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ABSTRACT: In order to enhance the off-peak performance of gas turbine combined cycle (GTCC) units, a novel
collaborative power generation system (CPG) was proposed. During off-peak operation periods, the remaining power
of the GTCC was used to drive the adiabatic compressed air energy storage (ACAES), while the intake air of the GTCC
was heated by the compression heat of the ACAES. Based on a 67.3 MW GTCC, under specific demand load distribution,
a CPG system and a benchmark system (BS) were designed, both of which used 9.388% of the GTCC output power to
drive the ACAES. The performance of the CPG and the BS without intake air heating was compared. The results show
that the load rate of the GTCC in the CPG system during off-peak periods is significantly enhanced, and the average
operating efficiency of the GTCC is increased by 1.19 percentage points. However, in the BS system, due to the single
collaborative method of load shifting, the GTCC operative efficiency is almost increased by 1.00 percentage points under
different ambient temperatures. In a roundtrip cycle at an ambient temperature of 288.15 K, the system efficiency of the
CPG reaches 0.5010, which is 0.62 percentage points higher than the operative efficiency of 0.4948 in the standalone
GTCC; while the system efficiency of the BS is slightly inferior to that of the standalone GTCC. The findings confirm
the technical feasibility and performance improvement of the ACAES-GTCC collaborative power generation system.

KEYWORDS: Gas turbine combined cycle; adiabatic compressed air energy storage; compressor inlet air heating;
collaborative power generation system; system performance

1 Introduction

Gas turbine (GT) power generation is one of the important technical forms in the world, with the
share of generation capacity remaining around 23% [1]. According to the Natural Gas Development Report
(2024) released by the National Energy Administration of China, the installed capacity of gas turbine power
units reached 130 GW in 2023, playing a significant role in the construction of the new energy system. Gas
turbine combined cycle (GTCC) is one of the main technical forms of gas power generation, characterized
by its strong flexibility and high efficiency [2]. However, the new power system currently under construction
is dominated by renewable energy. To accommodate a high proportion of renewables in the power grid,
gas power generation units typically operate at relatively low loads. This transformation poses crucial
requirements for the peak-shaving flexibility and part-load performance of existing generation units [3,4].
Therefore, in order to accommodate renewable energy while maintaining high efficiency, further improving
the flexible operation of GT and GTCC units has become an issue that needs to be addressed.

To enhance the flexibility of gas turbine power generation units, various technologies for modifying
gas turbines have emerged. Pashchenko et al. [5] proposed thermochemical recuperation by steam methane
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reforming as an efficient alternative to steam injection in gas turbines. Wang et al. [6] designed a humid
air turbine cycle with additional heat exchangers, conducted a comprehensive thermodynamic analysis on
the heat exchanger effectiveness, and demonstrated that the power efficiency could be enhanced through
increasing the recuperator effectiveness. Strusnik et al. [7] combined a GTCC with a Cu-Cl cycle, which was
beneficial to the environment and improved the cycle efficiency. Manatura et al. [8] established an artificial
neural network model for GTCC power generation systems, through which the operational strategies could
be adjusted and the energy efficiency could be enhanced. Kumar et al. [9] pointed out that GT inlet air cooling
could increase the GT output power at full load. In addition to the above technologies, gas turbine inlet air
heating (IAH) can increase the load rate under a specified power demand, thereby improve the part-load
efficiency of a GTCC power unit [10].

Regarding GTCC compressor inlet air heating, its significant effect on improving the part-load efficiency
of GTCC can be further confirmed from the relevant literature [11-15]. For instance, Yang et al. [14] proposed
an operating strategy for GTCC with compressor inlet air heating, where turbine inlet temperature and
exhaust temperature were alternatively maintained at constant levels according to the load rate. They found
that, when the new operating strategy was applied under the GT inlet air temperature of 338.15 K in
comparison with 288.15 K, the part-load efliciency of the GTCC could be improved by 1.7 percentage
points. Fan et al. [15] compared different control strategies of combined cycles with IAH and determined the
favorable conditions for each control strategy. When the GT compressor inlet air temperature was increased
from 288.15 to 308.15 K at 80% load, the maximum increment in power efficiency was 2.3 percentage points.

Currently, the research on GTCC with inlet air heating mainly focuses on the utilization of the waste heat
from the HRSG for IAH, as well as the part-load operation performance of GTCC with IAH. However, there
are relatively few studies on coupling the inlet air heating with other systems. Reference [16] installed a solar
collector for GTCC inlet air heating, but solar energy was limited by environmental factors and could not
ensure stable inlet air heating. Among other systems that can provide heat for inlet air heating and exchange
energy with GTCC, the compressed air energy storage system (CAES) is a promising option, which can
improve power flexibility and operational performance.

From the perspective of working mediums and main components, the operating principle of a CAES is
similar to that of a gas turbine. Meanwhile, the temperature range of gas turbines and GTCC covers a wide
range from the ambient temperature to approximately 1900 K, which can serve as a suitable heat receiver, or a
heat supply source for CAES. In this context, there have been rich researches on the integration of GTCC with
CAES, or simple-cycle GT with CAES. From the perspective of collaborative characteristics, these integration
systems can be classified into the following three categories: (1) CAES driven by GTCC or simple-cycle gas
turbine [17,18]. (2) GTCC serving as a heat receiver or provider of CAES without electric power shifting [19].
(3) Interaction of working medium between CAES and GTCC or gas turbine [20-25]. The main findings of
these integrated systems are summarized in Table 1.

Table 1: Integration of GTCC or GT with CAES

Reference Collaborative feature Main findings
Duetal [17]  Adiabatic CAES with asymmetrical ACAES can meet different demands for
stages of compression and electrical energy, cooling energy, and thermal
expansion for multi energy energy by adjusting the number of compression
utilization. stages and expansion stages.

(Continued)
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Table 1 (continued)

Reference Collaborative feature Main findings
Wang et al. [18] Trigeneration system based on Exergy efficiency was 53.10% and 45.36% in
GT-powered CAES. maximum heating condition and cooling

condition, respectively.
Kruk-Gotzman GTCC as heat recipient or supplier The conclusion contradicted that the integration

etal. [19] of CAES without electric power was economically viable.
interaction.
Xiao et al. [20] GTCC powered CAES with GT ~ Peak-regulation capacity increased averagely by
inlet air cooled by CAES exhaust 10.59% compared to that in the standalone
GTCC.
Wojcik and GTCC compressor bypass air for ~ Improved hybrid plant flexibility was occupied
Wang [21] CAES compression. by slight decrease of 2% in the plant efficiency.
Kim and CAES pressurized air injected to ~ System efliciency relatively increased by 3.4% at
Kim [22] GT combustor with thermal the GT-CAES flow ratio 1:1.33.
integration.
Yang etal. [23]  GT compressor air extraction for GT-based cogeneration system gained 1.75%
energy storage. increment in overall energy efficiency.
Du and GT compressor extracted air for At the minimum load, the energy efficiency of
Guo [24] CAES and CAES exhaust air the trigeneration system reached 75.99%.
returning to GT.
Kim and CAES pressurized air injected to Load ramp rate could be increased, and the
Kim [25] GT combustor. fluctuation of GT turbine inlet temperature

could be maintained under a safe level owing to
the optimized compressed air injection.

In summary, rich topics have been focused on: 1) the part-load or peak-regulation performance of
GTCC with compressor inlet air heating; 2) the coupling performance of GTCC integrated by CAES;
3) the application of exhaust cold and heat energy from adiabatic CAES. However, the remaining compres-
sion heat of ACAES and its utilization for improving the performance of GTCC during off-peak hours have
received little attention. Therefore, there is still a research gap in the following issues regarding CAES-GTCC
collaborative power generation systems (CPG) for power regulation during off-peak hours:

(1)  The thermal energy balance between the compression process and the expansion process in an
adiabatic compressed air energy storage (ACAES) system. There would be residual thermal energy
resulting from the ACAES configuration.

(2) The collaborative performance of an ACAES-GTCC integrated system, which uses the residual
compression thermal energy of ACAES to heat the intake air of the GT compressor, during off-peak
hours. In terms of the synergetic effects of the integrated system, GTCC and ACAES can be coupled
during both off-peak and peak hours. In addition, the compression heat in ACAES is applicable
for heating the GT compressor inlet air, whether from the perspective of energy grade or operating
time sequence.

To address the aforementioned issues, a collaborative power generation system (CPG) will be designed
in detail. During off-peak operation periods, the ACAES is driven by the surplus power from the GTCC;
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meanwhile, the GTCC compressor inlet air heating (IAH) is implemented using the residual compression
heat from ACAES. During peak operation periods, the CPG subsystems collaboratively meet the power
demand of external loads. Hence, the contribution of this work lies in:

(1)  Designing two kinds of ACAES-GTCC coupled system, including a collaborative power generation
system and a benchmark system.

(2)  Analyzing the operational performance of the CPG and the BS, and each subsystem as well, under
different ambient temperatures.

The remaining contents are organized in the following sections: Section 2: System description, where
the basic configuration of the CPG and benchmark systems, and the performance indicators as well, are
described; Section 3: Operating strategy, which includes the system operating mode control, air temperature
control, oil control and hourly allocation method of the residual compression heat for GTCC inlet air heat-
ing; Section 4: Off-design performance of subsystems, including GTCC performance, ACAES performance
model and heat-exchanger characteristics; Section 5: Design of CPG and BS, which includes the detailed
design procedures, an example of the GTCC load distribution, and the design results; Section 6: Operating
performance, which contains ACAES operating performance, GTCC operative performance and the system
efficiency of CPG; Section 7: Challenges and limitations and Section 8: Conclusions.

2 System Description
2.1 Description to the Collaborative Power Generation System

As shown in Fig. 1, the proposed collaborative power generation system (CPG) mainly consists of
two subsystems: (1) An adiabatic compressed air energy storage (ACAES) system operating under sliding
pressure; and (2) A gas turbine combined cycle (GTCC).
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Figure 1: Schematic of collaborative power system (AC—air cooler; AF—air fan; AR—air reservoir; AT—air turbine;
B—combustor; C—compressor; Com—GT compressor; CON—condenser; COT—cold oil tank; E—electrical motor;
EX—auxiliary heat exchanger; G—generator; Turb—GT turbine; HOT—hot oil tank; HP—high-pressure steam cylin-
der; HRSG—heat recovery steam generator; AH—GT compressor inlet air heater; LP—low-pressure steam cylinder;
OP—oil pump; RH—air reheater)

In the GTCC during oft-peak time and power charging process, part of the compressor inlet air is
suctioned by the air fan (AF), and heated by the ACAES compression heat in the air heater (AH), then
mixed with the ambient air and suctioned in the GT compressor (Com) for compression. The exhaust air
of the GT compressor is premixed with the natural gas and burned in the combustor (B). Successively, the
high-temperature gas from the combustor enters the turbine (Turb) and expands for power production.
Subsequently, the turbine exhaust gas, with required high temperature, flows through the heat recovery steam
generator (HRSG) and produces the steam with several pressure ratings. The steam enters the steam turbine
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high-pressure cylinder (HP) and low-pressure cylinder (LP), and expands for additional power. Finally, the
LP exhaust steam condenses in the condenser (CON) and serves as the feed water of the HRSG.

The ACAES consists of a power charging process, a discharging process and a thermal storage section.
The charging process includes an electric motor (E), three stages of air compressors (Cl, C2 and C3) with
three air coolers (AC). The discharging process includes two stages of air turbines (AT1 and AT2), two
reheaters (RH) and a generator (G). The energy storage section consists of oil pumps (OP), a cold oil tank
(COT), a hot oil tank (HOT) and an adiabatic air reservoir (AR). During the ACAES operation, the air
compressor exhaust temperature and the turbine inlet temperature are controlled by the oil flow.

During the ACAES charging and GTCC off-peak time, the compressors (CI, C2 and C3) are driven by
the motor (E), which consumes the surplus electric power from the GTCC. The multi-stage compressed air
is cooled in the coolers (AC) by the cold oil pumped from the oil tank (COT) and then stored in the air
reservoir (AR). Meanwhile, the hot oil from the air coolers is stored in the hot oil tank (HOT). In the air
cooler (AC), the air-side exhaust temperature is controlled as constant through cold oil flow regulation.

During the ACAES discharging and GTCC on-peak time, the high-pressure air is released from the air
reservoir (AR), successively reheated in the air reheaters (RH) and expands in the dual-stage of air turbines
(AT1 and AT?2) for power generation. Meanwhile, the cold oil from the air reheaters is stored in the tank
(COT). After meeting the hot oil demand of the RH, a certain amount of residual hot oil will remain in the
hot oil tank, due to the unbalanced configuration of the compressors and turbines [17]. This part of hot oil
is scheduled and pumped to the air heater (AH), aiming to raise the compressor inlet air temperature in
the GTCC and hence to enhance the gas turbine load rate at a given power load. In the air heater, the exit
cold oil temperature is controlled as constant through oil flow. In the reheater (RH), the inlet temperature
of the turbines is controlled as constant through hot oil flow regulation. An auxiliary heat exchanger (EX)
is configured before the cold oil tank (COT), which is used to ensure that the oil temperature in the COT
for the next cycle is 5K higher than the ambient temperature. The other auxiliary heat exchanger (EX) is
configured between the COT and HOT to address the possible unbalance of oil mass between the oil tanks.

The features in the CPG lie in the power connection, and thermal energy connection as well, between
the ACAES and the GTCC.

2.2 Description to the Benchmark System

To demonstrate the merits and demerits of the proposed collaborative power generation system (CPG),
a benchmark system (BS) is designed for comparison. The benchmark system is sketched in Fig. 2, where the
charging process is driven by the GTCC surplus power during off-peak time, exactly the same with CPG.
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Figure 2: Schematic of benchmark system

The difference lies in the discharging process. In the BS, three stages of air turbines with reheaters,
instead of dual stages in the CPG, are designed for a higher roundtrip efficiency and more discharging power.
There is no other energy but power connection between the ACAES and the GTCC. In other words, BS
applies single one way of collaboration by only power shifting from off-peak time to on-peak time.
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Fig. 3 shows the temperature-entropy diagram of the ACAE. Points 1-7 in the figure correspond to
charging process of the ACAES, points 8-12 represent the discharging process of ACAES in CPG, and points
8'-14' represents the discharging process of ACAES in BS. As shown in Fig. 3, since the CPG adopts a dual-
stage expansion, its discharging process involves more residual thermal energy. Additionally, the exhaust gas
from the ACAES turbine in CPG is lower in temperature than that in BS, resulting in available cold energy.
This cold energy can be applied for gas turbine inlet air cooling, which has been discussed in the previous
work [20].
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Figure 3: Temperature-entropy diagram of the ACAES

2.3 Basic Configuration
2.3.1 GTCC Design Performance

The GTCC unit is based on a commercial SGT-800 gas turbine coupled with a due-pressure non-
reheating heat recovery generator and steam turbine [26]. The schematic of the GTCC subsystem can be
referred to Fig. 1.

The main design parameters of the GTCC are listed in Table 2, where the design performance at ISO
conditions has been simulated using commercial software GT-Pro. It can be seen that, the simulation results
are in agreement with the manufacturer data. In the simulation, the mole fraction of the fuel is 89.43% CHy,
4.85% C,Hg, 0.43% Cs3Hg, 0.12% C4H; 9, 0.03% CsHj 2, 4.04% CO,, 0.95% N, and 0.15% O,. The lower heating
value is gu gy = 50,994 kJ/kg. The GT compressor inlet air flow resistance is 1 kPa, and the GT exhaust flow
resistance is 2.5 kPa. The other boundary conditions can be referred to the previous work [20].

Table 2: Main design parameters of the GTCC at ISO conditions

Parameters Simulation Reference [26] Error [%]

GT capacity [MW] 47.09 47.00 0.19

GT efliciency 0.3699 0.3750 -1.36
Pressure ratio 20.1 20.2 -0.5

Compressor inlet flow [kg/s] 129.1 - -

GT Exhaust mass flow [kg/s] 1315 131.8 -0.23

GT exhaust temperature [K] 813.24 817.15 -0.48
GTCC capacity [MW] 673 66.5 1.20

(Continued)
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Table 2 (continued)

Parameters Simulation Reference [26] Error [%]

GTCC efficiency 0.5287 0.5370 -1.55

Additionally, in the bottoming cycle of the GTCC, the high-pressure steam pressure, temperature and
the flow rate are designed as 6.9 MPa, 795.15 K and 15.96 kg/s, respectively. The low-pressure steam pressure,
temperature and the flow rate are designed as 0.77 MPa, 490.95 K and 19.55 kg/s, respectively.

2.3.2 Basic Parameters of Air Compressor and Turbine in ACAES

The basic parameters of the compressor train are presented in Table 3, including the compression ratio,
the air flow and the efficiency at the ambient conditions.

Table 3: Basic parameters of compressor train in ACAES at ISO conditions

Parameters Value
Inlet air temperature [K] 288.15
Inlet air pressure [kPa] 101.325
Compression ratio of each stage ~ 4.64
Air flow [kg/s] 10
Compressor isentropic efficiency  0.86
Charging pressure [MPa] 7~10

The air compressor train operates at a sliding pressure from 7 to 10 MPa, and the turbine train operates at
the corresponding sliding pressure with consideration of pressure loss. In addition, the continuous charging
time needs to be determined by the GTCC performance at a certain hourly load distribution. After the air
coolers are designed, the pressure loss can then be determined. Consequently, the inlet air pressure of each
compression stage, the volume of the air reservoir, and the charging power as well, can be decided.

The basic given parameters of the turbine train include the number of the expansion stage, i.e., dual
stages expansion in CPG and triple stages in BS, and the isentropic efficiency is designed as 0.87. It should
be noted that the other design parameters are to be determined by the collaborative mechanisms of the CPG
and benchmark system.

2.3.3 Basic Parameters of Heat Exchangers

The heat exchangers include the air coolers, air reheaters and GT inlet air heater. In all the heat
exchangers, a type of DY325 thermal oil is selected as the heat transfer medium, which properties can be
obtained from [20].

In addition, aluminum alloy plate-fin heat exchangers with rectangular fins are selected for the air
coolers, the reheaters, and GT inlet air heater as well. The basic structure sizes are presented in Table 4, which
are the same with those in Ref. [20].



Table 4: Basic parameters of heat exchangers from Ref. [20]

Parameters Values
Cold-terminal temperature difference [K] 15
Hot-terminal temperature [K] 20
Fin width [mm)] 4
Fin height [mm] 5
Fin space [mm] 4.5
Fin thickness [mm] 0.5
Number of channel holes 445
Width of each plate [m] 2

Energy Eng. 2026;123(2):24

When the heating and cooling loads are determined based on the operating performance of the
subsystems, the length of the flow channels and heat-exchanging areas can be further decided using energy
balance and heat-exchange characteristics. Consequently, the oil-side flow and temperatures, and pressure

losses at both sides as well, can be decided.

2.4 The Calculation Logic of the System

The calculation logic diagram is presented in Fig. 4. The GTCC operating performance is obtained
through Thermoflow™ simulations under the boundary conditions. The GTCC performance, combined with
ACAES components modelling and boundary conditions, provides the basis for determining the ACAES
design and configuring the GTCC inlet air heating exchanger. On the basis of these models and evaluation
indicators, the overall system performance of CPG and BS can be investigated and compared.

Air compressor | P ‘Edlﬁlbgrét_iv'e_PoTv'e?S;s‘tgrﬁ - -: Roundtrip
modelling | (CPG) and benchmark system I performance of
BS) design . ACAE
Air turbine : (B3) & I CAES
modelling ACAES |
, ! design GTCCinlet| | System
Heat exchanger || air heating | performance of
modelling | exchanger i CPG and BS
Demand load | ! design I
distribution ' GTCC i
| Operating < | GTCC Operating
Thermoflow™ L,| performance I performance in a
modelling L - roundtrip

Figure 4: The calculation logic diagram

2.5 Performance Indicators
2.5.1 GTCC Evaluation Indicators
The load rate of GTCC (r..) is defined as:

r _ PCC
cc
Pcc,max

©)

where, P, refers to the GTCC power load, [kW]; Pcc max is the maximum output or capacity, [kW], mainly

depending on the ambient conditions.
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The operative efficiency (#cc,operative) 0f the GTCC means the average operating efficiency during a
roundtrip time fyl.. The operative efficiency can be written as [15]:

1= teycle Pcc,net
Hcc,operative = — dt (2)
t=0 me - qiuv + Quan

where, Pc. net is the net power output of the GTCC, [KW]; mi is the fuel mass flow rate [kg/s]; guuvy is the
lower heating value of the fuel, [k]/kg]; Q™ 1an is the heat flow for GT inlet air heating, [kW], and Q™ 1an
= 0 in the standalone GTCC and BS; t is the operating time. In the collaborative power generation (CPG)
as sketched in Fig. 1, the GTCC meets the total demand of the external load (Py), the power for driving the
ACAES (P.om,acags), and that for driving the oil pumps (Pop) and air fan (Par) as well. Hence, the GTCC
output power P.. can be expressed as:

Pcc:Pcc,net+PAF+POP (3)
Pcc,net = Pd + Pcom,ACAES (4)

As the oil pumps are configured nearly the same in the CPG and the benchmark system, and because
the flow resistance and flow rate of the thermal oil is relatively low, the power for driving the oil pumps (Pop)
is ignored.

2.5.2 ACAES Roundtrip Efficiency
The roundtrip efficiency of the ACAES (RTE) is defined as [21]:

t=tqis

RTE = =5
— bl

Jizo ™ Peom,acagsdt

Pa acagsdt

(5)

where, Pyt acaks is the power output of the air turbines in the ACAES discharging process, [kW]; Pcom, acaEs
is the power consumption of the compressors in the ACAES charging process, [kW]. The parameters #4;s and
te refer to the discharging time and charging time, respectively.

2.5.3 System Efficiency

The system efficiency of the collaborative power generation system, and the benchmark system (#system)
as well, is defined as the sum of the total power for the external user and the electricity grid divided by the
energy consumed in a roundtrip, which is expressed as [20]:

t=feycle
0 | (P4 + Pyt acags) dt

t= [cycle

(6)
oo (mg - quuy ) dt

ﬂsystem =

It should be noted that, in the original standalone GTCC unit, the system efficiency is equivalent with
the operative efficiency.

3 Operating Strategy of Collaborative Power Generation System

3.1 Control Strategy

The control strategies of the collaborative power generation system (CPG) include: mode control, air-
side temperature control in ACAES air coolers and reheaters, cold oil temperature control in the air heater.
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3.1.1 Operating Mode and Selection Strategy

The control logic for mode selection is sketched in Fig. 5 using SAMA diagram.

Pd Pcc.min_Pcom,ACAES<Pd<Pp

Interactive mode >
Preset value P,

H/L

ACAES design and Pec.min=Pcom,ACAES
ambient conditions Pcom.acAEs

Pd<Pcc,min_Pcnm,/\C/\ES

System standby mode >

+
NOT szpcc,mux
FX | p
GTCC design and co.max P < Parallel power mode >
ambient e
conditions H Py<Py<Pc max
AND <

GTCC standalone mode >

Figure 5: Control block for CPG operating mode selection

The additional power for driving the ACAES (P.om,acars) depends on the designed parameters and
the ambient conditions, and the similar in the GTCC technical power output (Pec min and Pecmax). When
presetting a critical power load (P,) and giving the power demand (P;), the operating mode selection of the
system can be summarized as:

(i) The interactive mode functions at P¢ min-Pcom,acaEs < Pa < Pp. The GTCC meets the external power
demand at off-peak times, and drives the ACAES charging process as well, meanwhile the GTCC inlet
air is heated using the ACAES residual compression heat;

(ii)  The system standby mode is selected at Py < Pcc,min-Peom,acars- The GTCC and the ACAES stops
working as the GTCC load is lower than the minimum technical power;

(iii) GTCC standalone mode is selected at P, < Py < Pccmax. The GTCC operates independently with
ACAES standby;

(iv)  Parallel power mode is selected at P4 > P max. The GTCC operates at full load together with the
ACAES power discharging to meet the peak demand. The ACAES generation power is received by the
power grid.

It should be noted that, the similar three operating modes are applied in the benchmark system (BS).
However, the difference in the BS lies in the mode (i), i.e., interactive mode, where the GTCC compressor
inlet heating is not configured and the compression thermal energy is stored only for ACAES reheater.

3.1.2 Air-Side Temperature Control in the Heat Exchangers

In the air coolers (AC) of the ACAES, the AC exhaust air temperature is control as 15 K bias against the
cold oil temperature, through regulating the oil flow rate. While in the air reheaters (RH), the RH exhaust
air or turbine inlet air temperature is control as 20 K below the hot oil temperature.

In the GT compressor inlet air heater (AH), the exit air temperature is controlled by the hot oil flow, and
the air fan operates at full rotational speed. The exit preheated air is then mixed with the ambient air, and
suctioned by the GT compressor. A practical power project was reported in the Middle East area installed
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with SGT-800 gas turbine at the ambient temperature of 323.15 K [27]. Hence, the GTCC compressor inlet
air is controlled below 323.15 K for safety margin.

3.1.3 Oil Temperature Control

The cold oil temperature and hot oil temperature vary with the ambient conditions. They arrive at
decidable values according to the mass balance, energy conservation and heat-transfer characteristics.
However, in the GTCC compressor inlet air heater (AH), the exit oil temperature is controlled as a target
value, i.e., 15 K bias against the ambient temperature, through regulating the oil flow. The oil temperature
in the cold oil tank at the start of the charging process is initialized as 5 K above the ambient temperature,
which would need additional heating or cooling through auxiliary heat exchangers.

3.2 Time-Sequential Allocation of Hot Oil Flow for GTCC Inlet Air Heating

When an ACAES has been designed in collaboration with a certain GTCC power unit according to
the typical power load distribution at given ambient conditions, the following performance can be obtained
including:
(1)  The ACAES continuous charging time (f.,), discharging time (#4i5);
(2) The operating performance of the ACAES, including the charging power consumed by the compressor

(Pcom) and the residual compression heat (Qy ;) between the working processes;
(3) The operating performance of the GTCC including the part-load air mass flow (1, ().

The residual compression thermal energy of the CAES is mainly reflected in the mass of residual oil
(Moi1,r), which can be determined by:

t=tch t=tgis
Moil,r:f moil,hotdt_-[o moil,colddt (7)

Hence the residual compression heat of the ACAES (Q, ;) can be decided by:

Qh,r = Cp,oilMoil,r (Toil,hot - Toil,cold) (8)

where, 141 hot and M co14 refer to the oil mass flowrate in the ACAES air reheater and air cooler, respectively,
kg/s; Toit,cold and Toihot are the oil temperature in the tanks, K.

For the convenience of description, a time step At can be applied to simulate the operating performance
of the ACAES. In the calculations of program, the parameters of the ACAES within each At are regarded as
equal parameters, which are then transferred to the next At for continuous calculation. Eventually, an entire
charging or discharging process is obtained.

The total step number during the ACAES charging is denoted by k, where k equals the rounding of
ten/At + 0.5 and the final step needs to consider the air mass balance in the ACAES processes.

At a given power demand distribution, the GTCC time-sequential power load (P..) is the sum of the
ACAES charging power (Pcom,acagrs) and the external demand load (Py), which can be written as a matrix:

P = [Pcc,l»Pcc,2>Pcc,3’---:Pcc,k] ©

According to GTCC performance, the time-sequential inlet air flowrate (m, ) can be obtained and
written as:

Mg,cc = [ma,cc,la Ma,cc,25Ma ce3>0 5 ma,cc,k] (10)
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The accumulated air mass can be calculated by M, .. = sum(At-m, ;). An allocation factor matrix X of
the residual compression heat can be applied according to the time-sequential air mass proportion:

ma,cc,jAt

X~ =
' Mo

(11)

where, the subscript i means the time sequential numberandj=1,2,3,..., k.

A correction factor matrix F is additionally introduced, preventing inlet air temperature from overheat-
ing above 323.15 K and assuring the maximum GTCC capacity can meet the power demand:

F=[F,E,F, ..., F] subjecttoy FX; =1 (12)

where, the time-sequential correction factor F > 0 and the initial value is set as F; = 1. The product F-X can
be called allocation proportion.

Hence, every time-sequential thermal energy (Quan,j) and oil mass flowrate (11y51,a1,j) for the GTCC
compressor inlet heating are decided by:

Qian,j = FXj - Qn,r (13)

Q1an,;

MoilJAH,j = (14)

Cp,oil,j (Toil,hot,j - oil,AH,out) At
where, Toiam,0out 1S the exit oil temperature in the GTCC compressor inlet air heater (AH), which is
controlled to be 15 K bias against the ambient temperature.

According to the energy balance and the GTCC part-load performance, the time-sequential GTCC
inlet air temperature (Tj,;) and the corresponding power capacity (Pcc,max,j) can be obtained. Under the
constraints of Tj,; < 323.15 K and Pec max,j 2 Pecj» @ solution of the correction factor matrix F, and the oil
mass flowrate (#1051, a11,j) for IAH as well, can be obtained. Please note, there would be a further optimization
on the time-sequential allocation of the hot oil flow for GTCC inlet air heating, which is not to be discussed
in this work.

4 Off-Design Performance of Subsystems

4.1 Assumption Conditions

(1)  The GTCC minimum power is set as 30% of the capacity, ensuring the combustion stability.

(2)  The kinetic energy, heat loss and leakage in the pipelines and the tanks are ignored.

(3) The power consumed by the oil pumps is ignored, since the power for oil transmission is only a few
percent of the air, even if 10 m hydraulic head in addition to the flow resistance is considered.

(4) The maximum inlet air temperature of the GT compressor is deemed as 50°C or Tj, < 323.15 K, which
is still within the permitted operation range of SGT-800 unit [27].

(5) The mole fraction of the air is: 78.0840% N, 20.9476% O,, 0.9340% A., 0.0344% CO,.

(6) The discharging power of ACAES is completely received by the grid.

4.2 GTCC Off-Design Performance

The GTCC subsystem is based on a commercial SGT-800 gas turbine coupled with a due-pressure non-
reheating bottoming cycle. The design model simulated by GT-PRO can be imported into THERMOFLEX
to simulate the off-design performance [28,29].
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The full-load performances of the GTCC, and the simple-cycle GT as well, at various inlet air
temperatures are presented in Fig. 6a. It indicates that the simulated GT performance agrees well with that in
Reference [26]. On average, the GTCC full-load capacity reduces by 0.46%, while the GTCC power efficiency
varies slightly with every 1°C increment in the GT compressor inlet air temperature (T5,). The compressor
inlet air flow decreases with the rise of T;,, which shows a similar variation trend with the GTCC capacity.

1. 057

g At ISO ambient conditions. )
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g 0.95 5 — o
2 1 = 0.9+ o -
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Figure 6: GTCC operating performance. (a) Full-load performance [26]; (b) Part-load performance

The GTCC power efficiency, and air flow rate as well, at various partial loads are presented in Fig. 6b,
where the relative performance is defined as the operating values divided by the full-load ones. It can be
indicated that the GTCC power efficiency relatively drops by 1.92% per 10% reduction in the load rate at the
load rate above approximately 0.7, whereas it rapidly declines by 7.21% for load rates from 0.3 to 0.7. Hence,
operation at high load rate is in favor of the GTCC efficiency. Hence, the charging process of the ACAES is
to be collaborated and driven when the GTCC demand load is below 70% of the capacity. In other words,
the critical power load (P,) in Fig. 5 can be preset as 0.7.

It can be also seen from Fig. 6b that, at the load rate below approximately 0.7, the gas turbine operates
at nearly constant air flow rate, this is because the GT compressor inlet guide vane remains at the minimum
open at low loads. At the load rate above approximately 0.7, the GT compressor air flow rate rises with the
GTCCload rate increment, owing to the increase in the inlet guide vane open. It should be noted that, Fig. 6b
exhibits a typical part-load performance of GTCC power units configured with compressor inlet guide vanes.

The operating efficiency of the GTCC at specified power loads at various GT compressor inlet air
tempertures (Ti,) is presented in Fig. 7. As can be seen that, at a specified power load, the higher temperature
of the compressor inlet air is, the higher efficiency of the GTCC unit can achieve. This is because the
compressor inlet air temperature exerts a weak impact on the GTCC efficiency, whereas it significantly
inlfuences the power capacity and hence alters the load rate at the specified power demand. This is the
principle of the efficiency improvement of a GTCC unit with compressor inlet air heating at partial loads.
For example, if the demand power of the GTCC is specified at pg = 38.86 MW, the GTCC full load power
P max = 67.3 MW at T, = 288.15 K, and P max = 51.83 MW at Tj, = 318.15 K. The corresponding GTCC
load rate .. = 0.5774 and power efliciency 7. = 0.4777 at T;, = 288.15 K, while .. = 0.75 and 7. = 0.5010 at
Tin = 318.15 K. An increment of 2.33 percentage points in the power efficiency can be achieved when the GT
compressor inlet air temperature is heated from 288.15 K to 318.15 K.
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Figure 7: GTCC part-load performance at various inlet air temperatures

4.3 ACAES Performance Model

4.3.1 Air Compressors

Appling the typical performance solution of centrifugal compressors [30], the performance map can be
plotted in Fig. 8, where the relative pressure ratio and efficiency are defined as the operating value divided
by the rated.
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% 08 - [ 0.6 35
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2 %% (045
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° 1.0 L0.2 R
~ 0.2 . 0.9 .

: Relative reduced speed at 0.8
0.0 0.0
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Reduced flow relative to the rated value

Figure 8: Typical operating performance of centrifugal compressors

The maximum air pressure is designed as ppax,0 = 10,000 kPa, which varies with the inlet air temperature
and pressure at the rated speed. The curve D;-Dy indicates the maximum pressure variation with the relative
reduced speed when considering the safety margin of the compressor surge, which can be approximately
expressed as [20]:

PrmaxT _ ot T, < 288.15K )
Pmax,0
PrasTu oy T T2 ey T at Ty > 288.15K (16)
Pmax,0

where, T, is the ACAES compressor inlet air temperature, [K]. The constants ¢; = 65.78610, ¢, = —0.66382,
¢ = 2.22705e—3, ¢4 = —2.5926e—6.
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In addition, the ACAES charging and discharging processes operate at sliding pressure, and the
minimum pressure is set as 7 MPa at on-design and off-design conditions. The point D, in Fig. 8 represents
for the minimum pressure ratio at ISO ambient conditions and rated rotation speed.

4.3.2 Air Turbines

Using the equations proposed by Zhang and Cai [30] and Fliigel formula, the typical part-load
performance map of the air turbines can be plotted in Fig. 9. The relative parameters are similar with those
defined in the compressors.
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Figure 9: Typical oft-design performance map of air turbines

4.3.3 Performance Model for Heat Exchangers

Plate-fin heat-exchangers are selected for the air coolers, reheaters and GT compressor inlet air heater.
The heat transfer coefficient U [W/(m?-K)] can be obtained by the correlation formulas [31].

The heat transfer coefficient U [W/(m?-K)] can be obtained through Nusselt number (Nu):

_Nu-)t

U
de

17)

where, A is the heat conductive coefficient [W/(m-K)], d. is the equivalent diameter and d. = 4.444 mm
according to Table 4.

Ignoring the local resistance at the inlet and outlet of the fluid, the flow resistance [Pa] caused by the
heat-exchangers can be calculated by:

L. pu®
Ap=4f—— 18

P=415 5 (18)
where, p is the density of the fluid [kg/m*]; u is flow velocity, [m/s]. L is the length of fin channel, which is

determined in the system design procedure.

Ignoring the resistance of conduction and fouling, the complex heat-transfer coefficient can be
determined by:

1 1 F,ir
SEEL N . (19)
Ucomplex Uair  FoitUoil

where, F,i; and F,; refer to the heat-exchange areas [m*] on the air side and the oil side, respectively.
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5 Design for Collaborative Power Generation System and Benchmark System
5.1 Determination Methods of ACAES Parameters

The initialized cold oil temperature Ty (014 = Ta + 5 K based on the oil temperature control as described
in Section 3.1.3. The continuous charging time f., and discharging time #4;; can be determined according to
an hourly demand load distribution, which is to be given in Section 5.3.

For each compressor stage, the exhaust temperature Texh com and power consumption Peopn can be
decided by:

€com,exh,s — €com,in
€com,exh = €com,in (20)
Ncom
Peom = Meom (ecom,exh - ecom,in) (21)

where, e refers to the specific enthalpy of air, which is a function of air pressure and temperature.
The efficiency #com and air mass flow rate m,, have been given in Table 3. The subscript s means
isentropic process.

At the air temperature control, i.e., Tcom,in = T4 for 1st compression stage while Tcom,in = Toil,cold + 15 for
the rear stages, the oil flow rate from the air coolers 71, hot, and the heat-exchanging area can be determined
according to energy balance and heat transfer characteristics. At the terminal of charging process, the other
air-side and oil-side parameters can be accumulated, including the air reservoir temperature, volume and
total air mass (M, sr), terminal hot oil temperature, hot oil tank volume and total mass (Mo hot). The total
charging work (W,) consumed by the ACAES compressor train can also be accumulated.

While ACAES discharging, the expansion air flow rate m,, is constrained by the air mass balance, i.e.,

t=tgis t=tch
f mgyisdt = [ medt (22)
t=0 t=0

where, myg;s refers to the discharging air flow rate (my = myg;s); M, is the charging air mass flow rate
(mch = mcom)-

For each turbine stage, the exhaust air temperature Texh o and power output P, can be decided by:

€at,exh = €at,in — Hat (eat,in - eat,exh,s) (23)

Py = my (eat,in - eat,exh) (24)

At the air temperature control, i.e., Ty in = ToiLhot + 20, the oil flow rate from the air reheaters my co1d»
and the heat-exchanging area can be determined. At the terminal of discharging process, the other air-side
and oil-side parameters can be accumulated, including total cold oil mass (M,j1,co1a) and discharging work
(Wdis)-

5.2 Design Methods of GT Compressor Inlet Air Heater

The hot oil temperature has been decided in Section 5.1. Based on the given general parameters
in Section 2.3, the AH design can be carried out subject to the oil temperature control (see Section 3.1.3) and
the subsystem performance (see Section 4). In the design, the heating objective is set as Ti, = 313.15 K at
T, = 288.15 K and GTCC load rate .. = 0.7. Consequently, the AH design parameters can be decided,
including the AH heat exchanging area Axy, designed oil flow mij ap,0, flow resistance and air fan power
Paryp.
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5.3 GTCC Hourly Demand Load Distribution

As an example, the hourly demand load distribution of the GTCC unit is presented in Fig. 10, which is
similar with that in the scenario of hotel buildings [20,32].
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Figure 10: GTCC hourly demand load distribution
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In a typical day at T, = 288.15 K, the original standalone GTCC operates at the power load ranging from

20.19 to 4711 MW, or load rate from 30% to 70%, during 1:00 to 13:00; whereas operates at the full load of

67.3 MW during 14:00 to 18:00. The daily average load rate is 0.6775. As demonstrated in Section 4.2, the
power load for driving the ACAES charging process can be preset as P, = 47.11 MW. Hence, the continuous

charging time is designed as ¢, = 13 h and the discharging time #4;s = 5 h at ISO ambient conditions. Under

these boundary conditions, the design of the integrated systems can be fulfilled.

5.4 System Design Results
5.4.1 ACAES Design Parameters

At this stage, based on Eqs. (20)-(24), the ACAES parameters, including those of the compressor train

and turbine train, in the CPG and BS, can be obtained and summarized in Table 5.

Table 5: Designed parameters of ACAES at ISO conditions

System Parameters In CPG In BS
Compressor train parameters Charging time (h] 13 13
P P Charging power [kW] 6318 6318
Discharging time [h] 5 5
Stage expansion ratio 9.9 4.63
Turbine train parameters Inlet temperature [K] 452.69 452.69
b Exhaust temperature [K] 265.60 315.11
Air flow [kg/s] 30.54 29.60
Discharging power [kW] 12,207 13,131
Roundtrip efficiency 0.6380 0.7028
Air reservoir volume 14,820 14,820

[m’]

(Continued)
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Table 5 (continued)

System Parameters In CPG In BS
Hot oil volume [m?] 779.83 779.83
Roundtrip parameters Cold oil volume [m?] 480.34 708.02
Hot oil temperature [K] 472.69 472.69
Cold oil temperature [K] 303.47 329.94
Residual heat quantity 109.714 29.529
(G]]

The charging time f4;s is designed since the time when the GTCC load rate below 0.7 is accumulated
as 13 h. The charging power of the compressor train amounts to 6318.38 kW, which is 9.388% of the GTCC
capacity at ISO conditions. The roundtrip efficiency in CPG is 0.6380, which is considerably lower than that
in BS because of the less discharging power by the less expansion stages.

The roundtrip design performance is also presented in Table 5. The cold oil volume is the accumulation
of the hourly oil flow required for the air reheaters. In addition, the cold oil temperature as listed in Table 5
means the accumulation value at the terminal of the expansion process. To continue the next roundtrip of
the ACAES, the cold oil needs to be cooled by the auxiliary heat exchangers and initialized as 5 K above the
ambient temperature, i.e., 293.15 K.

5.4.2 Designed Parameters of Heat Exchangers

The designed parameters of the heat exchangers, including the air cooler and reheater, and GT
compressor inlet heater as well, are summarized in Tables 6 and 7 based on Egs. (17)-(19).

Table 6: Designed parameters of ACAES heat exchangers

AC RH in CPG RH in BS
Parameters
Ist 2nd 3rd Ist 2nd Ist 2nd 3rd
Plate length [m] 3.7 4.4 4.4 3.25 4.15 3.3 3.1 31
Hot oil flow [kg/s] 5.111 4959 4959 14.045 14.619 13.613 13.519 13.519
Heat-transfer area (air side) 829.84 986.83 986.83 2186.73 2825.53 2101.82 2003.30 2003.30
[m’]
Heat-transfer area (oil side) 800.20 951.59 951.59 2160.70 2792.29 2076.19 1978.87 1978.87
[m’]

Pressure loss (air side) [kPa] 5.14 1.38 0.30 0.21 2.38 0.21 0.92 4.27
Pressure loss (oil side) [kPa] 1.48 1.70 1.70 0.40 4.23 0.39 0.31 0.31

Heat-transfer coeflicient 120 120 120 120 120 120 120 120
[W/(m*K)]
Inlet air temperature [K] 474.72 507.67 507.67 30815 265.60 308.15 315.11 315.11
Exit air temperature [K] 308.15 308.15 308.15 452.69 452.69 452.69 452.69 452.69
Initialized inlet oil temperature  293.15 293.15 293.15 472.69 472.69 472.69 472.69 472.69
(K]

Exit hot oil temperature [K] 454.72 48767 48767 32315 280.60 323.15 330.11 330.11
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Table 7: Designed parameters of GT compressor inlet air heater

Parameters Value
Plate length [m] 2.7

Air flow [kg/s] 14.559

Hot oil flow [kg/s] 6.825

Heat-transfer area (air side) [m?] 2352.54
Heat-transfer area (oil side) [m?] 2331.15

Pressure loss (air side) [kPa] 3.02
Pressure loss (oil side) [kPa] 0.22
Heat-transfer coefficient [W/(m?-K)] 60
Exist air temperature [K] 452.69
Inlet hot oil temperature [K] 472.69
Exit cold oil temperature [K] 303.15
Air fan power [kW] 55.270

The designed parameters of air coolers (AC) are presented in Table 6. The heat-transfer coeflicients are
uniformly designed as 120 W/(m?*-K). The inlet cold oil temperature is initialized as 5 K above the ambient
temperature, i.e., 293.15 K, while the AC cold-terminal temperature difference is controlled as 15 K. As the
air flow and AC inlet air temperature have been determined in the compressor train, the heat-exchanging
area, the required oil flow and exit temperature can be therefore decided. It should be noted that, the exist oil
temperatures in the three stages are 454.72, 487.67 and 487.67 K, respectively, which show difference from the
accumulated roundtrip hot oil temperature as listed in Table 5. This is because the charging process operates
at sliding pressure. During charging, the ACAES compressor exhaust air temperature and the exit hot oil
temperature both rise with the back pressure rising from the minimum 7 MPa to the maximum 10 MPa. At
the terminal charging pressure of 10 MPa, the exit oil temperature of the 3rd air cooler arrives at 487.67 K.
The hot oil flow from each AC stage accumulates in the oil tank and the terminal hot oil temperature arrives
at 472.69 K as listed in Table 5.

The designed parameters of air reheaters (RH) are also presented in Table 6. Similarly, the heat-transfer
coefficients are also uniformly designed as 120 W/(m?K). The inlet hot oil temperature is decided by
the thermal accumulation during the charging process as listed in Table 5, meanwhile RH hot-terminal
temperature difference is controlled as 20 K. As the air flow and RH inlet air temperature have been
determined in the turbine train, the heat-exchanging area, the required oil flow and exit oil temperature
can be therefore decided. Distinctively, the oil-side pressure loss in the second stage of RH becomes greater,
because of the low temperature and high viscosity. Please note, the exit oil temperature in the CPG secondary
stage is 280.60 K, which is below the ambient temperature resulting from the ACAES exhaust cooling energy.
The cold oil flow from each RH stage accumulates in the oil tank and the terminal cold oil temperature
reaches the values of 303.47 K at CPG and 329.94 K at BS, respectively, as listed in Table 5.

The designed parameters of GT compressor inlet air heater (AH) are presented in Table 7. Dissimilarly,
the heat-transfer coefficients of AH are designed as 60 W/(m?-K), which is lower than those in AC and RH
due to the lower air density and avoiding excessive flow resistance. The exit oil temperature is controlled as
a 15 K above the ambient temperature, through regulating the oil flow. The target of the exit air temperature
is designed for heating the GT inlet air from the ambient (T,) to 313.15 K at GTCC load rate r. = 0.7. At
this stage, the air mass flow at .. = 0.7 and T, = 288.15 K can be decided according to GTCC operating
performance. Consequently, the heat-exchanging area, the required oil flow rate and AH air flow rate can be
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decided. Please note, the pressure loss in AH at oil side is much less than that at air side, and the mass oil flow
is below half of the air mass flow. This means negligible power required for the oil transmission. In the design,
the air fan efficiency is deemed as 0.8. Hence, the air fan power is designed as 55.270 kW, which is supplied
by GTCC. Please note, the operating power of the air fan varies with the AH pressure loss. However, the
AH air flow at off-design conditions varies little. Therefore, the operating efficiency of the air fan is deemed
as constant.

6 Operating Performance of Systems
6.1 ACAES Operating Performance
6.1.1 Charging Performance

The charging performance at various ambient temperatures is shown in Fig. 11, where the relative value
is defined as the operating parameter divided by the designed one. The designed parameters can be referred
to Section 5.4. The air storage reservoir is designed in constant volume, and the compressor train operates
at sling pressure from the minimum 7 MPa to the maximum as decided by Eqs. (15) and (16). Hence, the
charging time decreases with the increment in the ambient temperature, because the air density in the
reservoir decreases with the rise in the storage air temperature. For example, the charging time t, = 13
h at ISO conditions, whereas decreases by 6.775%, i.e., t;, = 12.12 h at the ambient temperature T, = 308.
15 K. The hot oil temperature linearly rises with the increment in the ambient temperature, mainly because
the ACAES compressor exhaust temperature rises under the control strategy, and additionally because the
compressor efficiency lessens at higher ambient temperatures. To sum up, The higher ambient temperature
results in lower air mass flowrate of the compressor train and less charging time as well. Consequently, the
accumulated charging work, and the terminal hot oil mass as well, also decrease.
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Figure 11: Charging performance at various ambient temperatures

6.1.2 Discharging Performance

The discharging performance in the different systems is presented in Fig. 12. It indicates a similar
variation trend in the off-design parameters with that in the charging process. At the terminal discharging
state, except that the cold oil temperature (Tyi co14) rises with the increment in the ambient temperature
T,, the other parameters, including total discharging work (Wy;s), discharging time (#4;;) and cold oil mass
(Moil,cold)> all decline with T, rising, as can be seen from Fig. 12. In addition, the relative parameters in CPG
correspondingly overlaps with those in BS. Please note, the absolute values are very different. For example,
the total discharging electric work (Wy;s) at ISO conditions in CPG is 51.445 MWh, which is 9.211% lower
than that value of 56.665 MWh in BS.



Energy Eng. 2026;123(2):24 21

1 — Ty cora in CPG — W= T, g in BS
1054 —/— W, inCPG - A=W, inBS
e
= 1.00
>
g 0.954
=
<
"5 0.90 1
~ —0—1,,in CPG 4, in BS
0.854 —o— Mg qin CPG — @ = My o in BS
0.80 T T T T 1
285 290 295 300 305 310

Ambient temperature T, [K]

Figure 12: Discharging performance of ACAES

6.1.3 Roundtrip Performance

The roundtrip performance of the ACAES in the different systems at various ambient temperatures is
shown in Fig. 13. As can be seen that, the ACAES roundtrip efficiency (RTE, calculated as per Eq. (5)) in
CPG is obviously lower than that in BS, with an average bias of 6.44 percentage points. This is because the
discharging work in CPG is lower than that of BS, as stated in Section 6.1.2.
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Figure 13: ACAES roundtrip performance

The ACAES roundstrip efficiencies in the both systems slightly increase and then smoothly drop with the
rise in the ambient temperature, owing to the air temperature control strategies and variation in the roundtrip
time. For example, with the ambient temperature increasing, both the hot oil temperature and turbine inlet
air temperature rise, which exerts positive influence on the expansion work although does negative impact

on the compressor work.
The residual heat (Qy,;) in the hot oil tank considerably decreases with the rise in ambient temperature,
because of the lower air mass flow and shorter roundtrip time at higher ambient temperatures.

6.2 GTCC Operative Performance in a Roundtrip
6.2.1 GTCC Performance in CPG

(1) Hourly allocation of residual compression heat for IAH
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According to the time-sequential allocation of residual compression heat for IAH as described

in Section 3.2, specifically Eqs. (7)-(14), the hourly allocation proportion (F-X) at various ambient tempera-
tures is presented in Fig. 14.
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Figure 14: Hourly allocation of residual compression heat. (a) T, = 288.15K; (b) T, = 298.15K; (c) T, = 308.15 K

It can be seen form Fig. 14 that, most of the allocation proportions at the time sequences are nearly
equal. This is because the GTCC operates at nearly constant inlet air flow at the load rate below 0.7, as can
be referred to Fig. 6b. However, at the final hour of the ACAES charging process, the GTCC AH is allocated
with more heat proportion, because the inlet air flow increases, and additionally because the GTCC load
rate is enhanced above 0.7 owing to the GT compressor inlet air heating. At the terminal of the ACAES
charging process, the required heat for IAH, i.e., 6.5% in Fig. 14b and 0.7% in Fig. 14c, drops sharply because
the final time-sequence is less than one hour. The greater the ambient temperature T, is, the less charging
time the ACAES lasts. Additionally, there still occurs surplus compression heat in the case of higher ambient
temperature. For example, 35.6% of the residual compression heat at T, = 308.15 K cannot be used in IAH,
because the GT compressor inlet air temperature T, has arrived at the limited value of 323.15 K.

(2) Hourly GT compressor inlet air temperature

According the hourly allocation of residual compression heat for GT compressor inlet heating, the
hourly inlet air temperature of GT compressor is shown in Fig. 15.
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Figure 15: Hourly GT compressor inlet air temperature
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At the ISO ambient temperature, i.e., T, = 288.15 K, the residual compression heat can be completely
recovered and the GT compressor inlet air temperature is equally heated to T, = 312.32 K, because the GT
compressor inlet air flow remains nearly unchanged at those load rates, as can be referred to Fig. 6b. At T,
=308.15 K, the GT inlet air temperature (T,) can be heated to the specified maximum value of 323.15 K,
and thus there still occurs surplus compression heat, as illustrated in Fig. 14c. However, at T, = 298.15 K,
the values of Tj, at the last two hours are constrained by the power demand, that is, the maximum GTCC
capacity at Tj, = 323.15 K is below the demand power. Please note, the GTCC operates in standalone mode
during the subsequent 14:00~24:00.

(3) Hourly GTCC load rate and efficiency

The hourly load rate of the GTCC (r,, calculated as per Eq. (1)) in the standalone mode and interactive
mode of CPG at various ambient temperatures (T,) is shown in Fig. 16a. The hourly load rate of the
standalone GTCC is set as the same at various T,. Because the standalone GTCC full-load capacity (Pcc,max)
decreases with the increment in T, as can be seen from Fig. 6a, the absolute power demand (Py = 7cc*Pec,max)
is greater at lower ambient temperatures. As can be seen that, the GT inlet air heating and additional power
shifting in the interactive mode, or ACAES charging process, considerably enhances the GTCC load rate at
specified power demand. The value of r. at T, = 288.15 K is slightly lower than that at T, = 308.15 K, because
the GT inlet air temperature is relatively lower at T, = 288.15 K, as can be seen from Fig. 15. However, the
value of .. at T, = 298.15 K is considerably higher than that at T, = 308.15 K. This is because, the GTCC
capacities (Pcc max) are nearly the same owing to the same Tj, except the last two hours as shown in Fig. 15,
whereas the absolute demand power load (Py) is higher at lower ambient temperatures.
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Figure 16: Hourly load rate and efficiency of GTCC during ACAES charging in CPG. (a) GTCC load rate; (b) GTCC
efficiency

The GTCC efhiciency .. depends mainly on the load rate, and meanwhile slightly on the GT compressor
inlet air temperature, bringing about the time-sequential GTCC efficiency as plotted in Fig. 16b. On the
whole, the time-sequential GTCC efficiency considerably increases owing to the increment in the load rate.
For example, at T, = 288.15 K and at 8:00 of the time sequence, the load rate of the standalone GTCC is r.
= 0.3738, which is enhanced to 0.5646 owing to the additional power shifting to ACAES charging and GT
compressor inlet air hating as well. The corresponding GTCC efficiency is improved from 0.4057 to 0.4529.
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6.2.2 GTCC Performance in BS

The hourly load rate of the GTCC (r..) at various ambient temperatures (T,) is shown in Fig. 17a. The
load rate of the standalone GTCC is set as the same in Fig. 16a. In the interactive mode of BS, the time-
sequence GTCC load rate increases only because of the additional power shifting to the ACAES charging
process, i.e., the additional power for driving the ACAES (P.om,acars). At higher ambient temperature,
although P.om acars becomes lower, the GTCC capacity decreases more as can be seen from Fig. 6a. This
results in a slight increment in the load rate (r..) at higher ambient temperature (T,). However, the much
higher T, exerts a negative influence on the GTCC efficiency. Hence, the hourly GTCC efficiency in BS
at higher T, is slightly less than that at lower T,. AT various ambient temperatures, the GTCC additional
power shifting to ACAES in BS can improve the GTCC efficiency on the whole, as can be seen from Fig. 17b.
For example, at T, = 308.15 K and at 8:00 of the time sequence, the load rate of the standalone GTCC is
tec = 0.3738, which is enhanced to 0.4755 due to the additional power shifting to ACAES charging. The
corresponding GTCC efficiency is improved from 0.4031 to 0.4437.
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Figure 17: Hourly load rate and efficiency of GTCC during ACAES charging in BS. (a) GTCC load rate; (b) GTCC
efficiency

It should be noted that, during ACAES discharging process or at parallel power, the GTCC units in the
various systems, i.e., CPG and BS, have the equivalent operating performance as the original GTCC unit,
so does at GTCC standalone mode. Hence, there is no need to discuss the hourly performance during the
remaining time sequences, but in charging process or at interactive mode. However, the GTCC operative
efficiency and the system efficiency in a roundtrip are to be discussed in the following sections.

6.2.3 Operative GTCC Efficiency in Various Systems

The GTCC in various systems operates under the same load rate distribution as given in Fig. 10. The
GTCC operative efficiency (#cc,operative> calculated as per Eqs. (2)-(4)) in a roundtrip at various ambient
temperatures is presented in Fig. 18. It can be found that, the GTCC operative #cc operative i Obviously
enhanced by the interactive mode. At various ambient temperatures, the value of #cc operative in BS almost
uniformly increases by 1 percentage point against that in the standalone GTCC, owing to the additional
power shifting from the GTCC to the ACAES. Remarkably, #cc operative in CPG increases by 1.26 percentage
points at T, = 288.15 K and averagely by 1.19 percentage points at the various ambient temperatures. The
increment in #)c operative Of CPG against the standalone GTCC lessens with the rise in T,. These findings just
indicate a unilateral benefit on the side of GTCC operators. Hence, it needs to further discuss the system
efficiency in a roundtrip, which answers the over-all benefit from the subsystem collaboration.



Energy Eng. 2026;123(2):24 25

o

[N

o)

©
1

p— T~

0.504 — \\

GTCC operative efficiency

0.500 4 — Standalone GTCC
—O—in BS
——in CPG
0.496 1 /\
0.492
285 290 295 300 305 310

Ambient temperature 7, [K]

Figure 18: GTCC operative efficiency in various systems

6.3 System Efficiency in a Roundtrip

The roundtrip system efficiency (#sy,, calculated as per Eq. (6)) in the standalone GTCC, the BS and
the CPG at various ambient tempratures is presented in Fig. 19, where the system efficiency in the original
standalone GTCC is equivalent with the corresponding operative efficiency as plotted in Fig. 18.
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Figure 19: System efficiency in a roundtrip

As can be seen from Fig. 19, 74 in the benchmark system (BS) is slightly inferior to that in the
standalone GTCC. For example, at T, = 288.15 K, the system efliciency in BS is 0.4947 vs. 0.4948 in the
standalone GTCC. This indicates unattractive economical efficiency of BS if considering no peak regulation
allowance, where a single way by load shifting from GTCC to ACAES is designed.

However, the system efficiency in the proposed CPG is considerably superior to that in the standalone
GTCC. For example, also at T, = 288.15 K, the system efficiency in CPG is 0.5010, which is enhanced by 0.0062
against 0.4948 in the standalone GTCC. This indicates a competitive over-all benefit of the collaborative

system. In addition, the enhancement in #ys of CPG against the standalone GTCC lessens with the rise in
T,.

7 Challenges and Limitations

The GTCC hourly demand load distribution is a crucial condition for the design, and operating
performance as well, of the collaborative system. One may apply the technical routines as described in
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this work for general evaluation on the collaborative effects under various typical load distributions with
universal characteristics.

Under the demand load distribution as illustrated in Fig. 10 and the basic design parameters as presented
in Section 2.3, the standalone GTCC operative efficiency is 49.48% at ISO ambient conditions; while the CPG
system efficiency in a roundtrip is 50.10% vs. 49.47% in BS. This means an uncompetitive economy of BS
without consideration of peak regulation allowance. Hence, in the integrated systems similar to BS, one of
the crucial challenges is to improve the roundtrip efficiency of the energy storage subsystems. Optimization
of the design parameters could further promote the cost efficiency of the collaborative system.

As can be found from this work, thermal energy discharge to the environment in an ACAES generally
occurs in forms of either residual compression heat, or waste heat from the ACAES air turbine, or sometimes
in a form of cold energy. This work only addresses the issues in the residual heat from ACAES compression
process, for improving the part-load performance of a GTCC unit. Whereas the authors’ previous work
focused on the ACAES exhaust cold energy mainly for enhancing GTCC full-load capacity [20]. Hence, the
residual heat, waste thermal energy or cold energy, or both, could be received by GTCC during off-peak time
and during on-peak time as well, which could guide for other interesting collaborative systems.

8 Conclusions

A novel collaborative power generation system (CPG) is proposed, based on a gas-turbine combined
cycle (GTCC) unit and an adiabatic air energy storage (ACAES). In the interactive operating mode, the
surplus power from GTCC is shifted for driving the ACAES, while the ACAES residual compression heat
is hourly allocated for GTCC compressor inlet air heating. The CPG system and a benchmark system (BS)
are separately designed in detail based on a 67.3 MW GTCC under a specified demand-load distribution.
Additional 9.39% output power from the GTCC is designed for driving the ACAES in the both systems. The
CPG is configured with three compression stages and two expansion stages, whereas the BS is configured
with three expansion stages. The main conclusions are summarized as follows:

(1) Under the constraints of air mass balance of ACAES processes, there occurs residual heat in the thermal
storage and exhaust heating or cooling energy, which depends on the stage configuration. The residual
heat quantities are 109.714 GJ in CPG and 29.529 GJ in BS, respectively, under the design conditions of
this work.

(2) The GTCC load rate in CPG under the interactive mode is significantly enhanced, resulting in an
average increase in GTCC operative efficiency by 1.19 percentage points compared to the original
standalone GTCC. In contrast, the GTCC operative efficiency in BS at various ambient temperatures
almost uniformly increases by 1.00 percentage point owing to the single collaborative approach of
load shifting.

(3) Inaroundtrip at the ambient temperature of 288.15 K, the system efficiency of BS is 0.4947, compared
to 0.4948 in the standalone GTCC. Hence, the BS is slightly inferior to the standalone GTCC. However,
the CPG system efficiency reaches 0.5010 and is enhanced by 0.62 percentage points against the
standalone GTCC.

Further work could focus on the design and parameter optimization of the collaborative system under
various load distributions, where the GTCC functions as both a power supplier and a multi-energy receiver
of the ACAES.
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Nomenclature

Heat exchanging area [m?]

Specific heat capacity [k]/(kg-K)]
Equivalent diameter of fin channel [m]
Energy [K]]

Specific enthalpy [k]/kg]

The friction coefficient [N/m?]

Heat transfer coefficient [W/(m?-K)]
Time sequence

Number

The effective length of fin channel [m]
Accumulated mass [kg]

Mass flowrate [kg/s]

power [kW]

Pressure [kPa]

Thermal quantity [k]]

Lower heating value of fuel [k]J/kg]
Roundtrip efficiency

Load rate

Temperature [K]

Duration time

Flow velocity [m/s]

TETNTRSOT IS AT I mAL >
<

Work [kWh]
Acronyms
ACAES  Adiabatic compressed air energy storage
AF Air fan
AH Air heater
AR Air reservoir
BS Benchmark system
CAES Compressed air energy storage
CPG Collaborative power generation system
GT Gas turbine
GTCC Gas turbine combined cycle
IAH GT compressor inlet air heating
Greek

A Difference value, interval
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n Efficiency

T Pressure ratio

P Density [kg/m’]

A Heat conductive coefficient [W/(m-K)]

Subscript

a Air, ambient

at Air turbine of ACAES

c Cooling energy

cc Gas turbine combined cycle

com Compressor of ACAES

ch Charging

d Demand

dis Discharging

exh Exhaust

f Fuel

h Heat energy

m Mean value

p Preset value

r Residual

sys System

0 Designed values
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