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ABSTRACT 

The regulation of compressor extraction and energy storage can improve the performance of gas turbine 
energy system. In order to make the gas turbine system match the external load more flexibly and efficiently, 
a gas turbine cogeneration system with solar energy coupling compressor outlet extraction and energy stor-
age is proposed. By establishing the variable condition mathematical model of air turbine, waste heat boiler 
and solar collector, we use Thermoflex software to establish the variable condition model of gas turbine 
compressor outlet extraction, and analyze the variable condition of the coupling system to study the changes 
of thermal parameters of the system in the energy storage, energy release and operation cycle. Taking the 
hourly load of a hotel in South China as an example, this paper analyzes the case of the cogeneration system 
of solar energy coupling compressor outlet extraction and energy storage, and compares it with the bench-
mark cogeneration system. The results show that taking a typical day as a cycle, the primary energy utiliza-
tion rate of the system designed in this paper is 3.2% higher than that of the traditional cogeneration system, 
and the efficiency is 2.4% higher. 
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1. Introduction 
With the proposal of the national strategic goal of carbon peak and 

carbon neutrality, the transformation of low-carbon energy in China is 
imperative. Large scale consumption of new energy will become 
the basic trend of “energy revolution”. In order to improve the stability 
and security of power system, it is of great significance to improve the 
flexibility and efficiency of gas turbine system[1]. 

The combined heat and power (CHP) system of gas turbine gener-
ates steam by recovering the low-grade waste heat in the exhaust gas of 
gas turbine, and sends it to the end users for heating through the pipe 
network. Through the cascade utilization of energy, the energy utiliza-
tion rate of the system is greatly improved[2]. Compared with the power 
generation efficiency of gas turbine (generally not higher than 40%), 
the comprehensive energy utilization rate of CHP system can reach 90% 
at most[3,4]. In order to make it adapt to the fluctuation of external load, 
how to keep the unit efficiently and flexibly adapt to the external load is 
one of the important contents that the current CHP system needs to 
study. Yang et al.[5] takes 390 MW pumped condensing cogeneration 
unit as the research object, and determines the system energy supply 
condition and peak shaving depth, which has guiding significance for 
the economic and efficient operation of the unit. Xu et al.[6] used 
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Ebsilon simulation software to establish the model 
of cogeneration unit to calculate the variable condi-
tions of pure condensing and extraction conditions. 

In order to enhance the source charge coupling 
characteristics of CHP system, energy storage and 
renewable energy can be considered. Yang et al.[7] 
proposed a gas turbine system using compressor 
outlet extraction to store energy, and analyzed the 
source load coupling characteristics of the system 
under different step loads. However, there is heat 
loss in the air storage room and the air parameters at 
the inlet of the air turbine are low. Solar energy 
can be considered to heat the air at the inlet of the 
air turbine to improve the power generation effi-
ciency of the system. Solar energy is widely used in 
the field of power generation because of its clean 
and cheap characteristics. However, due to the in-
stability of solar energy, it generally only plays the 
role of auxiliary heating[8,9]. Yang et al.[10] proposed 
a gas turbine cogeneration system with solar energy 
coupled with compressed air energy storage, and 
analyzed the source load coupling performance of 
the system. The results show that the system with 
solar assisted heating has higher efficiency. 

The existing literature studies the variation 
performance of the system itself, and rarely dis-
cusses the problem of matching the hourly 
load between the system and the outside world. In 
order to make the CHP system have good coupling 
characteristics of source and load, this paper pro-
poses a CHP system with solar energy coupling 
compressor outlet extraction and energy storage. 
While studying the variation performance of the 
system, it also analyzes the coupling characteristics 
of the system and the hourly load of the outside 
world. Aiming at the hourly load of a hotel in South 
China, it analyzes the advantages of the designed 
system compared with the traditional cogeneration 
system. 

2. System description 

2.1 System operation mode 

Figure 1 shows the CHP system of a gas tur-
bine with solar energy coupled compressor extrac-
tion and energy storage. It can be seen from Figure 
1 that the system is composed of CHP system, solar 

energy collection system and air extraction energy 
storage/release system. CHP system is composed of 
a compressor, a combustion chamber, a gas turbine, 
a generator and a waste heat boiler. The solar ener-
gy collection system is composed of a trough solar 
mirror field, a pump, a heat transfer oil, a high and 
low temperature heat storage tank and an oil-gas 
heat exchanger. The air extraction and energy stor-
age/release system are composed of the last stage 
air extraction pipeline of the compressor, the con-
stant pressure air extraction valve, the constant 
pressure adiabatic air storage chamber, the constant 
pressure air release valve, the oil-gas heat exchang-
er, the air turbine and the generator. 

When the power generation of the gas turbine 
is greater than the external load demand, the system 
enters the energy storage stage. At this time, the 
exhaust valve at the outlet of the compressor is 
opened to realize the load reduction operation of the 
gas turbine through air extraction. The extracted 
high-temperature and high-pressure air enters the 
water gas heat exchanger to heat the water supply, 
so as to produce steam for heating. The cooled air is 
stored in the constant pressure adiabatic air storage 
chamber. 

In addition, the trough mirror field collects the 
heat transfer oil in the solar radiation heating circuit, 
and its flow is adjusted according to the fluctuation 
of solar radiation intensity. After it is heated to the 
specified temperature, it is stored in the high-tem- 
perature heat storage tank. 

When the power generation of gas turbine is 
less than the external load demand, the system en-
ters the energy release stage. At this time, the con-
stant pressure relief valve is opened, and the 
high-pressure air enters the air turbine to expand 
and do work after being heated by the oil-gas heat 
exchanger, driving the generator to generate elec-
tricity to make up for the power supply gap. In ad-
dition, the heat transfer oil in the high-temperature 
heat storage tank is pumped to the heat exchanger 
for heat exchange with the low-temperature air. Its 
flow is determined by the air temperature at the in-
let of the air turbine. The cooled low-temperature 
heat transfer oil enters the low-temperature heat 
storage tank. 
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Figure 1. Schematic diagram of the system flow chart. 
1—compressor; 2—gas turbine; 3—combustion chamber; 
4—generator; 5—water gas heat exchanger; 6—waste 
heat boiler; 7—gas storage room; 8—oil gas heat exchanger; 
9—air turbine; 10—high temperature heat storage tank; 
11—low temperature heat storage tank; 12—solar collector; 
13—heat transfer oil pump. 

2.2 system model 

2.2.1 Models of components of cogeneration 
system 

In this paper, Thermoflex thermal simulation 
software is used to establish the variation model of 
gas turbine extraction, and the inlet flow of the 
compressor remains unchanged during the extrac-
tion load reduction process. 

Large axial-flow gas turbines mainly rely on 
changing the opening of compressor inlet guide 
vane (IGV) to adjust power. When the IGV opening 
increases from 0 to 100%, the air flow increases 
from 70% of the rated value to 100%. The small gas 
turbine studied in this paper can be regarded as the 
IGV opening remains the largest, and the compres-
sor outlet extraction replaces the IGV function. In 
view of the fact that excessive air extraction may 
lead to unstable combustion conditions, the extrac-
tion coefficient α (the ratio of compressor extraction 
mass flow to intake mass flow) to be studied in this 
paper is taken as 0–0.25. 

The efficiency of waste heat boiler is closely 
related to the exhaust gas parameters of gas turbine. 
The following model can be used to calculate the 

vatiation performance of waste heat boiler[11]: 
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Where: QHRSG and QHRSG0 respectively repre-

sent the actual thermal load and design thermal load 
of waste heat boiler, kW; β indicates the load rate of 
waste heat boiler; η and η0 refers to the actual ther-
mal efficiency and design thermal efficiency of 
waste heat boiler respectively. 

2.2.2 Component models of solar energy-air 
extraction energy storage/release system 

The variable condition model of the air turbine 
can be determined with the following formula[12]: 
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(4) 
Where: T is the turbine inlet temperature, K; π 

is the expansion ratio; �̄� is the ratio of turbine in-
let mass flow to design value; m is the turbine in-
take mass flow, kg/s; η is the isentropic expansion 
efficiency of air turbine; �̄� is the ratio of isentropic 
expansion efficiency of air turbine to design value; 
n is the speed, r/min; subscript 0 indicates the de-
sign value; superscript ˙ indicates the ratio of oper-
ating converted parameters to rated converted pa-
rameters. 

Trough solar collector is selected, and the me-
dium in the circuit is Thermol VP-1 heat transfer oil. 
This paper adopts the following calculation model 
of trough solar collector[13]: 

s DNIQ N A D    
(5) 

a s sQ Q   
(6) 

Where: Qs and Qa represent the heat projected 
onto the surface of the collector and the actual heat 
absorbed by the collector; N refers to the number of 
collector plates; A represents the area of a single 
collector plate, m2; DDNI refers to solar radiation 
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intensity, W/m2; 𝜂௦  indicates collector efficien-
cy[14]. 

 

(7) 
Where: K(θ) is the correction coefficient of in-

cident angle; Ta is the average ambient temperature, 
293.15 K; Tio is the average temperature of the inlet 
and outlet of the heat conducting fluid, K. 

The calculation formula of K(θ) is[15]: 

 
(8) 

Where: θ is the angle of incidence. The calcu-
lation formula is[16]: 

 

(9) 
Where: θz, δ and ω are zenith angle, declina-

tion angle and solar hour angle respectively. The 
calculation method of θz, δ and ω is: 
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(12) 
Where: n is the date serial number, and Janu-

ary 1 of each year is the first day; 𝜙 is the local 
latitude, 23.1°; th is the moment. 

Similar to literature of Zhao[17], the analytical 
formula of pump head and efficiency is: 

 
(13) 

 
(14) 

Where: H refers to pump head, m; Q refers to 
heat transfer oil flow, L/s; 𝜂 is the total efficiency 
of the pump; superscript ˙ indicates the ratio to the 
design value. 

The calculation of the heat exchanger adopts 
the effective heat transfer unit number method. 
During the operation, the inlet and outlet tempera-
ture of the heat transfer oil side remains unchanged. 

the inlet flow of the heat transfer oil and the outlet 
temperature of the air are ajusted. 

The following assumptions are made for the 
gas storage chamber/heat storage tank: 1) the 
gas/liquid constant pressure at the outlet of the gas 
storage chamber/heat storage tank does not change 
with the indoor gas/liquid quality; 2) the air cham-
ber/heat storage tank is insulated, i.e. there is no 
heat loss. 

3. System performance evaluation 
index and parameter design 

3.1 System performance evaluation index 

3.1.1 CCHP system 

The primary energy utilization rate 𝜂th is: 

  

(15) 
Exergy efficiency 𝜂ex is: 

 

(16) 

3.1.2 Solar energy coupled gas storage room 
storage/release system 

The solar power Ps is: 
Ps = Pa – Pa0 

(17) 
Net power Pa of air turbine is: 

Pa = PT – PP 
(18) 

Solar energy contribution ε is: 

 

(19) 

3.1.3 Coupling system 

The primary energy utilization rate 𝜂୲ is: 

 

(20) 
Exergy efficiency 𝜂ex-s is: 

  

(21) 
Where: Pe, Qh, Pf respectively represents the 

power of gas turbine, heating capacity and the en-
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ergy of fuel input system, kW; Pa0, Pt, Pp respec-
tively represents the net power of air turbine before 
solar heating, the power of upper turbine and the 
non power consumption of heat transfer oil, kW; Ee, 
Eh, Ef, Esolar are electricity, heat, fuel and input solar 
energy respectively. 

Ee = Pe + Pa 
(22) 
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Where: To, Th, Toil, Toil-in respectively repre-
sents the reference temperature, heating steam tem-
perature, heat transfer oil temperature at the collec-
tor outlet and heat transfer oil flow at the collector 
inlet, K; moil represents the mass flow of heat trans-
fer oil, kg/s; 𝑐  represents the average specific 
heat capacity of heat transfer oil, kJ/(kgꞏK). 

 

Table 1. Simulation values of the main design parameters of gas turbine 
Object Stimulation value Design value Relative error/% 
Ambient temperature/°C 15 15 0 
Generating power/kW 4,753 4,821 -1.43 
Pressure ratio 13.97 14.05 -0.57 
Compressor efficiency 0.88 0.88 0 
Compressor outlet temperature/°C 19.18 19.18 0 
Intake air flow/(kgꞏs-1) 509.1 511.4 -0.45 
Turbine exhaust temperature/°C 1,100 1,100 0 
Turbine inlet temperature/°C 0.317 0.314 0.95 
Fuel flow/(kgꞏs-1) 384.6 388.3 -1.39 
Net efficiency 0.300 0.307 -2.33 

3.2 System design parameters 

CHP system is composed of small gas turbine, 
waste heat boiler and other components. Ther- 

 

 
moflex thermal simulation software is used to es-
tablish the gas turbine exhaust variable condition 
model, and the calculated value of the mathematical 

Table 2. Design parameters of other main components 
Object Numerical value 
Waste heat boiler Efficiency 0.8 

Smoke exhaust temperature/°C 87.0 
Steam pressure/MPa 0.9 
Steam temperature/°C 175.0 

Air turbine Inlet air temperature/°C 390 
Inlet air pressure/MPa 1.069 
Power generation efficiency 0.880 
Air temperature at the outlet of air tank/°C 190 
Turbine exhaust pressure/MPa 0.103 

Solar collector Collector length/m 150.00 
Collector width/m 5.76 
Temperature of heat transfer oil entering and leaving the collector/°C 221.19/ 

400.00 
Number of collectors 10 
Date serial number 152 
Time 12 
Local latitude/(°) 23.1 
Ambient temperature/°C 20 
Solar radiation intensity/(Wꞏm-2) 800 
Illumination time/h 5 
Volume of high temperature heat storage tank /m3 172.29 
Volume of low temperature heat storage tank /m3 152.62 

Oil-air heat exchanger Air flow/(kgꞏs-1) 2.4 
Heat transfer oil flow/(kgꞏs-1) 1.2 
Heat exchange area/m2 21.8 
Heat exchange coefficient/(Wꞏ(m2ꞏK)-1) 1,221.1 

 

model is used to verify the simulated value of 
Thermoflex software. The results are shown in Ta- 

 

ble 1. It can be seen from Table 1 that the 
ror between the simulated value and the design 
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value of each parameter of the gas turbine is within 
3%. 

All the high-temperature flue gas 
charged by the gas turbine enters the waste 
heat boiler to heat the waste heat boiler feed water 
and generate superheated steam, which can heat or 
drive the LiBr absorption refrigerator. The design 
parameters of waste heat boiler, air turbine, solar 
collector and oil air heat exchanger are shown in 
Table 2. 

4. Analysis of system variety-duty 
condition 

4.1 Gas turbine variety-duty condition anal-
ysis 

Figure 2 shows the influence of compressor 
outlet extraction on important parameters of gas 
turbine. It can be seen from Figure 2 that the pres-
sure ratio and outlet temperature of the compressor, 
the power and efficiency of the gas turbine decrease 
with the increase of the extraction coefficient, the 
extraction coefficient increases from 0 to 0.25, and 
the efficiency of the gas turbine decreases from 30% 
to 14.4%. There are two reasons for the decrease of 
pressure ratio: (1) the extraction pipeline at the out-
let of the compressor leads to the increase of the 
overall flow section of air/gas; (2) the exhaust gas 
from the compressor outlet causes the gas turbine to 
work at part load, the flow into the combustion 
chamber and the gas turbine is reduced, and the 
flow resistance of the combustion chamber and the 
exhaust section of the gas turbine is reduced[5]. As 
the pressure ratio decreases, the temperature ratio at 
the inlet and outlet of the compressor also decreases, 
and the temperature at the inlet of the compressor 
changes little, so the temperature at the outlet of the 
compressor decreases. 

The exhaust of the compressor outlet will re-
duce the air entering the combustion chamber, the 
exhaust flow of the gas turbine and the heat absorp-
tion of the waste heat boiler. The influence of ex-
traction coefficient on the efficiency and heat sup-
ply of waste heat boiler is shown in Figure 3. As 
can be seen from Figure 3, the exhaust coefficient 
increases, and the efficiency and heating capacity of 
the waste heat boiler decreases. 

 
Figure 2. Effect of air extraction ratio on pressure ratio, gas 
turbine output power, gas turbine efficiency, and air extraction 
temperature. 

 

Figure 3. Effect of air extraction ratio on the efficiency and heat 
output of the heat recovery steam generator. 

4.2 Analysis of variety-duty conditions of so-
lar energy extraction storage/release energy 
system 

The power generation and efficiency of the air 
turbine are determined by the air parameters at the 
inlet. Usually, the temperature and flow of the air at 
the inlet of the turbine can be adjusted to control the 
power of the air turbine. Temperature regulation 
can be achieved by changing the flow of heat trans-
fer oil in the oil-air heat exchanger, and flow regu-
lation can be achieved by changing the opening of 
the constant pressure relief valve. Figure 4 shows 
the influence of air flow and temperature on the 
turbine. As can be seen from Figure 4: with the 
temperature unchanged, the smaller the air flow, the 
lower the power generation of the turbine. With the 
reduction of the air flow at the turbine inlet, the re-
duction rate of the turbine power generation is fast-
er and faster; when the air flow is constant, the 
power generation of the air turbine decreases with 
the decrease of temperature; when the air flow 
drops below 50% of the design value, the air turbine 
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stops working. 
The heat transfer oil in the low-temperature 

heat storage tank is heated to the set temperature by 
the trough solar collector. The variation curve of 
heat transfer oil mass flow and heat transfer oil 
pump power consumption with solar radiation in-
tensity is shown in Figure 5. 

 
Figure 4. Effect of air turbine inlet air temperature and flow rate 
on turbine output. 

 

Figure 5. Variation curves of heat transfer oil mass flow rate 
and power consumption of oil pump with solar radiation inten-
sity. 

It can be seen from Figure 5 that with the in-
crease of solar radiation intensity, the flow of heat 
transfer oil and the efficiency of centrifugal pump 
increase, and the power consumption of heat trans-
fer oil pump first decreases and then increases. 
When the solar radiation is 325 W/m2, the power of 
heat transfer oil pump is the smallest. 

The heat exchange between solar energy and 
air is controlled by the flow of heat transfer oil at 
the outlet of high-temperature heat storage tank. 
The air temperature at the inlet of the oil-air heat 
exchanger is constant at 190 ℃, and the pressure is 
1.069 MPa. According to the external demand, the 
heat transfer oil heats the air to different tempera-
tures. However, due to the limitation of the temper-
ature of the heat transfer oil, the maximum temper-

ature of the air at the outlet of the heat exchanger is 
382.4 ℃. Solar energy contribution represents the 
ratio of solar power generation power to turbine 
power. The greater the solar energy contribution, 
the greater the impact of solar energy on turbine 
power. The solar energy contribution under differ-
ent turbine inlet parameters is shown in Figure 6. It 
can be seen from Figure 6 that when the air flow is 
constant, the higher the turbine inlet temperature is, 
the greater the solar energy contribution is. When 
the temperature is constant, the smaller the flow is, 
the greater the solar energy contribution is. 

  

Figure 6. The solar contribution degrees with different turbine 
inlet parameters. 

4.3 Analysis of variable working conditions 
of coupling system 

The gas storage and release conditions of the 
system are not synchronized, which is deter-
mined by the external demand power and the power 
of the gas turbine. The variety-duty condition of the 
coupling system is divided into two stages: pump-
ing and energy storage stage and energy release 
stage. 

(1) Energy storage stage. When the external 
demand power is lower than the rated power of the 
gas turbine, the compressor outlet exhausts air to 
regulate the power of the gas turbine, and the ex-
tracted gas is cooled and stored in the gas storage 
chamber. The change of the primary energy utiliza-
tion and efficiency of the system with the extraction 
coefficient during energy storage is shown in Fig-
ure 7. As can be seen from Figure 7, as the extrac-
tion coefficient increases, the primary energy utili-
zation and efficiency of the system decrease faster 
and faster. It can be seen that although the extrac-



 

16 

tion can realize the flexible peak shaving of gas tur-
bine, the efficiency is seriously decreased. 

 

Figure 7. Variations of the primary energy utilization ratio and 
exergy efficiency with air extraction ratio during energy stor-
age. 

(2) Gas release stage. When the external elec-
tric power demand is greater than the power of the 
gas turbine, the air turbine is put into operation to 
increase the system power. Define the gas release 
coefficient r, which represents the ratio of the actual 
gas release flow of the gas storage chamber to the 
gas release flow under the design condition, r=q/q0. 
The larger the r, the larger the air turbine inlet flow 
is. The changes of the primary energy utilization 
and exergy efficiency of the system with the gas 
release coefficient during energy release are shown 
in Figure 8. It can be seen from Figure 8 that with 
the increase of gas release coefficient, the primary 
energy utilization rate and efficiency of the system 
increase. The analysis shows that the efficiency of 
the air turbine increases with the increase of the air 
release flow, and the more solar energy is used, the 
higher the efficiency of the system. 

 

Figure 8. Variations of the primary energy utilization ratio and 
exergy efficiency with air release ratio during energy release. 

The unit performance and air extraction volume 
in one cycle are related to the air extraction/release 

time. Define the parameter extraction/release time 
ratio h=Tc/Ts. Tc and Ts represent the extraction en-
ergy storage time and release time h respectively. 
The larger the h is, the more gas is stored in one 
cycle. 

 
Figure 9. Variations of the primary energy utilization ratio and 
exergy efficiency of the system in a period. 

Assuming that the gas storage volume is equal 
to the gas release volume in one cycle, and the gas 
release speed and extraction speed are constant, the 
changes in the primary energy utilization and effi-
ciency of the system are shown in Figure 9. It can be 
seen from Figure 9 that in one cycle, h remains 
unchanged, and the primary energy utilization rate 
and exergy efficiency of the system decrease with 
the increase of the extraction coefficient. The effi-
ciency of the system decreases significantly when 
pumping and storing energy. The larger the pumping 
coefficient, and the longer the time, the lower the 
primary energy utilization and exergy efficiency. 

5. Case analysis 

5.1 Load distribution 

Taking a hotel building[18] in South China as an 
example, the hourly load (including electrical load, 
cooling load and heating load) of the building on a 
typical day is analyzed. Since the absorption refrig-
erator is driven by steam, the cooling load is con-
verted into the heating load for the convenience of 
research. 

The changes of solar radiation intensity and 
ambient temperature with time are shown in Figure 
10. It can be seen from Figure 10 that there is solar 
radiation between 6:00 and 19:00, and the solar ra-
diation is the largest at 13:00. The peak value of the 
temperature in a day occurs at 15:00, and the tem-
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perature in a day is greater than 20 ℃. 
The typical daily electrical load and thermal 

load distribution are shown in Figure 11. It can be 
seen from Figure 11 that the peak period of elec-
tricity and heat consumption in a day is from 11:00 
to 17:00, and the electrical load reaches the maxi-
mum at 11:00, and the thermal load reaches the 
peak at 18:00. 

 
Figure 10. Variations of the solar radiation intensity and ambi-
ent temperature with time. 

 
Figure 11. Distribution of the electrical load and thermal load in 
a typical day. 

5.2 Baseline CHP system description 

Table 3. Main design parameters of the gas turbine in 
the benchamark system 
Project Design value 
Ambient temperature/°C 15 
Generating power/kW 5,354 
Pressure ratio 14.15 
Compressor efficiency 0.88 
Compressor outlet temperature/°C 385.7 
Intake air flow/(kgꞏs-1) 19.53 
Turbine exhaust temperature/°C 519.1 
Turbine inlet temperature/°C 1,110 
Fuel flow/(kgꞏs-1) 0.344 
Net efficiency 0.302 

In order to reflect the advantages of the design 
system, the design system is compared with 
the benchmark system. The reference system is not 

equipped with compressor outlet extraction, and the 
gas turbine works between no-load and full load by 
adjusting the inlet air flow and fuel flow, so as to 
meet the needs of external electrical load. The spe-
cific design parameters of the reference system are 
shown in Table 3, and the design parameters of the 
waste heat boiler are the same as those in Table 2. 

5.3 Coupling calculation between the system 
and the outside world 

The system adopts the operation mode of “de-
termining heat by electricity”. The excess heat is 
stored in the thermal storage tank (TED). When the 
heat is insufficient, the heat in the thermal storage 
tank is preferred for heating. When the heat in the 
thermal storage tank is insufficient, the peak boiler 
is added for heating; if the power is insufficient, 
you can buy it from the outside, and the excess 
power can be connected to the Internet. The varia-
tion of system air release coefficient and extraction 
coefficient with time in one cycle is shown in Fig-
ure 12.  

 
Figure 12. Variations of the air release and extraction ratio with 
time. 

It can be seen from Figure 12 that the system 
is in the gas release stage from 8:00 to 19:00, and 
the gas release coefficient is the largest; the rest of 
the time is in the stage of gas extraction and energy 
storage, and the gas release coefficient is the largest 
at 11:00; 1:00–3:00 the external electrical load is 
the lowest, and the compressor extraction coeffi-
cient is the largest. 

The efficiency of the system has been im-
proved due to the addition of energy storage and the 
introduction of solar energy. Table 4 shows the 
comparison between the design system and 
the benchmark system. It can be seen from Table 4 
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that although the design system consumes 5.2% 
more natural gas than the benchmark system, the 
primary energy utilization rate has increased by 

3.2%, the efficiency has increased by 2.4%, and 
there is still remaining heat of 1.5 × 105 MJ that 
can be used for the next cycle. 

Table 4. Comparison between the design system and the benchmark system 
Project Design system  Benchmark system 
Total power output/MW 3.493 × 105 3.493×105 
Total heat output/MJ 6.088 × 105 4.618×105 
Residual heat/MJ 1.5 × 105 30.75 
Fuel consumption/kg 24,410.41 25,748.35 
Solar energy input heat/MJ 1.4 × 104  
Gas turbine efficiency 0.261 0.298 
Primary energy utilization 0.724 0.692 
Exergy efficiency 0.451 0.427 

6. Conclusion 
In this paper, a CHP system with solar energy 

coupling compressor extraction and energy storage 
is proposed. The components and systems are ana-
lyzed under variable working conditions, and the 
advantages of designing the system under hourly 
load are studied. The main conclusions are as fol- 

 

lows. 
(1) The exhaust gas from the compressor outlet 

leads to the reduction of the efficiency of the gas 
turbine and the efficiency of the waste heat boiler. 
When the maximum extraction coefficient is 0.25, 
the efficiency of gas turbine and waste heat boiler 
are 16.2% and 11.7% lower than the design value. 

(2) The smaller the air flow and temperature at 
the inlet of the air turbine, the lower the power and 
efficiency of the air turbine; when the air flow at the 
inlet of the air turbine is less than 50% of the design 
value, the air turbine will stop working; the smaller 
the air flow at the inlet of the air turbine, the higher 
the inlet temperature, and the greater the contribu-
tion of solar energy. 

(3) Taking the hourly load of a building in 
South China as an example, the air extraction coef-
ficient and air release coefficient of the designed 
system and the traditional cogeneration system are 
compared at different times. The results show that 
although the design system consumes 5.2% more 
natural gas than the benchmark system, the primary 
energy utilization rate of the design system is 3.2% 
higher than that of the traditional cogeneration sys-
tem, and the efficiency is 2.4%. 
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