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A hybrid combined cycle power plant with a biomass gasification system is pro-
posed and analyzed in this work via thermodynamic analysis methods. The results 
of energy analysis show that with the biomass mixing ratio rising from 0%-30%, 
the outlet temperature of the combustion chamber increases from 1262.7-1287.1 ℃, 
while the outlet temperature of the gas turbine increases from 590.2-609.8 ℃. The 
mass-flow rate of the natural gas drops from 13.92-9.57 kg/s, however, the total 
mass-flow rate of the fuel increases from 13.92-27.48 kg/s. Additionally, the steam 
turbine power output changes from 135.84-136.73 MW. The gas turbine power out-
put changes from 254.15-253.26 MW. The results of exergy analysis show that with 
the biomass mixing ratio rising from 0%-30%, the exergy destruction of the air 
compressor, combustion chamber, and gas turbine drops. The exergy destruction of 
the heat recovery steam generator slowly increases from 192.91-193.12 MW. The 
exergy destruction of the steam turbine is slowly increasing from 155.02-156.2 MW. 
These research findings offer innovative solutions for the green transformation of 
industrial energy systems. It can effectively assist designers in optimizing heat re-
covery steam generator and steam turbine to improve the thermal performance of 
combined cycle power plant systems coupled with biomass gasification.
Keywords: biomass gasification, combined cycle power plant,  

thermodynamic analysis

Introduction

In recent years, under the influence of economic globalization, people’s living stan-
dards have also undergone earth-shaking changes. However, climate change has also had in-
creasingly serious impacts and brought various hazards to various parts of the world [1-3]. 
Although there is a global consensus to promote the ambitious goal of net-zero emissions and 
carbon neutrality, GHG emissions continue to increase, and environmental problems become 
increasingly severe [4, 5]. In addition, climate change has gradually become a key point in 
promoting global energy transformation and adjusting the international order [6]. Taking the 
path of green and low carbon development is the trend of the times to solve climate change 
problems [7]. Therefore, reducing the consumption of fossil fuels through clean energy sources  
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such as wind, solar, and biomass can improve the atmospheric environment [8]. Compared to 
other clean energy sources, biomass has shown great potential for application in the energy and 
chemical industries due to its high yield, wide range of uses, and low cost of use [9].

Biomass gasification is currently recognized as an advanced and efficient biomass 
treatment technology, characterized by low pollution and high efficiency [10-13]. It can ef-
ficiently convert biomass into high calorific value synthesis gas and has great potential for 
application in biomass treatment [14-17]. Additionally, biomass gasification has received wide-
spread attention in the production of heat, electricity, and biofuels. Biofuels refer to fuels pre-
pared from biomass as raw materials [18].

Many scholars have conducted research on biomass gasification. Mo et al. [19] devel-
oped a process model of an alcohol production system via biomass gasification. The analysis 
of parameters, energy, and exergy assessments was applied to conduct the operating condi-
tions. The results showed that the energy and exergy efficiencies of 34.67% and 31.24% were 
achieved. Ai et al. [20] referred that the utilization of biomass is a great method to adjust the 
energy structure. In his research, a proton exchange membrane fuel cell is proposed to produce 
energy from the syngas produced by biomass gasification. The results showed that the energy 
and exergy efficiency of the proposed system were 54.0% and 35.4%, respectively. The unit ex-
ergy cost of the electricity and the MeOH were 0.068 $ per kWh and 0.049 $ per kWh, respec-
tively. Cormos et al. [21] evaluated the economic and environmental indicators for the SNG 
production from renewable fuels. The investigated results indicated that almost zero energy 
efficiency of 69% and almost zero plant-specific CO2 emissions of 3 kg/MWh were achieved 
from the whole biomass chain. Cvetinović et al. [22] investigated various parameters on the 
qualitative characteristics of the syngas obtained from biomass gasification. The results showed 
that increasing the gasification temperature had a positive effect on the energy and environmen-
tal properties of the syngas.

By coupling biomass gasification systems with traditional energy systems, not only 
can biomass energy be utilized more efficiently, but carbon emissions can also be reduced. 
Xu et al. [23] conducted an analysis using a thermodynamic model created in ASPEN PLUS, 
performing energy, exergy, and economic evaluations to determine feasibility, subsequent-
ly carrying out a sensitivity analysis. The results indicate that the blending ratio and car-
bon conversion rate are 0.6 and 0.7, respectively. The unit exergy cost and CO2 emissions 
are $0.0748 and 95.29 kg/s, respectively. The analysis demonstrates variations in efficiency 
and output as influenced by alterations in the blending ratio and carbon conversion rate. Wu  
et al. [24] used the cascade exploitation of chemical and thermal energy to creatively build and 
develop the methanol synthesis system by combining it with a biomass integrated gasification 
combined cycle system. Results showed that energy efficiency increased by 3.46% and energy 
efficiency reached 61.9%, according to a thermodynamic analysis of a 100 kilo tonne per year 
methanol production facility and a 41.8 MW BIGCC power plant.

Additionally, woody biomass was used by Aguado et al. [25] to produce renewable 
hydrogen continuously. To create syngas, the oxygen by-product is combined with ambient air 
and fed into a downdraft gasifier powered by biomass. A recuperative gas turbine serves as the 
topping unit, and a regenerative subcritical ORC serves as the bottoming unit of a combined cy-
cle that receives this fuel gas after it has undergone a conditioning stage. Kalina [26] provided a 
theoretical investigation of the notion of a small-scale combined cycle system built of a natural 
gas-fired microturbine and an ORC, connected with thermal gasification of biomass. Keys for 
allocating energy and exergy were shown. To evaluate the plant’s financial performance, pre-
liminary cash flow figures were provided. A recently constructed configuration of an external-
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ly-fired combined-cycle power plant coupled with biomass gasification was the subject of an 
advanced exergy analysis by Soltani et al. [27]. The findings point to areas where the system as 
a whole should be improved while taking component interactions into account. In addition, two 
types of suggested configurations (pre- and post-CaL) were examined and contrasted by Kuo  
et al. [28], including a co-gasification system and a combined heat and power system. More-
over, a biomass gasification Allam cycle was designed and evaluated by Yan et al. [29] to 
help power plants use RES and reduce their carbon emissions. The impact on system efficien-
cy of using five distinct biomass feedstocks as the energy source was assessed. With vary-
ing feedstock sources, the biomass gasification Allam cycle’s net present value ranged from  
276.589-462.388 M$, indicating high financial availability. Furthermore, a thermodynamic 
analysis of an operational combined cycle for the production of electricity that incorporates a 
biomass gasification system using wood chips as the biomass in a cofiring approach was pre-
sented by Paula and Salviano [30]. The findings showed that the gas turbine compression ratio, 
steam turbine outlet pressure, input temperature, and fuel and steam flow rates have the greatest 
effects on overall energy generation.

The previous articles mainly focused on introducing the impact of blending biomass 
synthesis gas into gas turbine systems on the combustion process and pollutant emissions in the 
combustion chamber. Few scholars have focused on studying the changes in the overall system 
and main components (air compressor, combustion chamber, gas turbine, steam turbine, heat re-
covery steam generator – HRSG) of the combined cycle power plants (CCPP) after blending 
biomass synthesis gas. The research on the synergistic integration of a CCPP and biomass gasifi-
cation is still limited. When natural gas is mixed with syngas (The main components of syngas 
are H2 and CO), the energy density of H2 is much lower than that of CH4. The energy density of 
syngas is also lower than that of CH4, but higher than that of H2. For the CCPP, the changed fuel 
will affect the performance of the mass-flow rate and the temperature of the gas turbine exhaust 
gas. Additionally, the changed parameters of the exhaust gas will also affect the performance of 
the Rankine cycle (gas turbine and the HRSG). 

This study innovatively proposes a hybrid CCPP with a biomass gasification sys-
tem. Thermodynamic analysis software of ASPEN PLUS and EBSILON were used for 
co-modelling and conducting comprehensive thermodynamic analyses of the proposed hy-
brid system. The changing rules of the thermodynamic parameters varying with the mixing 
ratio are investigated by energy and exergy analysis methods. These research results not 
only provide innovative solutions and performance for the green transformation of indus-
trial energy systems, but also provide valuable references for policymakers to promote the 
resource utilization of biomass, making significant contributions to achieving sustainable 
development goals. 

System description

The case study referenced in this paper pertains to a CCPP and a biomass gasifier, 
as illustrated in fig. 1. The air is compressed in the air compressor, then burned with fuel in 
the combustion chamber, the produced gas with high pressor and high temperature is used for 
working in the gas turbine, the exhaust gas with a temperature of ~590 ℃ is sent to the HRSG 
for exchanging heat to water/steam. Meanwhile, the steam in the Rankine cycle absorbs the heat 
from the exhaust gas of the gas turbine, then expands and produces work inside the steam tur-
bine. The original fuel of the CCPP is natural gas, the syngas, mainly containing H2, CO, CH4, 
and CO2, is considered mixed with the natural gas to reduce the carbon emissions. The syngas 
is produced from a biomass gasifier with a filter and a gas compressor.
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Figure 1. Diagram of CCPP with biomass gasification: ST – steam turbine,  
GT – gas turbine, AC – air compressor, and CC – combustion chamber 

Mathematical models

The gas turbine in the CCPP consists of an air compressor, a combustion chamber, and 
a gas turbine. The actual compression power wc can be expressed [31]:
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while T1
* and T *2s [℃] are the inlet stagnation temperature and the outlet isentropic stagnation 

temperature of the compressor, cp [Jkg–1K–1] – the specific heat capacity at constant pressure, 
πc – the pressure ratio of the compressor, k – the adiabatic index, and ηc [%] – the efficiency of 
the compressor.The actual expansion work wT of the turbine is [32]:
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while T3
* and T *4s [℃] are the stagnation temperature at the inlet and the isentropic stagnation 

temperature at the outlet of the gas turbine, πT – the expansion ratio of the gas turbine, and ηT – 
the efficiency of the gas turbine.

The total mass-flow rate of fuel, ṁfuel [kgs–1], for the proposed system is the sum of 
the mass-flow rate of syngas, ṁsyngas [kgs–1], and the mass-flow rate of natural gas, ṁnatural [kgs–1]:

fuel syngas naturalm m m= +   (3)

The total output power, WT [kW] of the CCPP system is the sum of the output power 
of the gas turbine, WG [kW], and the output power of the steam turbine, WS [kW], without con-
sidering the power consumption of the water pumps:

T G SW W W= + (4)

Exergy, also known as effective energy or available energy, refers to the maximum 
useful work that a system can release when transitioning from a certain state to an environ-
mental state. Loss of entropy refers to the decrease in entropy value caused by irreversibility in 
the actual process. The energy loss reflects the decrease in energy quality and is an important 
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indicator for measuring energy utilization efficiency. The loss Ek of each major component in 
the system can be calculated [33]:

k in out( )E m E E= × − (5)
where ṁ [kgs–1] is the mass-flow rate of the fluid-flowing through the component and Ein and 
Eout [kJkg–1] are the specific exergy of the inlet and outlet of the components, respectively,

The chemical Ef of fuel can be calculated using:
f fE LHVξ= × (6)

while LHVf [kJkg–1] is the lower heating value of the fuel and ξ – the the ratio of fuel chemical 
exergy to lower heating value, which can be calculated:

0.06981.033 0.0169 y
x x

ξ  = + − 
 

(7)

where y is the number of C atoms in CH4 and x – the number of H atoms.

Model simulation and validation

The combined cycle selected in this article is the SGT5-4000F type, and the gas 
turbine is the V94.3A F-class gas turbine produced by Siemens. The waste heat boiler is a 
three-pressure reheating type, which utilizes and recovers the high temperature exhaust gas 
from the gas turbine to heat the boiler’s feedwater. The combined cycle system is modeled 
using Ebsilon software, and the main node parameters of the system are shown in tab. 1. By 
comparing the system design parameters with the simulated values, it can be concluded that the 
constructed combined cycle model is correct, as there is not much difference between the two.

Table 1. The comparison between simulated values and design values of CCPP
Items Design values Simulated values

Power output [MW] 390 390
Temperature of the high pressure steam [℃] 566 566.7
Pressure of the high pressure steam [MPa] 12.5 12.6
Temperature of the reheat steam [℃] 551 551.2
Pressure of the reheat steam [MPa] 2.99 2.91
Temperature of the low pressure steam [℃] 239 239.9
Pressure of the low pressure steam [MPa] 0.45 0.46
Mass-flow rate of the exhaust gas [kgs–1] 643 648
Temperature of the exhaust gas [℃] 90 90.9

The model of the biomass gasifier in the biomass gasification coupled gas steam com-
bined cycle system studied in this article is modeled using the large-scale general chemical pro-
cess simulation software ASPEN PLUS, and the biomass raw material is pine sawdust. During 
the simulation, the RYield module is used to simulate drying and pyrolysis at temperatures of 
150 ℃ and 600 ℃, respectively. The RStoic module is used to simulate the gasification process 
at a temperature of 1073 ℃. By adjusting the parameters of the model, the running results of the 
model are consistent with the literature values. The simulation results of the biomass gasifier 
are compared with the literature in tab. 2. By comparing the system design parameters with the 
simulated values, it can be concluded that the biomass gasifier model constructed is correct due 
to the small difference between the two.
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Table 2. The comparison between the simulation results 
of the biomass gasifier and literature

Items Simulated values [%] Reference values [%] [34]

CO 35.94 33.84
CO2 19.92 19.60
H2 40.05 39.89

CH4 4.09 6.18

Results and discussion

Herein, the thermodynamic parameters 
of the proposed system changing with the mix-
ing ratio are investigated. The mixing ratio is 
divided according to the total heat needed for 
the CCPP system. Such as, when the blending 
ratio is 5%, the heat provided by biomass gas 
replaces the heat released by 5% of natural gas.

The combustion chamber outlet tempera-
ture, T3, and the gas turbine outlet temperature, 
T4, vary with the mixing ratio, as shown in fig. 
2. It can be seen that with the mixing ratio rising, 
the outlet temperature of the combustion chamber 
increases from 1262.7-1287.1 ℃, while the out-
let temperature of the gas turbine increases from 

590.2-609.8 ℃. The reason is that biomass gas contains hydrogen, and the combustion temperature 
of hydrogen is higher than that of methane, which will increase the exhaust gas temperature.

The mass-flow rates of natural gas and syngas vary with the mixing ratio, as shown in fig. 
3. It can be seen that with the biomass mixing ratio rising (the mass-flow rate of the biomass increas-
ing from 0-17.9 kg/s), the mass-flow rate of the natural gas drops from 13.92-9.57 kg/s. Meanwhile, 
the total mass-flow rates of fuel vary with the mixing ratio as shown in fig. 4. It can be seen that the 
total mass-flow rate of the fuel increases from 13.92-27.48 kg/s. It is because the lower heating value 
of biomass gas is 11400 kJ/kg, which is much lower than that of natural gas (48913 kJ/kg).

 
Figure 3. The mass-flow rates of natural  
gas and syngas vary with the mixing ratio

Figure 4. The total mass-flow rates of  
fuel vary with the mixing ratio

Figure 2. The combustion chamber outlet 
temperature, T3, and the gas turbine outlet 
temperature, T4, vary with the mixing ratio
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The steam turbine power output varies with the mixing ratio as shown in fig. 5.  
It can be seen that with the mixing ratio rising, the steam turbine power output changes from 
135.84-136.73 MW. For the reason that a higher inlet gas temperature has a high enthalpy val-
ue, which gained the obtained energy for the steam/water in HRSG. The steam absorbs more 
heat from the exhaust gas in the HRSG, making it have a stronger ability to do work. Therefore, 
the power output of the steam turbin will increase. The gas turbine power output varies with the 
mixing ratio as shown in fig. 6. It can be seen that with the biomass gas mixing ratio rising, the 
gas turbine power output changes from 254.15-253.26 MW. For the reason that the total output 
power of the CCPP is fixed at 390 MW in our simulation. When the output power increases 
from 135.84-136.73 MW, the output power will decrease from 254.15-253.26 MW. The drop-
ping power of the gas turbine will also reduce the consumption of fossil fuel.

Figure 5. The steam and gas turbine power outputs vary with the mixing ratio;  
(a) the steam turbine power output varies with the mixing ratio and  
(b) the gas turbine power output varies with the mixing ratio

The exergy destruction of air compressor varies with the mixing ratio as shown in fig. 
6(a). It can be seen that with the mixing ratio rising, the exergy destruction of air compressor drops 
from 257.2-238.7 MW. This is because the H2 and CO contained in the biomass fuel consume 
much lower O2/air (only 1/4 of the natural gas). Therefore, with the biomass fuel mixing ratio 
rising from 0% to 30%, the air consumption rate decreases from 634.4-588.85 kg/s. In addition, 
with the air consumption rate decreasing, the amount of useful work consumed also decreases, 
thereby reducing the air compressor exergy destruction. The exergy destruction of combustion 
chamber varies with the mixing ratio as shown in fig. 6(b). It can be seen that with the mixing 
ratio rising, the exergy destruction of combustion chamber drops from 207.16-205.73 MW. The 
exergy destruction of gas turbine varies with the mixing ratio as shown in fig. 6(c). It can be seen 
that with the mixing ratio rising, the exergy destruction of gas turbine drops from 564.14-542.01 
MW. The reason why the exergy destruction of gas turbine decreases is that the components of 
air compressor and gas turbine have a single axle, and the air compressor is driven by combustion 
chamber when the inlet air drops with the mixing ratio rising, the power consumption of air com-
pressor is reduced, thus reducing the power loss of combustion chamber.

The exergy destruction of HRSG and steam turbine varies with the mixing ratio, as 
shown in fig. 7. It can be seen that with the mixing ratio rising, the exergy destruction of 
HRSG slowly increases from 192.91-193.12 MW. And the exergy destruction of steam turbine 
is slowly increasing from 155.02-156.2 MW. For the reason that the heat in the exhaust gas of 
gas turbine increased with the biomass fuel mixing ratio, thus, the exchanged heat in the HRSG 
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will also increase, thereby promoting the exergy destruction rate in the HRSG. With the ab-
sorbed heat increased for the steam, it improved the enthalpy value of steam and increased the 
workability per unit mass of working fluid, resulting in increased exergy destruction of steam 
turbine.

When renovating the fuel system of a combined cycle unit, we hope that the combined 
cycle can blend green fuels to reduce carbon emissions. After blending new fuels, we need to 
pay attention the combustion situation in the combustion chamber and grasp the changes in the 
thermal performance of the system. This study focuses on the analysis of the thermal perfor-

Figure 6. The exergy destruction of 
air compressor, combustion chamber, 
and gas turbine varies with the 
mixing ratio; (a) exergy destruction 
of air compressor  varies with the 
mixing ratio, (b) exergy destruction 
of combustion chamber varies with 
the mixing ratio, and  
(c) exergy destruction of gas turbine  
varies with the mixing ratio

Figure 7. The exergy 
destruction of HRSG and 
steam turbine varies with  
the mixing ratio
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mance of the system, which can help designers grasp the performance of the fuel system after 
modification. Due to the varying performance of different models of units after modification, it 
is necessary to further determine the actual thermal performance changes of the system through 
performance experiments in the future.

Conclusions

In this work, a hybrid CCPP with a biomass gasification system is proposed and an-
alyzed. Thermodynamic analysis software of ASPEN PLUS was used for co-modelling and 
conducting comprehensive thermodynamic analyses of the proposed hybrid system. The results 
concluded 

For the energy analysis, conclusions are as follows.
	y Because biomass gas contains hydrogen, the combustion temperature of hydrogen is higher 

than that of CH4, which will increase the exhaust gas temperature. The outlet temperature of 
the combustion chamber increases from 1262.7-1287.1 ℃, while the outlet temperature of 
the gas turbine increases from 590.2-609.8 ℃.

	y With the biomass mixing ratio rising from 0%-30%, the mass-flow rate of the natural gas 
drops from 13.92-9.57 kg/s. Meanwhile, the total mass-flow rate of the fuel increases from 
13.92-27.48 kg/s. It is because the lower heating value of biomass gas is 11400 kJ/kg, which 
is much lower than that of natural gas (48913 kg/s). 

	y With the biomass mixing ratio rising, the steam turbine power output changes from 135.84-
136.73 MW. The gas turbine power output changes from 254.15-253.26 MW. 

	y For the exergy analysis:
	y With the biomass mixing ratio rising from 0%-30 %, the exergy destruction of air 

compressor, combustion chamber, and gas turbine drops from 257.2-238.7 MW, from  
207.16-205.73 MW, and from 564.14-542.01 MW, respectively. The exergy destruction of 
HRSG slowly increases from 192.91-193.12 MW. And the exergy destruction of steam tur-
bine is slowly increasing from 155.02-156.2 MW.
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