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Abstract

With the increasing penetration of intermittent renewable energy, combined-cycle power
plants are increasingly operated under frequent and deep load-following conditions. Under
such conditions, transient irreversibility and its coupling with seasonal boundary changes
cannot be adequately characterized by conventional steady-state analysis. Therefore, this
paper constructs a dynamic analysis framework based on actual operational data. The
first- and second-order rates of change in component exergy destruction are introduced to
quantify the direction, intensity, and acceleration of thermodynamic deterioration during
winter and summer load ramp-ups and ramp-downs. The results reveal a hierarchical
dynamic response. The combustion chamber and gas turbine exhibit the highest and
nearly synchronous sensitivity, whereas the heat recovery steam generator (HRSG) and
steam turbine respond later and their fluctuations persist longer because of water-/steam-
side thermal inertia. The air compressor, condenser, and fuel heater are comparatively
insensitive. Load direction and season jointly produce pronounced asymmetric behavior.
Winter transients generally exhibit stronger and longer-lasting exergy fluctuations than
summer transients. Based on the dynamic diagnosis and engineering adjustability, HRSG
feedwater flow is selected as the optimization variable. A feedwater-response adjustment
scheme, guided by dynamic exergy analysis, is evaluated through offline calculations and
comparisons with historical plant operating data. Relative to the original operation, the
maximum relative reduction in HRSG exergy destruction is 20.14%, and the maximum
relative increase in exergy efficiency is 7.56%.

Keywords: combined-cycle power plant; dynamic exergy analysis; variable-load process;
operational optimization

1. Introduction

As environmental pollution and carbon emissions associated with coal-fired power
generation become increasingly prominent [1-3], renewable energy accounts for a growing
share of installed capacity and electricity generation in modern power systems. Conse-
quently, the grid requires faster, deeper peak-regulation capability. Combined-cycle power
plants (CCPPs) feature rapid start-ups and shutdowns, flexible load regulation, and low
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pollutant emissions [4]. They have therefore become important peak regulation resources
for renewable energy integration and stable grid operation. However, prolonged operation
under off-design conditions and frequent load ramping can substantially reduce system
efficiency. Both thermal and exergy efficiencies deteriorate as the unit departs from its
design point [4,5]. Such an operation can also degrade the thermodynamic performance of
critical components, thereby compromising operating economy and safety.

Most existing studies have focused on steady-state thermodynamic analyses of
combined-cycle systems. These studies identify the combustion chamber (CC) as the
component with the greatest exergy destruction [6-10] and quantify component-level
exergy destruction and exergy efficiency through energy—-exergy analysis [11-14]. Thermoe-
conomic methods have also been incorporated into systems analysis and multi-objective
optimization to improve performance and economic viability simultaneously [15-20]. These
studies generally optimize operating parameters and component performance at prescribed
operating points, mostly through simulation [11,21-24]. Their optimization results may
therefore be difficult to apply to combined-cycle units that undergo frequent changes in
operating conditions. Most remain at the level of theoretical analysis or numerical simula-
tion and offer limited engineering implementability. In contrast, operating combined-cycle
units exhibit pronounced dynamic behavior, and their operating parameters continuously
vary with time [25]. Steady-state analysis cannot adequately characterize the temporal
evolution of internal irreversibility under transient conditions. Accordingly, several studies
have investigated dynamic exergy analysis [26,27]. They revealed time-dependent varia-
tions in component exergy destruction and exergy efficiency during changes in operating
conditions. However, these studies mainly examined the state variables themselves. State
variables alone cannot fully reveal component sensitivity to load disturbances. This limita-
tion hinders the identification of dynamically sensitive components and the development
of targeted optimization measures. To address this issue, Hao et al. [28] proposed dynamic
exergy indicators that reflect exergy inertia, sensitivity, and stability of the working fluid.
They identified the most sensitive components in a power plant boiler and provided a
new basis for sensitivity analysis under dynamic conditions. However, their work focused
mainly on a single item of equipment, such as a boiler. Dynamic exergy behavior across
the key components of a combined-cycle unit during complex load transients remains
insufficiently characterized. Therefore, a criterion is still needed to quantify component-
level dynamic exergy variation during load ramping. Such a criterion would support the
identification of sensitive components and optimization decisions for dynamic operation.

The operating performance of a combined-cycle unit is strongly affected by ambient
conditions, particularly ambient temperature [29]. As ambient temperature increases,
both maximum power output and operating efficiency decrease [30-32]. For an operating
combined-cycle unit, ambient temperature is not a constant boundary condition and varies
considerably with the season. Seasonal changes alter both the system boundaries and the
unit operating mode. For the unit investigated here, summer peak demand requirements
lead to more frequent start-ups, shutdowns, and variable-load operations. During the
summer, both the duration of grid-connected operation and electricity generation were
significantly higher than in the winter. Therefore, there are significant seasonal variations in
the operating conditions of this unit. Under high-frequency peak regulation, frequent load
ramping also produces distinct dynamic responses among components [33,34]. Previous
studies show that the steam cycle responds with a clear delay because of its greater thermal
inertia. Its stabilization time is substantially longer than that of the gas turbine side.
Although previous studies have examined combined-cycle dynamic responses and load
change behavior, most have used power output, temperature variation, or response time as
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the principal metrics. Component dynamic response has rarely been evaluated from an
exergy perspective.

Accordingly, this study uses measured operating data from an F-class CCPP. A compo-
nent sensitivity criterion based on exergy destruction analysis is proposed for variable-load
operation. The criterion quantitatively characterizes the sensitivity of each component
during load transients. The exergy destruction behavior of the key components is then ana-
lyzed during load ramp-up and ramp-down to identify the most sensitive thermodynamic
components. Component exergy destruction distributions and their variations are further
evaluated under different seasonal ambient conditions. This analysis reveals asymmetric
responses between load ramp-up and ramp-down and clarifies their seasonal differences.
Finally, components with potential for operational improvement are identified, and an
engineering-oriented adjustment analysis is conducted under variable-load conditions.

2. System Description and Thermodynamic Model
2.1. Unit Summary and Data Acquisition

The investigated system is an SI09FA combined-cycle unit with a single-shaft ar-
rangement. It mainly comprises one S109FA gas turbine, one D10 steam turbine, one 390H
generator, and one NG-109FA-R HRSG. Figure 1 presents a schematic of the combined-cycle
system. The rated capacity is approximately 395 MW, and the operating range is 70-100%
load. The unit can ramp rapidly, with a maximum load ramping rate of 11 MW /min.

To
atmosphere

steam
exhaust gases

Figure 1. Schematic of the gas—steam combined-cycle unit.

The data used in this study were obtained from measured operating records at the
Jinjiang Gas-Fired Power Plant. Operating parameters were acquired from the plant’s dis-
tributed control system (DCS) and field instruments at a sampling interval of 5 s. To ensure
representative operating conditions, load-ramp data were screened, and records containing
abnormal fluctuations or missing measurements were excluded. Operating parameters
were collected at key state points of the gas turbine (GT), HRSG, and steam turbine (ST).
The main data categories required for the analysis are listed in Table 1. To account for the
effects of measurement errors and instrument precision on the thermodynamic calculations,
an uncertainty analysis was conducted, with the detailed calculations provided in Table S1.
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Table 1. Key measured parameters for thermodynamic analysis of the combined-cycle system.

Category Parameter Unit
CCPP Power output MW
Ambient conditions Ambient temperature °C
Ambient conditions Ambient pressure kPa
AC Inlet temperatures °C
AC Outlet temperatures °C
AC Inlet air mass flow rate kg/s
AC Outlet pressure MPa
CC Fuel mass flow rate kg/s
GT Exhaust gas temperature °C
GT Power output MW
HRSG Feedwater temperature °C
HRSG Feedwater pressure MPa
HRSG Exhaust gas temperature °C
HRSG Exhaust gas mass flow rate t/h
HRSG Steam temperature at each pressure °C
HRSG Steam pressure at each pressure level MPa
HRSG Steam mass flow rate at each pressure level kg/s
ST Main steam mass flow rate kg/s
ST Steam inlet and outlet temperatures °C
ST Steam inlet and outlet pressures MPa
COND Condenser pressure kPa
COND Cooling water inlet and outlet temperatures °C
COND Condensate temperature °C
COND Cooling water mass flow rate kg/s
FH Fuel inlet and outlet temperatures °C
FH Fuel inlet pressure MPa
FH Heating water inlet and outlet temperatures °C
FH Heating water inlet pressure MPa

2.2. Basic Assumptions

The following assumptions are adopted. Air and exhaust gas are treated as ideal

gases, with compositions listed in Table 2. Heat transfer between each component and

the surroundings is neglected. The reference state is defined as p0 = 101.32 kPa and

T0 = 298.15 K. Thermophysical properties of the working fluids are obtained using REF-

PROP 9.1. The thermodynamic and exergy calculations, together with the first- and second-

order finite-difference analyses, were performed in Microsoft Excel based on the measured

operating data.

Table 2. Compositions of air and exhaust gas.

Species

Mole Fraction in Air (%)

Mole Fraction in Exhaust Gas (%)

N>
CO,
H,0

O,

Ar

77.05 74.60
0.03 3.85
1.34 8.06

20.66 12.60
0.92 0.89

2.3. Energy and Exergy Analyses

The energy analysis model for the combined-cycle system follows the formulations in

Refs [35,36]. The exergy analysis model follows Refs [37,38]. Only physical and chemical

exergies are considered [39]. The required equations are summarized in Table 3.

https://doi.org/10.3390/app162110556


https://doi.org/10.3390/app162110556

Appl. Sci. 2026, 16, 10556 50f 18
Table 3. Formula for combined-cycle calculations.
Fuel Exergy Ep Product Exergy Ep Exergy Destruction ED Exergy Efficiency ¢
AC WAC Ea out — Ea,m EF - EP EP/EF
.CH .PH . . . .
cC E Egout — Ea,m —E; Er —Ep Ep/Er
GT E¢in — Egout War Ep —Ep Ep/EF
HRSG Eg,in - Eg,out E Est,out - Z Ew,in EF - EP EP/EP
ST Z Est,in - Z Est,out WST EF - EP EP/EF
COND - - Est,in + Ecw,in_ N/A
Ew,out - Echout
FH Ew,in — Ewout Efout — Efin Er —Ep Ep/Er
CCPP Mfeng War + Wsr Er—Ep EP/EF

The condenser is treated as a dissipative component, and therefore no conventional
fuel-product exergetic efficiency is defined. Nevertheless, its exergy destruction can be
evaluated from the exergy balance over the condenser control volume. The control vol-
ume includes the steam/condensate side and the circulating cooling-water side, with the
corresponding inlet and outlet exergy rates considered in the balance. Under the adopted
quasi-steady approximation, with heat leakage to the external environment neglected and
no shaft work across the control volume, the condenser exergy destruction rate is obtained
from the difference between the total inlet and outlet exergy rates. The corresponding
thermodynamic properties are determined from the measured operating states. The result-
ing exergy destruction values therefore represent quasi-steady estimates at the measured
operating states.

For the dynamic variable-load process of the combined-cycle system, the unsteady
exergy balance equation is expressed as follows:

ZEm‘l'Z(l—)Q_ZEout—W—ED 1)

where 4 F E denotes the rate of change in the total exergy stored within the control volume; Em

and Eout denote the exergy rates entering and leaving the system, respectively; ( - %) Q

represents the exergy transfer associated with heat; W denotes the useful power output;

and Ep denotes exergy destruction.

The first-order rate of change in exergy destruction (Ry) is defined as the first derivative
of exergy destruction with respect to time. Its unit is MW /min or MW/s, and it represents
the instantaneous rate of change in exergy destruction. It is calculated as follows:

dEp

="

(2)
Since this study uses actual measurement data from a power plant, Equation (3) can
be derived by applying the discrete difference method to approximate the rate of change of
‘gf using the difference between two consecutive time steps.
dE __ [E(t+At) —E(t)]
dat At

)
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By combining Equations (1)—(3) with the numerical difference formulation, the ap-
proximate expression for the first-order rate of change in exergy destruction is obtained as
Equation (4).

Ep(t+ At) —Ep(t)
4
At @

Similarly, the second-order rate of change in exergy destruction (Ry) is defined as the

Rlz

second derivative of exergy destruction with respect to time. It represents the acceleration
of exergy destruction variation. Its unit is MW /min? or MW /s?, and it describes how the
first-order rate itself evolves. The expression is given below:

ED(tJrAt)fED(t)} Ep(t)—Ep(t—At)

AF — At
A ®)

Ry

Q

The present study adopts a measurement-based thermodynamic analysis approach
rather than a component-characteristic dynamic simulation model. The operating trajec-
tories of temperature, pressure, mass flow rate, and power are obtained from the plant
DCS. Thermodynamic properties and component exergy quantities are calculated from
these measured states at successive sampling instants, and their temporal variations are
subsequently analyzed using finite-difference calculations.

3. Dynamic Exergy Characteristics During Load Ramping
3.1. Dynamic Performance During Variable-Load Processes

A combined-cycle unit can complete load ramp-up or ramp-down within a relatively
short period. To investigate its dynamic thermodynamic behavior, four representative
operating datasets are selected. They correspond to winter ramp-up, summer ramp-up,
winter ramp-down, and summer ramp-down conditions. Figure 2 shows the load variation
under different operating conditions, and the corresponding analysis results are presented
in Figures 3-6.

Figures 3 and 4 compare the exergy analysis results before and after the load ramp-up.
The exergy destruction share of the CC decreases, and the reduction is more pronounced in
winter. The winter reduction reaches approximately 12.3%, whereas the summer reduc-
tion is only 4.92%. The exergy efficiency of the CC increases to some extent. The exergy
destruction share of the GT fluctuates during the early ramp-up stage. It then rises to
approximately 25% in winter and 23% in summer during the late stage. The GT maintains
a relatively high exergy efficiency, fluctuating around 86%. By contrast, the exergy perfor-
mance of the AC changes gradually. Its share of exergy destruction remains low and shows
no marked fluctuations, while its exergy efficiency is the highest among the components.
Opverall, load ramp-up affects the topping cycle components differently. The strongest effect
is observed for the CC, followed by the GT, whereas the effect on the AC is limited.

For the bottoming cycle, the HRSG exergy destruction share initially increases and
then decreases as load rises. Its peak is approximately 16% in winter and 13% in summer.
The maximum HRSG exergy destruction reaches 54.2 MW in winter and 40 MW in summer.
These values are 87.7% and 59.0% higher than their respective initial values. The HRSG
exergy efficiency first decreases and then recovers, with a larger reduction in winter. This
behavior is primarily attributable to HRSG thermal inertia. During the early ramp-up
stage, gas-side thermal input increases rapidly, whereas steam-side parameters respond
with a distinct delay. This mismatch intensifies heat transfer irreversibility. Comparison of
gas-side and steam-side thermodynamic response times indicates a delay of approximately
150-180 s between the two sides. In winter, the exhaust gas flow rate and exhaust gas exergy
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level are higher. Consequently, the increase in HRSG exergy destruction is substantially
greater than in summer. Meanwhile, the ST exergy destruction share and exergy efficiency
show no clear trend and fluctuate within limited ranges. Exergy destruction in the COND
and FH is relatively small, particularly for the FH. However, the FH exhibits a low exergy
efficiency and relatively pronounced fluctuations. Overall, except for the HRSG, bottoming
cycle components show only limited variation in their exergy destruction shares during
load ramp-up.

Figures 5 and 6 show that component exergy destruction shares during load ramp-
down exhibit a clear reverse asymmetry relative to those during ramp-up. The CC remains
the largest contributor to total exergy destruction. Its exergy destruction share increases
continuously during ramp-down, by up to 11% in winter and approximately 7.05% in
summer. Its exergy efficiency decreases continuously as load declines. The GT exergy
destruction share decreases moderately, but the overall variation remains limited. The
AC follows a trend similar to that observed during ramp-up and shows no pronounced
fluctuation. However, its exergy efficiency decreases slightly.

~
=
(e}

—— Winter load ramp-up
—— Summer load ramp-up
—— Winter load ramp-down
—— Summer load ramp-down

Combined cycle output power(MW)

0 200 400 600 800 1000 1200
Time(s)

260

Figure 2. Comparison of power response curves for combined-cycle systems under variable loads.
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Figure 3. Dynamic exergy performance analysis of major components during winter load ramp-up.
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Figure 4. Dynamic exergy performance analysis of major components during summer load ramp-up.
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Figure 5. Dynamic exergy performance analysis of major components during winter load ramp-down.
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Figure 6. Dynamic exergy performance analysis of major components during summer load ramp-
down.

For the bottoming cycle, the exergy destruction shares of all components except the

HRSG remain nearly unchanged. During load ramp-down, the HRSG exergy destruction
share first decreases and then increases, reaching a minimum of approximately 7%. Its
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exergy efficiency first increases and then decreases. This behavior is mainly caused by
thermal inertia. During the early load ramp-down stage, the gas-to-steam-side temperature
difference decreases, thereby reducing heat transfer irreversibility. The exergy destruction
shares of the ST, COND, and FH follow trends similar to those observed during ramp-up
and show no substantial fluctuations.

Further comparison of Figures 3-6 show that exergy destruction fluctuations are
more pronounced in winter and more moderate in summer, indicating a clear seasonal
asymmetry. In winter, the lower ambient temperature increases air density, compressor
inlet mass flow, and fuel supply. Lower temperature conditions also increase temperature
differences during combustion and heat transfer. These effects intensify irreversibility
and lead to greater exergy destruction in both individual components and the overall
combined-cycle system than in summer.

These observations are consistent with the transient exergy analysis of combined-
cycle operation reported by Wittenburg et al. [26]. Their study showed that a higher
load change rate increases the maximum exergy destruction rates of the HRSG and the
water/steam cycle. When GT exhaust temperature and exhaust gas flow change rapidly,
the evaporator, steam drum, and metal heating surfaces respond more slowly because of
their thermal capacities. Water-/steam-side thermodynamic parameters, therefore, lag
behind gas-side changes.

3.2. Component Sensitivity During Variable-Load Processes

Figures 7-10 show the dynamic absolute values of the second-order rates of change
in exergy destruction for each component under different variable-load conditions. The
CC and GT exhibit the largest values, and their peaks occur at nearly the same time. The
CC shows a larger fluctuation amplitude and is therefore the most dynamically sensitive
component, followed by the GT. During load changes, rapid adjustments in the air—fuel
ratio, fuel flow rate, and flame temperature substantially increase combustion irreversibility.
These adjustments produce strong fluctuations in CC exergy destruction, which are subse-
quently transmitted to the GT. Seasonal comparison shows that the CC and GT generally
exhibit higher peaks and more frequent fluctuations in winter.

(b) Second-order rate of change
in exergy destruction: HRSG and ST

(a) Second-order rate of change
in exergy destruction: CC and GT
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Figure 7. R; in various components during winter load ramp-up.
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(a) Second-order rate of change
in exergy destruction: CC and GT

(b) Second-order rate of change
in exergy destruction: HRSG and ST
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Figure 8. R; in various components during summer load ramp-up.
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(b) Second-order rate of change
in exergy destruction: HRSG and ST
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Figure 9. R; in various components during winter load ramp-down.

Although the absolute second-order rates of change in exergy destruction for the
HRSG and ST are lower than those of the CC and GT, their peaks generally occur during
the middle or late stages of load variation. Their fluctuations also persist for longer periods.
Seasonal comparison shows that fluctuations in the second-order rate generally persist
longer under winter conditions. The delayed responses of the HRSG and ST are particularly
evident during the middle and late stages. In summer, the variable-load process is shorter,
and the larger component fluctuations are concentrated mainly in the middle stages.
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(b) Second-order rate of change
in exergy destruction: HRSG and ST

(a) Second-order rate of change
in exergy destruction: CC and GT
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Figure 10. R; in various components during summer load ramp-down.

The COND and FH exhibit relatively low dynamic sensitivity. The COND changes
smoothly overall and is only weakly affected by load disturbances. Although the FH has
a low second-order rate overall, it shows frequent local fluctuations, particularly during
ramp-down. The AC also maintains a low second-order rate. Compared with other topping
cycle components, its dynamic characteristics are primarily characterized by a small number
of spikes and an overall relatively smooth trend.

Figures 7-10 and Table 4 show that the combined-cycle unit does not exhibit a single
exergy response mode during the variable-load process. Instead, it displays a distinct
hierarchical dynamic response. The CC and GT have high absolute second-order rates,
and their peaks occur at similar times. The gas turbine side, therefore, exhibits a rapid,
disturbance-dominated response. The HRSG and ST have lower peaks, but these peaks
generally occur during the middle and late stages and persist longer. The AC, COND, and
FH show lower amplitudes and mainly local fluctuations.

Table 4. Comparison of component dynamic responses under different variable-load conditions.

. . CC/GT Response HRSG/ST Response AC/COND/FH R,
Operating Condition . . - Response Main Finding
Characteristics Characteristics .
Characteristics
Strong early to middle Delayed response in Dynamic disturbance is

. & cary : the middle and late Low amplitude yn .

Winter ramp-up fluctuations with . . strongest during the
. stages with a long fluctuations .
synchronized peaks d . winter ramp-up
uration

Pronounced early to Peaks concentrated in FH/COND Response duration is

Summer ramp-up

middle peaks followed
by late-stage decay

the middle and late
stages

fluctuations near 200 s

shorter than in winter

Winter ramp-down

Large peaks at 100-200
s and 400-500 s

Pronounced delay in
the middle and late

Late-stage FH/AC
fluctuations intensify

The medium-term
fluctuation is more

stages intense.
Large initial peak Pronounced Summer ramp-down
. Early AC/FH
Summer ramp-down  followed by decay after middle-stage . has a short response
. fluctuations .
300 s fluctuations duration
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Table 5 shows that the combined first- and second-order criteria provide a more
complete description of component dynamic response during load ramping. The first-order
rate primarily indicates the direction and instantaneous intensity of the variation in exergy
destruction. The second-order rate further indicates whether that variation is accelerating
or decelerating.

Table 5. Operating state classification of combined-cycle components using the first- and second-order
rates of change in exergy destruction.

Criterion State Physical Meaning Explanation of the Component Dynamic Response
Ri>0.R» >0 Component exergy destruction ~ The component is undergoing dynamic deterioration
1=m 2 increases at an increasing rate and responds strongly to the load disturbance
Component exersy destruction Exergy destruction is still increasing, but the
Ri1>0,R, <0 continues to increase, but at a . . . 7
) deterioration trend is weakening
decreasing rate
R: <0 R <0 Component exergy destruction Exergy destruction is decreasing, indicating that the
1= decreases at an increasing rate current operating or control action is beneficial
Component exergy destruction . . .
: Th k ,
Ry <0,Ry>0 continues to decrease, but at a e improvement is weakening, and a rebound or

. new fluctuation may subsequentl ur
decreasing rate ew Iuctuatio y subsequently occ

The proposed dynamic indicators should be distinguished from direct measures of
thermodynamic performance. Exergy destruction quantifies the magnitude of irreversibility,
whereas R; and R; characterize its temporal variation. Therefore, the indicators are used
primarily to identify dynamically sensitive components and periods of rapidly changing
irreversibility. They do not, by themselves, determine an optimal operating condition or
guarantee an improvement in exergetic efficiency. The potential benefit of an operational
adjustment must be evaluated separately by comparing exergy destruction and exergetic
efficiency under comparable operating boundary conditions.

The above analysis demonstrates that the proposed dynamic exergy indicators provide
not only a quantitative characterization of component responses during load transients but
also a basis for identifying potential targets for operational improvement. However, a high
dynamic sensitivity does not necessarily indicate a high potential for operational adjust-
ment. The selection of an appropriate optimization target must also consider the physical
mechanisms of exergy destruction, the availability of adjustable operating variables, and
the constraints imposed by the existing plant control system.

4. Optimization of HRSG Variable-Load Operation Based on Dynamic
Diagnosis
4.1. Selection of the Optimization Target and Decision Variable

During variable-load operation, the power trajectory required by the grid is regarded
as an externally imposed constraint rather than an optimization variable. Therefore, the
objective of the present study is not to reduce or modify the required ramping rate. Instead,
the optimization focuses on the internal thermodynamic response of the CCPP while
the prescribed load trajectory is maintained. Specifically, the dynamic exergy indicators
are used to identify periods during which the mismatch between the rapidly varying
GT exhaust-energy input and the slower water-/steam-side response produces additional
HRSG irreversibility. Feedwater-response adjustment is therefore investigated as a potential
means of improving gas—steam thermal matching, subject to the constraints imposed by
the existing plant control system.
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The preceding results show that the CC and GT have high absolute R, during load
ramping and respond most strongly to load disturbances. However, their operating states
are constrained by the load command, fuel input, combustion stability, exhaust temperature
limits, and GT control strategy. Direct on-site adjustment is therefore limited. Table 6 shows
that the HRSG does not have the largest absolute exergy destruction. Nevertheless, it
exhibits a larger relative winter-summer difference, indicating a stronger coupled response
to seasonal boundary conditions and variable-load processes.

Table 6. Winter-summer differences in component exergy destruction at different load levels.

Winter Exer: Summer Exer Absolute Difference Relative
Load (MW) Component Destruction (I\%I}"N) Destruction (Mgv)\’i) (MW) Difference (%)
280 CcC 159.61 149.93 9.68 6.46
280 GT 53.43 56.22 2.79 4.96
280 HRSG 28.88 25.32 3.56 14.06
320 CC 170.77 164.66 6.11 3.71
320 GT 56.02 56.96 0.94 1.65
320 HRSG 46.16 39.43 6.73 17.07

The HRSG connects the gas turbine topping cycle and the steam bottoming cycle. Its
exergy destruction depends on GT exhaust temperature, flue gas flow rate, and gas-side
exergy input. It is also influenced by bottoming cycle boundary conditions, including
feedwater temperature, feedwater flow rate, condensate temperature, cooling water tem-
perature, and condenser pressure.

Based on the combined consideration of dynamic exergy characteristics and engineer-
ing adjustability, the HRSG is selected as the target for operational improvement. During
load ramp-up, the GT exhaust-gas temperature and mass flow rate change rapidly, whereas
the water-/steam-side response of the HRSG is delayed by its thermal inertia. This mis-
match between gas-side heat input and water-/steam-side heat absorption contributes
to increased heat-transfer irreversibility. Among the operating variables associated with
the HRSG, feedwater flow is selected for further investigation because it influences the
heat absorption and steam generation processes and can be regulated through the existing
feedwater control system. Accordingly, the dynamic exergy indicators are used to charac-
terize the evolution of HRSG irreversibility, while feedwater adjustment is investigated
as a potential means of improving gas—steam thermal matching during the prescribed
load-ramping process. The effectiveness of this adjustment is subsequently evaluated by
comparing the calculated HRSG exergy performance with historical operating data under
comparable load and thermal boundary conditions.

4.2. Prediction and Validation of HRSG Feedwater Flow

Following the selection of the HRSG as the operational improvement target, a
feedwater-response adjustment strategy is investigated to reduce the thermodynamic irre-
versibility associated with the delayed water-/steam-side response during load ramp-up.
The proposed procedure comprises three stages: dynamic exergy diagnosis, feedwater-
response adjustment, and comparison with historical operating data.

First, the HRSG exergy destruction and its first- and second-order rates of change are
calculated from the measured operating trajectory. The first-order indicator, Ry, describes
the direction and rate of change in exergy destruction, whereas the second-order indicator,
Ry, characterizes the acceleration or deceleration of this variation. These indicators provide
information on the temporal evolution of HRSG irreversibility and help identify periods
requiring particular attention during the feedwater-response adjustment.
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Three operating cases are considered for comparison. The original operating case
adopts the measured feedwater-flow trajectory as the reference. In Case A, a first-order-
based feedwater adjustment is considered to improve the response of the water-/steam-
side to the increasing gas-side thermal input. In Case B, the second-order indicator is
additionally incorporated to moderate abrupt variations in the adjusted feedwater trajectory.
The resulting HRSG exergy destruction and exergetic efficiency are evaluated and compared
with the original operating case and the available historical operating data.

Figure 11 presents the predicted variations in HRSG exergy destruction and exergy
efficiency with load under the original, first-order, and coordinated first-/second-order
feedwater strategies. Historical operating data are included for validation. Under the
original strategy, HRSG exergy destruction increases markedly with load and reaches high
levels in the medium- and high-load ranges. Correspondingly, HRSG exergy efficiency
decreases over the intermediate load range.
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Figure 11. Prediction and historical validation of HRSG exergy destruction and exergy efficiency
under different feedwater response strategies.

Comparison of the first-order regulation case A and coordinated first-/second-order
regulation case B shows that both strategies substantially reduce HRSG exergy destruction
and improve exergy efficiency. The historical validation points for HRSG exergy destruction
and exergy efficiency lie between the original and optimized prediction curves. They are
closer to the predictions obtained after first-order and coordinated first-/second-order
regulation. This agreement indicates that a faster feedwater response can reduce HRSG
exergy destruction and improve exergy efficiency under similar load and gas-side thermal
boundary conditions. The reduction in HRSG exergy destruction does not result merely
from a higher feedwater flow rate. A higher water-/steam-side heat capacity rate improves
the absorption of increasing gas-side heat input. Consequently, irreversibility caused by
the finite temperature difference in heat transfer decreases. As load increases from 310
to 364 MW, HRSG exergy destruction rises from 42.45 to 52.61 MW under the original
operating case. At the validation points, it increases only from 38.53 to 42.01 MW. The
maximum relative reduction in HRSG exergy destruction reaches 20.14%. The maximum
relative improvement in exergy efficiency reaches 7.56%.

4.3. Engineering Applicability and Limitations

The practical significance of the proposed approach lies in providing a thermodynamic
diagnostic basis for improving the internal operating response of a CCPP during mandatory
load-following operation. Unlike conventional operating-point analysis, the proposed
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dynamic exergy indicators characterize not only the magnitude of component irreversibility
but also its temporal variation. This information can assist in identifying components and
operating periods in which transient thermodynamic losses warrant further investigation.

For the investigated plant, the dynamic exergy analysis identifies the HRSG as a
suitable candidate for operational improvement because of its delayed water-/steam-side
response and the availability of feedwater regulation. The proposed feedwater-response
adjustment is intended to improve the thermal matching between the gas and water/steam
sides without deliberately modifying the externally imposed load trajectory. The compari-
son with historical operating data provides supporting evidence for the potential reduction
in HRSG exergy destruction under comparable operating conditions.

Nevertheless, the proposed adjustment has been evaluated offline and has not been
implemented as a closed-loop control strategy in the operating plant. Practical deploy-
ment would require coordination with the existing feedwater control system and explicit
consideration of steam-drum water-level limits, steam pressure and temperature require-
ments, feedwater regulation rates, and equipment operating constraints. Therefore, the
present results demonstrate the potential engineering applicability of dynamic-exergy-
guided operational adjustment, while further plant-level implementation and validation
remain necessary.

Furthermore, the proposed dynamic exergy indicators characterize thermodynamic
disturbances rather than mechanical degradation. Establishing a quantitative relationship
between these indicators and maintenance costs would require additional information on
component thermal stresses, operating cycles, degradation, and maintenance history. This
relationship will be investigated in future work.

5. Conclusions

Based on measured operating data from an F-class CCPP, this study establishes an
analytical framework for variable-load operation. A dynamic exergy method based on
the second-order rate of change in exergy destruction is proposed. The evolution of
component exergy destruction, sensitivity ranking, and seasonally asymmetric responses
is systematically evaluated. On this basis, the performance of an engineering-oriented
operational adjustment strategy, evaluated through offline calculations and historical data
comparisons, is further predicted. The main conclusions are as follows:

(1) A component sensitivity criterion suitable for variable-load processes is proposed. R;
identifies the direction and instantaneous intensity of the change in exergy destruction,
whereas the absolute value of R, quantifies its acceleration and dynamic sensitivity.

(2) Component exergy behavior depends jointly on ramp direction and seasonal bound-
ary conditions. During ramp-up, the CC exergy destruction share decreases, whereas
the HRSG share first increases and then decreases; during ramp-down, the corre-
sponding trends are reversed. Winter cases generally exhibit larger and longer-lasting
exergy fluctuations than summer cases, although the peak magnitude is not governed
by ramp direction alone. The season mainly changes the intensity and persistence of
the response, while the component sensitivity hierarchy remains broadly consistent.

(8) The transient deterioration of the HRSG is governed by dynamic mismatch be-
tween the rapidly changing gas-side heat input and the slower water-/steam-side
response. During ramp-up, the HRSG exergy destruction reaches 54.2 MW in winter
and 40.0 MW in summer, corresponding to increases of 87.7% and 59.0% relative to
the respective initial states. The gas-side/steam-side response lag is approximately
150-180 s.

(4) A first-order dominant, second-order smoothed feedwater response optimization
method for HRSG has been proposed for combined-cycle load-up processes. The R;
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provides a basis for the feedwater adjustment direction and target correction. The
R; identifies strong fluctuations in the first-order signal and smooths the feedwater
flow rate. Historical operating points support the predicted improvement trend
under comparable load and gas-side boundary conditions. Relative to the original
operation, the maximum relative reduction in HRSG exergy destruction is 20.14%,
and the maximum relative increase in exergy efficiency is 7.56%.

These findings indicate that dynamic exergy analysis can serve as a diagnostic and
decision support tool for identifying potential operational improvements during prescribed
load-following processes. By combining component-level dynamic sensitivity with engi-
neering adjustability, the proposed approach establishes a connection between transient
thermodynamic diagnosis and targeted operational adjustment. Further work is required
to evaluate the strategy under closed-loop operating conditions and to verify its long-term
performance and reliability.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app162110556/s1. Table S1. Thermodynamic equations for the
main components of the combined-cycle system; Table S2. Uncertainty analysis results for the CCPP.
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Abbreviations

The following abbreviations are used in this manuscript:

Nomenclature Subscript

Latin symbols a Air

T Temperature [°C, K] g Exhaust gas
W Power [kW] in Inlet

r Pressure ratio [-] out Outlet

k Specific heat ratio [-] f Fuel

Constant pressure specific heat

Cp [k /kg K] Reference state
m Mass flow rate [kg/s] st Steam

t Time [s] w Water

Q Heat transfer rate [kW] cw Colding water
e Specific exergy [k] /kg] Abbreviations
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Total exergy stored within the

E control volume [K]] AC Air compressor
E Exergy rate [kW] CC Combustion chamber
E D Exergy destruction rate [kW] ccrer Combined-cycle power plant
h Specific enthalpy [k] /kg] GT Gas turbine
EP Fuel exergy rate [kW] ST Steam turbine
E P Product exergy rate [kW] LHV Lower heating value
s Specific entropy [k]/kg-K] HRSG Heat recovery steam
generator
P Pressure [kPa] COND Condenser
Ry First-order rate .of change inl FH Fuel heater
exergy destruction [MW /min]
Second-order rate of change in
Ry exergy destruction DCS Distributed control system
[MW /min?]
Greek Superscripts
symbols
€ Exergy efficiency [%] CH Chemical exergy
Ratio between chemical exergy
¢ and lower heating value of the = PH Physical exergy
fuel [-]
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