates and requires timely
maintenance. Due to the inability to directly measure the degree of component malfunction, it is necessary to
use advanced exergy analysis diagnosis methods to characterize the components’ health condition (degree of
malfunction) through operation data of the GTCC system. The dissipative temperature is used to describe the
degree of malfunction of different components in the GTCC system, and an advanced exergy analysis diagnostic
method is used to establish a database of overall operating condition component malfunctions in the GTCC system.
Ebsilon software is used to simulate the critical parameters of the malfunctions of the GTCC system components
and to obtain the changes in the dissipative temperature of different components. Meanwhile, the fuel consumption
and economic changes of the GTCC system on a characteristic power supply day under health and malfunction
conditions are analyzed. Finally, the effects of maintenance costs, electricity, and gas prices on maintenance
expenses and profits are analyzed. The results show that the GTCC system maintenance profit is 6.07 $/MWh,
while the GTCC system maintenance expense is 5.83 $/MWh. Compared with the planned maintenance mode, the
malfunction maintenance mode saves 0.24 $/MWh. Simultaneously, the maintenance coefficient of GTCC should
be adjusted under different malfunctions to obtain a more accurate maintenance period.
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Nomenclature

C Compressor

CC Combustion chamber

CHP Combined heating and power
DWP Drain water pump

EC Economizer

EV Evaporator

GTCC Gas turbine combined cycle
HP High pressure

HPT High-pressure steam turbine
HRSG Heat recover steam generator
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IGV Inlet guide vane

IP Intermediate pressure

IPT Intermediate-pressure steam turbine
LP Low pressure

LPT Low-pressure steam turbine

PR Pressure ratio

RH Reheater

SH Superheater

ST Steam turbine

1 Introduction

Renewable energy is increasingly being used in power plants to reduce the effect of CO, emissions
on the climate [1,2]. However, renewable energy has the characteristics of intermittency and volatility,
which can quickly impact the power grid [3,4]. The gas turbine combined cycle (GTCC) system has the
characteristics of operational solid flexibility, low pollutant emission levels, and high energy utilization
efficiency [5]. It can play a crucial role in maintaining the stability of the power grid. After long-term
operation, the performance of components in the GTCC system decreases. If not kept in time, the
power generation cost increases.

The thermal economic malfunction diagnosis method can identify the components affected by
the malfunctions and quantify the effect of the malfunctions on fuel consumption [6]. The actual
conditions (obtained through monitoring systems) are compared with reference conditions (“reference
conditions” mean the design conditions or the condition of the system after maintenance). The
reference condition can be obtained through software simulation, which can determine the operation
performance of the GTCC system under actual conditions without malfunctions. The reference
condition eliminates the effect of environmental factors such as LHV and temperature on fuel
consumption.

Many scholars have conducted extensive research in the field of thermal economic diagnosis.
Valero et al. [7] proposed a thermal economic method to diagnose the cause of heat consumption
deviation in a 350 MW power plant. Royo et al. [§] introduced a new parameter called dissipative
temperature to analyze the impact of inherent malfunctions on the efficiency of thermal system
components. Torres et al. [9] introduced a thermal economic diagnosis method based on thermal
economics and structural theory. The component malfunction was analyzed, and a mathematical
formula was proposed to calculate the endogenous irreversible and exogenous malfunctions related to
additional fuel consumption. Sliva et al. [10] developed a thermal economic diagnosis and prediction
system for analyzing a GTCC power plant in Brazil. The system provided the thermodynamic
condition of all components of the GTCC, as well as performance improvements that can be achieved
by eliminating detected malfunction. Reference [1 1] conducted an advanced exergy analysis method in
a GTCC system to determine the irreversibility caused by the interaction of components and to avoid
irreversibility through technical improvements. The exergy analysis method divided exergy loss into
avoidable loss and unavoidable loss. Lorenzoni et al. [12] evaluated the effect of different malfunctions
in power systems and heat pumps. The fuel impact formula was used together with varying production
diagrams for thermal economy diagnosis to quantify the impact of each malfunction on dissipative
components. Wang et al. [1 3] proposed an advanced exergy analysis diagnostic method to demonstrate
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the process of component malfunction. The diagnostic process was illustrated through multiple com-
ponent malfunction cases. The results indicated that this method can identify malfunction components
and quantify malfunction degree.

Meanwhile, some scholars have also developed several diagnostic evaluation methods: data
reconciliation method, characteristic curve method, eliminating induced effects method, fuel influence
formula method, and further improved methods mentioned above. Zhang et al. [14] proposed a power
plant diagnosis method based on structural and thermal economics theories. The method was applied
to a 300 MW power plant, and the results showed that the thermal economic method was a promising
diagnostic tool for complex energy systems. Valero et al. [15] described the possible malfunctions
that may occur in components of a GTCC system. In addition, the fuel impact formula, which
constitutes the thermal economic formula for quantifying the degree of malfunction, was discussed.
Orozco et al. [16] proposed a diagnostic method for a GTCC system. The method used thermal
economic methods and artificial neural networks to identify malfunctioning components and their
effect on fuel. Zaleta-Aguilar et al. [17] proposed a data reconciliation method for energy system
diagnosis. The results indicated that the method can detect and quantify the performance deviations
of power plants. Meanwhile, power plants can provide irreversible maintenance recommendations for
components.

Previous studies have focused on different diagnostic evaluation methods and analyzed the effects
of different malfunctions on component efficiency and fuel consumption. However, these studies
only focus on specific components or operating conditions, and little research on fuel impact and
maintenance profits in power plants under overall operating conditions. Therefore, this paper uses
dissipative temperature to quantify the malfunction conditions of different components in the GTCC
system. Meanwhile, an overall operating conditions malfunction database for the GTCC system has
been established. By analyzing the additional fuel consumption and maintenance costs caused by
the malfunction condition and adjusting the maintenance coefticient of the GTCC under different
malfunctions, reasonable maintenance decisions have been obtained.

2 Component Malfunction Diagnosis Method

The advanced exergy analysis method is introduced to quantify the effect of malfunction on
the GTCC system under multiple malfunction conditions. Meanwhile, the dissipative temperature is
proposed to locate the malfunction component. Combining dissipative temperature and the advanced
exergy analysis method, malfunction identification and quantification are implemented.

2.1 Exergy Analysis Methods
2.1.1 Conventional Exergy Analysis Method

The exergy analysis method determines the degree and source of the thermodynamic efficiency
reduction in the energy system [18].

Therefore, exergy destruction within the kth component is calculated by Eq. (1):
ED,k = EF,k - EP,k (1)

where the subscript F, P, and D are the fuel exergy, product exergy, and exergy destruction within the
kth component.
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The exergy balance of the system is as follows:
EF.mz = EP,lol + Z ED.k + EL,zoz (2)

where E r.o 18 the total fuel exergy within the system; E .o 18 the total product exergy within the system;
EL 18 the total exergy loss caused by interaction between the system and environment; EDk is the
exergy destruction within the kth component.

2.1.2 Advanced Exergy Analysis Method

The exergy destruction E,, within the kth component, can be divided into endogenous exergy
destruction Eﬁ \ and exogenous exergy destruction Eﬁ{ The kth component operates with its actual
efficiency, while others operate under theoretical conditions, and the Eg’z can be calculated. The Eg’,ﬁ
is caused by irreversibility in other components. Therefore, the E,, can be represented as follows:

EDk — EEN +EEX (3)

To calculate the EEN within a component, the theoretical conditions are defined for all remaining
component. For example the isentropic and mechanical efficiency are set at 100%, while the heat
exchange efficiency of the heat exchangers in the boiler is set at 100%.

2.2 Explanation and Quantification of Multiple Malfunctions

To better show the implementation process of various malfunctions diagnoses, a case of multiple
malfunctions occurring in the GTCC system is introduced. Multiple malfunctions conditions often
involve multiple malfunctions occurring on several different components.

The thermodynamic properties of the kth component are mainly determined by its performance
parameter (o). Meanwhile, the performance parameters of the kth component may be affected by
other components. Therefore, the additional AE), is determined by the performance parameters (o,
aZ"'aak7uk+1’ "')(xn)‘

ED,k=g(oc1,u2...,ock...,o¢n,y) 4)

where the function g is the relationship between E b and (o, o ..., O, Qyr, .., O) Under operation
conditions y, while the symbol n is the components number of the system.

The EEN from reference condition to malfunction condition can be expressed as:

f d
AEIE){Z = 8k (ak,MAL, Y) — 8k <0Lk’REF,y) ~ [ﬁ

3 ] (O araz — O rEF) (5)
O 4,

The additional AE,, can be described by its performance parameters as the difference between
the reference condition and malfunction condition:

AE-VD,k == g (0(1,0(2 e 90Lk,MAL5 . e aanay) _g (OLDOLZ L 50Lk.REF5 e ’umy) (6)

The additional AELE)’,i from the reference condition to the malfunction condition can also be
obtained:

AEL = AE,, — AELY (7)
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I assume that after long-term operation, both component k& and component / have reached
malfunction conditions.

The malfunctions cause a variation of the Eg"’ within the component k and component /, while
malfunctions in component k& and component / can also cause a variation of the £.* within the other
components.

For component k and component /, a variation of the E®* of the remaining components, in turn,
results in a variation of the E* of component k and component /.

2.3 Dissipative Temperature for Malfunction Identification

Performance parameters are difficult to monitor in real-time, but the working medium parameters
connected to component k are relatively easy to obtain. Generally, Aak is calculated by measuring the
working medium’s thermodynamic parameters.

It is challenging to locate malfunctioning components and quantify the degree of malfunction.

The dissipative temperature ¢ is defined:

ck = (ein,k - eout,k)/(sin,k - SoutAk) (8)

where se,,; is the inlet exergy of the kth component; e, is the outlet exergy of the kth component; s, ,
is the inlet entropy of the kth component; s, is the outlet entropy of the kth component.

The dissipative temperature is the ratio between the given component’s exergy and entropy
differences. In actual operation, if no malfunction occurs in a component, then the dissipative
temperature of the kth component is equal to the reference value under the reference operating
condition. However, if a malfunction occurs in the kth component, its irreversibility and entropy
production increase, thereby causing the parameters to deviate from the reference conditions. Due
to the irreversibility of the energy system, which mainly converts exergy into heat, the temperature of
the related working medium changes. Therefore, the dissipative temperature reflects the changes in
entropy production in the malfunction component.

Fig. 1 clearly illustrates how the dissipative temperature determines whether a malfunction occurs
in a given component. It describes the analytical process of the working medium flowing through
the kth component from reference conditions (indicated by dashed lines) to different malfunction
conditions.

(1) When a malfunction (a) occurs in the k£ component, the inlet condition remains unchanged.
Still, the increase in additional endogenous exergy destruction causes the dissipative temperature to
change from ¢k to ¢’k, resulting in the outlet condition of the £ component deviating from a certain
point on the solid line a.

(2) When a malfunction (b) occurs in other components, the inlet condition of component &
deviates from the point into a point in‘, and the outlet condition deviates from point out to point out".

The dissipative temperature remains unchanged, so line b parallels the reference operating condition
(dashed line).

(3) When the malfunctions (a, b) occur simultaneously on the kth component and other compo-
nents, the inlet and outlet conditions deviate to points in‘ and out*, respectively.

In summary, since only the values of exergy and entropy are required, the dissipative temperature
can quickly locate malfunction components and apply them to multiple malfunction conditions.
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Figure 1: The variation in the working medium of component k from reference conditions to different
malfunction conditions

3 System Description and Malfunction Description

Ebsilon software established the GTCC system model. The GTCC system comprises a gas turbine
(GT), HRSG, steam turbine (ST), and other components. The system flowchart is shown in Fig. 2.

A -
»
| >
A .
>
- — - —{—
A — A = A =
- HPS [
JH] ]
¢: /—_
H“N 5
Fuel
LPE LPB HPE1 IPE IPB LPS HPE2 IPS HPB RH Air
LA A
»
A 5 <
HPFD 1 CcC
MPFD
s =1 b lr o
LPFD Condenser

Figure 2: Flowchart of the GTCC system

3.1 Description of the GTCC System
The overall operating condition model of the GTCC system is established using Ebsilon software.
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3.1.1 Compressor Modeling

The reference provides the compressor characteristic curve [19]. A calculation model for the
compressor’s overall operating condition has been established.

3.1.2 Combustion Chamber Modeling
The combustion chamber calculation model only considers energy balance [19].

(1+BL) x (kX —hl) = (B — h) + BL (i — ) + n.. x LHV )

where B is the excess air coefficient; L is the theoretical air volume, kg/kg; 4 is the specific enthalpy,
kJ/kg; n is the efficiency; LHV is the fuel lower heating value; The superscript/subscript: @ means
air; cc means combustion chamber; f means fuel; g means gas; 1 means compressor inlet; 2 means
compressor outlet; 3 means combustion chamber outlet.

3.1.3 Gas Turbine Modeling

The mass flow rate and cooling air volume under design conditions are referenced [20]. The
cooling air volume under off-design operating conditions is corrected, and the pressure loss is
calculated using the method in Reference [20]. The efficiency of each gas turbine stage under off-design
operating conditions is corrected by the formula in Reference [20].

The gas turbine’s inlet temperature, pressure, and mass under off-design operating conditions
should meet the Flugel formula [20].

m-NT
A-p

where k is a constant; A is the inlet area of the turbine, m?.

k = const (10)

3.1.4 HRSG Modeling

The calculation process of off-design conditions, energy conservation, and heat exchange balance
are ensured for each heat exchange surface of the HRSG [21].

Among them, the equilibrium equations of endothermic, exothermic, and heat transfer are as
follows:

mycC, (Tgl - TgZ) = (hs2 - hsl) = (UA)p AT (11)

AT = [(Tgl - Ts2) - (ng - Tsl)]/ln [(Tgl - Tsz) - (ng - Tsl)] (12)

where m, is the gas mass flow, kg/s; m, is the steam/water mass flow, kg/s; ¢, is the average heat
capacity of flue gas, kJ/(kg-K); AT is the logarithmic heat transfer temperature difference, K; (UA),
is the overall heat transfer coefficient of the heating surface; The superscript/subscript: 1 means inlet;
2 means outlet.

3.2 Flowchart of System Condition Maintenance Based on Exergy Analysis

The degree of component malfunction and the components’ additional fuel consumption is
obtained by monitoring the thermodynamic parameters of the GTCC system in real-time and
comparing the dissipative temperature with the GTCC system malfunction database. I compared
the actual gas consumption of the GTCC system with the reference gas consumption and analyzed
whether the GTCC system needed maintenance. I was simultaneously adjusting the maintenance
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coefficient of the GTCC under different malfunctions to obtain more accurate maintenance time. The
flowchart for maintenance of the GTCC system is shown in Fig. 3.
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Figure 3: GTCC system overall operation condition malfunction diagnosis logic diagram

3.3 System Malfunction Description

The experimental results of the GTCC system before maintenance showed that the system’s output
power at 100% power load was 371.5 MW, which is 24.3 MW lower than the design value of 395.8
MW. The GTCC system malfunction simulation result is 1) the isentropic efficiency of high, medium,
and low-pressure compressor components has decreased by 3%; 2) the combustion efficiency of the
combustion chamber has decreased by 1%; 3) the isentropic efficiency of high, medium, and low-
pressure turbine components has decreased by 3%, 4) the isentropic efficiency of high, medium, and
low-pressure steam turbines has decreased by 3%, and 5) the thermal efficiency of each heat exchanger
of the HRSG has decreased by 3%.

Table | provides a detailed description of common malfunctions related to specific performance
parameters for different components in the GTCC system.

Table 2 lists the assumed reference condition and theoretical condition of all components. The
definition of theoretical condition follows the literature [14].
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Table 1: Common malfunction description of the GTCC system

Component Performance parameter Cause description

Compressor Isentropic efficiency Blade fouling and wear lead to a decrease in the
isentropic efficiency of the compressor

Combustion chamber Combustion efficiency  Fuel nozzle blockage and coking lead to

reduced combustion efficiency in the
combustion chamber

Gas turbine Isentropic efficiency Blade fouling and wear lead to a decrease in the
isentropic efficiency of the gas turbine

Steam turbine Isentropic efficiency Blade wear and erosion lead to a decrease in
the isentropic efficiency of steam turbines

Heat exchanger of HRSG Thermal efficiency The slagging and erosion of the heat exchanger

lead to decreased thermal efficiency

Table 2: Reference and theoretical conditions of different components

Component Ref. Th. Component Ref. Th.
condition  condition condition  condition
LP compressor 0.88 1 HP superheater/Reheater 0.93 1
IP compressor 0.88 1 HP evaporator 0.93 1
HP compressor 0.88 1 IP superheater 0.93 1
Combustion chamber 0.99 1 HP economizer2 0.93 1
HP gas turbine 0.9 1 LP superheater 0.93 1
IP gas turbine 0.9 1 IP evaporator 0.93 1
LP gas turbine 0.9 1 IP economizer 0.93 1
HP steam turbine 0.88 1 HP economizerl 0.93 1
IP steam turbine 0.88 1 IP evaporator 0.93 1
LP steam turbine 0.88 1 IP economizer 0.93 1

4 Result and Discussion

4.1 Endogenous and Exogenous Exergy Destruction under Design Condition

To better demonstrate the EgN caused by the irreversibility of the component and the ELE)X caused
by other components, the difference between the ELE)N and the EgX in the GTCC system is shown in
Fig. 4.

For most components, the endogenous exergy destruction ratio reaches over 80%, indicating that
their performance is mainly determined by themselves. The combustion chamber has the highest
exergy destruction, reaching 161.9 MW. The high-pressure superheater/reheater, high-pressure evapo-
rator, high-pressure economizer, and low-pressure economizer have a large proportion of exogenous
exergy destruction, indicating that the performance of these components is significantly affected by
other elements.
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Figure 4: Exergy destruction of different components in the GTCC system. (a) Compressor, Combus-
tion chamber, Gas turbine, Steam turbine. (b) Heat exchanger of HRSG

4.2 The GTCC System’s Overall Operating Condition Component Malfunction Database

A component malfunction database of the GTCC system’s overall operating condition is estab-
lished to locate the malfunction degree of different components quickly.

The isentropic efficiency of the low-pressure compressor is reduced by 0%—10%. When the power
load is 100%, the dissipative temperature of the low-pressure compressor significantly decreases from
2957.45 to 1518.01, and the exergy destruction increases from 7.03 to 13.06 MW; when the power
load is 60%, the dissipative temperature of the low-pressure compressor significantly decreases from
2663.56 to 1348.35, while the total exergy loss increases from 3.252 to 6.11 MW.

The isentropic efficiency of the high-pressure turbine is reduced by 0%—-10%. When the power
load is 100%, the dissipative temperature of the high-pressure turbine significantly decreases from
—11998.41 to —5548.86, and the exergy destruction increases from 14.95 to 19.44 MW, when the
power load is 60%, the dissipative temperature of the high-pressure turbine decreases significantly
from —11640.42 to —5388.3, and the exergy destruction increases from 10.28 to 12.49 MW.

The thermal efficiency of the high-pressure evaporator is reduced by 0%—10%. When the power
load is 100%, the dissipative temperature of the high-pressure evaporator increases from 408.92 to
411.5, and the exergy destruction increases from 2.67 to 7.08 MW; when the power load is 60%, the
dissipative temperature of the high-pressure evaporator rises from 417.25 to 422.26, and the exergy
destruction increases from 3.51 to 7.81 MW.

Fig. 5 analyzes the dissipative temperature and exergy destruction of the compressor, gas turbine,
and HRSG, respectively. The results indicate that the dissipative temperature is sensitive enough to
characterize the degree of component malfunction. Meanwhile, the database of overall operating
condition component malfunctions helps to locate the degree of component malfunction in real-time.

4.3 The GTCC System Flowchart under Malfunction Condition

Fig. 6 clearly shows the changes in dissipative temperature and exergy destruction within each
component in the GTCC system under reference or malfunction conditions.
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Figure 6: Flowchart of the exergy and dissipative temperature for the GTCC system. (a) Exergy
and dissipative temperature of different components in the GTCC system under reference condition.
(b) Exergy and dissipative temperature of different components in the GTCC system under malfunc-

tion condition
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Under reference conditions, the dissipative temperature of the low-pressure compressor is
2957.446. When the isentropic efficiency of the low-pressure compressor decreases by 3%, the
dissipative temperature is 2320.6. According to the malfunction database under overall operating
conditions, when the isentropic efficiency of the low-pressure compressor decreases by 2%—4%, the
dissipative temperature is 2441.2 and 2109.1, respectively. Therefore, the isentropic efficiency of the
low-pressure compressor has been determined to decrease by 3%.

Under reference conditions, the high-pressure turbine’s dissipative temperature is —11998. When
the isentropic efficiency decreases by 3%, the dissipative temperature is —9034.5. According to the
malfunction database under overall operating conditions, when the isentropic efficiency decreases
by 2%-4%, the dissipative temperature is —9850 and —8316.4, respectively. Therefore, the isentropic
efficiency of the high-pressure turbine has been determined to decrease by 3%.

Under reference conditions, the dissipative temperature of the high-pressure evaporator is 408.9.
When the thermal efficiency of the high-pressure evaporator decreases by 3%, the dissipative temper-
ature is 413.5. According to the malfunction database under overall operating conditions, when the
isentropic efficiency of the high-pressure evaporator decreases by 2%—4%, the dissipative temperatures
are 413.15 and 413.72, respectively. Therefore, the thermal efficiency of the high-pressure evaporator
has been determined to decrease by 3%.

In the case of multiple malfunctions, the dissipative temperature can quickly locate the malfunc-
tioning components and degree of malfunction in the GTCC system.

4.4 Economic Changes in GTCC System under Malfunction Condition

To accurately decide the GTCC system’s maintenance time, this paper uses a specific power supply
characteristic day as an example to provide the gas consumption rate and economic changes of the
GTCC system under reference conditions and malfunction conditions. Meanwhile, the economic
parameters and formulas for maintenance are provided. The economic parameters of the GTCC
system maintenance are listed in Table 3.

CHM, = A,,/(P, * PT * N % X) (13)
CHM, =24 % T, « D/(PT % N) (14)
PHM = N, x b, (15)
by = (AEy/e))/(Ple,) (16)

where CHM, is a direct cost of kilowatt hour maintenance, $/kW-h; CHM, is a cost of maintenance
and generation loss for kilowatt hour of electricity, $/kW-h; PHM is maintenance profit, $/kW-h; 4,,
are maintenance costs,10* $; P, is power, kW; PT is maintenance interval, year; N are annual operating
hours; X is power load rate; 7,, is maintenance time; D is electricity price, $/kW-h; N, is natural gas
price, $/Nm’; b, is additional gas consumption of power generation, Nm*/kW-h; e, is fuel specific
exergy, kJ/kW-h; e, is particular power exergy, kJ/kW-h.

At 7 o’clock, the power generation consumption rate of the GTCC system under reference
condition and malfunction condition is 0.17717 and 0.18863 Nm’/kWh, respectively, with an addi-
tional power generation consumption rate of 0.01146 Nm*/kWh. At 11 o’clock, the power generation
consumption rate of the GTCC system under reference condition and malfunction condition is
0.17337 and 0.1843 Nm’/kWh, respectively, with an additional power generation consumption rate
of 0.01093 Nm*/kWh. At 17 o’clock, the power generation consumption rate of the GTCC system
under reference condition and malfunction condition is 0.19547 and 0.20505 Nm*/kWh, respectively,
with an additional power generation consumption rate of 0.00958 Nm*/kWh.
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Table 3: Economic parameters for GTCC system maintenance

Parameter Value Parameter Value
Equivalent operation time/h 8000 Natural gas price/($/Nm?) 0.57
Maintenance interval/year 1.11 Electricity price/($/MWh) 102.8
Maintenance duration/day 10 maintenance cost/10* $ 771.4
Annual power load rate 0.61 Yearly operating hours/h 8760

According to Fig. 7, the power generation maintenance profit is 6.07 $/MWh, and the mainte-
nance expense is 5.83 $/MWh. Since the maintenance profit exceeds the maintenance expense, the

GTCC system should be maintained immediately.
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rate of GTCC system under reference and malfunction condition. (¢) Maintenance revenue and
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The GTCC system’s maintenance time is determined by maintenance profit and expense. External
factors quickly affect maintenance costs, electricity prices, and gas prices. Therefore, the impact of
these changes on maintenance profit should be analyzed.

The Fig. 8a shows that as the gas price increases, the maintenance profit of the GTCC system

increases. When the gas price is 0.548 $/Nm?, the maintenance expense and maintenance profit reach
a balance point.
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Figure 8: The impact of changes in economic parameters on maintenance profit and expense. (a) The
impact of changes in natural gas prices on maintenance profit. (b) The impact of electricity price

changes on maintenance expense. (¢c) The impact of changes in maintenance costs on maintenance
expense

The Fig. 8b shows that as the electricity price increases, the maintenance expense of the GTCC

system increases. The maintenance expense and profit are balanced when the electricity price is
112.3 $/MWh.
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The Fig. 8c shows that as the maintenance costs increase, the maintenance expense of the GTCC
system rises. When the maintenance cost is 8.265 x 10° §, the maintenance expense and maintenance
profit reach a balance point.

Therefore, when making maintenance decisions, it is necessary to analyze the degree of component
malfunction and additional fuel consumption and comprehensively consider maintenance costs,
electricity prices, and gas prices.

4.5 Reliability Changes in GTCC System under Malfunction Condition

The life of the heated components of a gas turbine mainly depends on its operating temperature.
During the operation period, the power load of the gas turbine determines its operating temperature.
Therefore, the maintenance coefficient is corrected by the power load of the gas turbine. When gas
turbine component malfunctions occur, the same fuel can cause a decrease in gas turbine power load.
Therefore, this article analyzes the changes in the gas turbine maintenance coefficient under different
component malfunctions.

During the operation period, T; represents the operating temperature of the heated components.
Under off-design conditions, the gas turbine adopts a T;—T, regulation mode. As shown in Fig. 9, as
the gas turbine’s power load rate decreases, T; first remains constant and then decreases. T; decreases
more significantly under the same power load as the temperature decreases.
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Figure 9: T; variation under different power load rates and ambient temperature

When gas turbine component malfunctions occur, the output power of the gas turbine decreases.
The performance of different components decreased by 1%, and the change in output power of the
gas turbine is analyzed. As shown in Fig. 10, the malfunction of the combustion chamber significantly
impacts the gas turbine by reducing it by 3.8 MW. The output power reduction of the turbine is
more significant than the compressor’s. When the high-pressure turbine and high-pressure compressor
malfunction occur, the output power reduction of the gas turbine is 1.6 and 0.8 MW, respectively.
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Meanwhile, the power load rate of the high-pressure turbine decreased from 1 to 0.6, resulting in
output power reduction of 1.6 and 1.13 MW, respectively.

Power load MW
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- 2905
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Figure 10: Power variation of a gas turbine with a 1% decrease in component performance

During the T, regulation stage, T; remains unchanged. In this T, regulation stage, the impact of
component malfunction on Tj is studied. As shown in Fig. 11, the compressor’s isentropic efficiency
decreases, the compressor’s power consumption increases, the compressor’s outlet gas temperature
increases, and T; increases. The combustion efficiency of the combustion chamber decreases by 1%,
the heat of the flue gas decreases, and T; significantly decreases.
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Figure 11: T, variation of a gas turbine with a 1% decrease in component performance
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The malfunction of gas turbine components causes a decrease in the output power of the gas
turbine. Under the same power load, the fuel consumption of the gas turbine in the malfunction
condition increases, T; increases, and the maintenance coefficient changes. As shown in Fig. 12, when
the health condition power load rate is higher than 0.8, the maintenance coefficient is 1.3, while the
given malfunction condition power load rate is higher than 0.76, the maintenance coefficient is 1.3.
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Figure 12: Maintenance coefficient under component malfunction

5 Conclusion

This paper analyses the malfunction degree of components in the GTCC system before mainte-
nance based on the exergy analysis and formulates a reasonable maintenance time.

Firstly, the dissipative temperature is proposed to identify multiple malfunctions in the system
quickly. The advanced exergy analysis method is adopted to analyze the ELE)N and ELE)X of the GTCC
system components. The malfunction database of the GTCC system components has been established.
Taking a GTCC system under malfunctions as an example, the exergy destruction of components
under malfunctions is obtained, and the reliability of dissipative temperature in malfunction identi-
fication is verified. The economic performance of the GTCC system under reference or malfunction
conditions is analyzed during the power supply characteristic period. And the maintenance coefficient
of the gas turbine is adjusted. The main conclusions are as follows:

1. The proportion of Eﬁ” in most components accounts for more than 80% of the total exergy
destruction, with the combustion chamber being the most significant exergy destruction component.

2. Taking the GTCC system under malfunctions as an example, the overall operating condition
component malfunction database of the GTCC system identifies the malfunction degree of the GTCC
system components. It obtains the exergy destruction of the GTCC system components. Meanwhile,
the reliability of dissipative temperature in determining the GTCC system malfunctions has been
verified.
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3. Taking the power supply characteristic day as an example, the GTCC system’s power generation
maintenance profit is 6.07 $/MWh, and the maintenance expense is 5.83 $/MWh. Meanwhile, the
GTCC system maintenance should be arranged immediately. Maintenance expenses increase when
maintenance costs and electricity prices increase; while gas prices rise, maintenance profit increases.

4. The compressor, combustion chamber and turbine malfunction reduces the gas turbine’s
output power. Under the same power load, the operating temperature increases. The compressor’s
isentropic efficiency decreases, and the operating temperature increases. The combustion efficiency of
the combustion chamber decreases, and the operating temperature decreases.
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