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Abstract

:

This study focuses on an investigation of the operating performance and pollutant emission characteristics of a micro gas turbine combined cycle using biomass gas, replacing natural gas. The models of both recuperative cycle micro gas turbines with a waste heat utilization system and a micro gas-steam turbine combined cycle system are established. When the gas turbine works at 100 kW and the same types of fuel are burnt, the recuperative cycle system consumes less fuel than the gas-steam combined cycle system. The electric efficiency of the recuperative cycle system can reach more than 29%, which is higher than 24% of the gas-steam combined system. The combined cycle thermal efficiency of the recuperative system is as high as 66%, with 36% waste heat utilization efficiency. The electrical efficiency of the recuperative cycle system in the biomass gas case decreases, while that of the gas-steam combined cycle system undergoes little change. When the gas turbine power output increases from 50 kW to 100 kW, the electrical efficiency and combined cycle thermal efficiency increases, but the thermal efficiency of waste heat utilization of recuperative cycle decreases, the NOX and SO2 emissions gradually rise. Under the same working conditions, the NOX emissions of the recuperative cycle system are greater than that of the steam-gas combined cycle system.
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1. Introduction


A micro gas turbine is a kind of power device with a single power range of 25–300 kW. Its basic characteristics are good fuel flexibility, low emissions, high power density and low maintenance costs, etc. It is often used in small distributed power generation and co-generation systems, and is one of the most promising energy technologies of the 21st Century [1]. The fuel of micro gas turbines is usually natural gas. Due to the low sulfur content in natural gas, SO2 has a very small concentration in flue gas, and the pollutants are mainly NOX [2].



The micro gas turbine system can be divided into a simple cycle system, a recuperative cycle system, a reheat cycle system, an intermediate cooling cycle system, and a combined cycle system according to different thermal cycles.



The combined cycle system includes a gas-steam combined cycle system, a combined heat and power generation system, etc. A micro gas turbine combined power generation system has many advantages in terms of energy efficiency, environmental friendliness, and economic performance.



Rocha et al. [3] conducted full load and part load performance tests on the triplet power generation pilot plant based on a micro-turbine, and the experimental results showed that the power generation efficiency of the triplet power generation system with natural gas as fuel was 22.6%, and the energy utilization coefficient of the system reached 56.3%. Rosato et al. [4] evaluated the dynamic performance of the natural gas micro turbine co-generation system, and the results showed that, compared with a traditional system consisting of a natural gas boiler (which produces heat) and a central State grid (which produces electricity), the micro gas turbine co-generation system had a 13.4% reduction in primary energy consumption and an 18.9% reduction in CO2 equivalent emissions. Co-generation systems have a cost advantage of up to 20.9% over conventional systems in terms of gas consumption. Pehnt [5] evaluated the impact of micro co-generation distributed energy systems on the environment. The results showed that the micro gas turbine co-generation system had an advantage over the gas-fired power plants in terms of greenhouse gas emissions.



Biomass gasses (including biogas, straw gas, pine gas, etc.) are mainly made from crop straw, forestry waste, edible fungus residue, livestock feces, sewage sludge, and other substances containing biological bodies as raw materials via pyrolysis or gasification decomposition at high temperatures. At present, many experts have conducted in-depth research on biomass utilization. Tamer et al. [6] verified the development model based on experimental data, where peach pits were used as biomass in gasifiers; the data obtained were critical for the potential use of these biomass energy sources. Grace et al. [7] evaluated the value pathway through the pyrolysis and gasification of Brazilian stone fruit seeds in a study of syngas performance. The gas quality of the generator was improved. Rafael et al. [8] used waste materials such as corn cob and rice husk as raw materials to study the influence of mixing ratios on the low calorific value of syngas. The results provided a reference for the better utilization of biomass gas. Oisín et al. [9] studied and analyzed the application of biological waste resources in a small gasification plant to the cogeneration system using thermodynamic models, and confirmed the potential application of biological waste to power generation and heating from the grid.



Although biomass energy has the advantages of wide distribution, large reserves, and easy access, its energy distribution is characterized by decentralized distribution, limited by collection and transportation costs, a small economic collection radius, and low economic efficiency of large-scale centralized biomass energy utilization models [10]. The application of biomass energy in micro gas turbine distributed generation has become one of the main bio-energy utilization schemes. On the other hand, biomass is a renewable energy and, as a substitute for fossil fuels, can reduce environmental pollution caused by fossil fuel combustion. Therefore, the use of bio-fuels in gas turbines has attracted the attention of many researchers [11].



The application of biomass gas to the micro gas turbine system is feasible in theory. Wang [12] showed that when fuel with low heating value was used, according to the Friuli Greig formula, the compressor was kept running at the operating condition point and the turbine flow rate was increased by reducing turbine inlet temperature to ensure the safe operation of the gas turbine. This can not only effectively improve the utilization efficiency of biomass, but also provide more choices for the micro gas turbine fired by natural gas. Sara et al. [13] studied the environmental impact of using bio-methane from organic waste generated by residential buildings to provide energy for a group of residential buildings in the distributed generation mode, which provided references and suggestions for the development of micro-gas turbines still under development. Nikpey et al. [14] conducted experimental research on the operating performance of a 100 kW micro gas turbine under full and partial loads with different proportions of natural gas and biogas mixture as fuel. The results showed that, compared to natural gas, the operating parameters, such as electrical efficiency, pressure ratio, and compressor outlet temperature, underwent no obvious change. A large number of studies have proved the feasibility of the application of biomass gas in micro gas turbine combined power generation systems, and have constantly promoted research progress.



The use of simulation software for biomass gas used in the processes of power generation systems by gas microturbines is a feasible and efficient method. System models of biomass gasification and integrated micro gas turbine power generation have been established, and simulations have been carried out, acquiring the main performance index of gas turbine systems [15,16]. When a gas turbine uses biomass gas fuel with different heating values, the change in fuel composition will affect its safe operation, so it is very important to analyze the operation performance of a gas turbine burning different biomass gasses. Cáceres et al. [17] established a dynamic model of a biogas micro gas turbine system for distributed power generation, and the results showed that biogas can be used as fuel in natural gas micro turbines, and the average electric efficiency can reach 33%. Somehsaraei et al. [18] analyzed the influences of biogas on engine performance under different working conditions by changing the power demand. Compared with natural gas fuel, the mass flow rate, pressure ratio, and electric efficiency of gas turbines were reduced, and electric efficiency was further reduced when the methane fraction in biogas decreased. In the grid-connected operation of the unit, the operation output is adjusted according to the demand of the power grid. Therefore, research on the partial load operation characteristics of the gas turbine is of great significance to the optimization of the combined cycle system of the gas turbine. Kim [19] explored the variation rule of operation performance of the recuperative cycle gas turbine under partial load. The results showed that the inlet and outlet temperatures of the turbine and the power generation efficiency of the gas turbine decreased with the decrease in power output. Caresana et al. [20] reported the experimental results of the co-generation of a 100 kW gas turbine and the operation results of partial power and heat loads. Tests showed that thermal priority operation is the most efficient mode, while co-generation with power priority is the least efficient mode. The maximum thermal power recovered is about 160 kW, and the thermal efficiency and total efficiency are about 44% and 74%, respectively. Thu et al. [21] analyzed a mini gas turbine co-generation system with a power of 65 kW and a waste heat recovery system of 112 kW, and conducted experiments on various power demands during part load and full load operations. The results presented strongly suggested that micro gas turbines should operate at full power output.



The study of pollution discharge is helpful to the development of environmental protection. The pollutants of micro gas turbines mainly come from the combustion reaction between fuel and O2 in the combustion chamber, and are mainly affected by fuel composition, combustion chamber temperature, excess air coefficient and other parameters. Chiariello et al. [22] studied pollutant emission characteristics of micro gas turbines burning pure vegetable oil and fossil fuel mixtures. The experimental results of five kinds of fuel fired under two different operating conditions show that there is no significant difference in CO and NOx emissions from micro turbines. Rabou et al. [23] found that the emissions of CO, un-burned hydrocarbons and NO are very low when power output exceeds 70%. Zhao et al. [24] proposed measures such as appropriately increasing the excess air coefficient to reduce NOX emission concentration at the combustion chamber outlet without affecting combustion efficiency.



At present, in terms of the micro gas turbine and its combined power generation, research has mainly focused on the use of natural gas, biogas, and a mixture of natural gas and biogas, while there have been few studies on the use of biomass gas as a fuel for the micro gas turbine. In addition, a comparative analysis of the operational performance and pollutant emission laws of natural gas, biogas, and biomass gas in different micro gas turbine combined cycle systems under partial load conditions also requires further research and discussion.



Based on a T100 micro gas turbine, the recuperative cycle micro gas turbine power generation model and gas-steam combined power generation model have been established. Natural gas was used as fuel to verify the reliability of the model. The performance differences of both combined cycle systems with different fuel gasses were analyzed, and the operational performance and pollutant emissions under partial load conditions were studied.




2. The System and Modeling


2.1. The Combined Cycle Systems


The micro gas turbine system model is established based on Aspen software. In this paper, the aspen software modules required for system simulation are introduced as shown in Table 1.



The biomass gas micro-turbine combined power generation system studied in this paper mainly includes: a recuperative cycle micro gas turbine with waste heat utilization system and a micro gas-steam turbine combined power generation system. The flow charts of both systems are shown in Figure 1 and Figure 2.



It can be seen from Figure 1 that the recuperative cycle micro gas turbine system is mainly composed of the micro gas turbine, a recuperator, an exhaust heat exchanger, and other components. Its operating process is as follows: the air is compressed by the compressor (Compr) and then enters the recuperator (Heater) as the temperature rises. Both the air and fuel enter the combustor (RGibbs), and react to generate high-temperature and high-pressure gas, which enters the turbine (Compr) to generate. The gas from the turbine (Compr) outlet enters the recuperator (Heater) for heating air from the compressor (Compr), and then the discharged flue gas enters the exhaust heat exchanger (MHeatX) for further heating of the water supply, where the water absorbs the exhaust gas’s heat and becomes hot water.



The parameter setting of the exhaust heat exchanger (MHeatX): due to the high temperature of the flue gas at the outlet of the recuperator (Heater), the temperature range is 200 °C~300 °C, which can be used to recover this part of the heat. The outlet hot water temperature of the feed water exhaust heat exchanger (MHeatX) is set at 70 °C [25], the feed water pressure at 0.6 Mpa, and the smoke exhaust temperature at 100 °C by changing the feed water flow.



It can be seen from Figure 2 that the micro gas-steam combined cycle system is mainly composed of a micro gas turbine, an exhaust heat exchanger, a steam turbine, and other components. An exhaust heat exchanger (MHeatX) directly generates steam at a certain temperature and pressure by using the heat in the flue gas, and the steam flows into a turbine (Compr), thus driving a generator to generate electricity.



The outlet steam parameters in the exhaust heat exchanger (MHeatX) need to match the settings of the steam turbine (Compr) design parameters. When the operating condition of the gas turbine (Compr) changes, the mass flow rate of the superheated steam generated and the output power will be affected. The steam turbine (Compr) used is the micro steam turbine of N0.07–1.27 and N0.05–1.27, for which the output power is between 30–50 kW. The feed water pressure is set to 1.27 MPa, and the feed water temperature is set at 15 °C. The mass flow rate of water can be changed to maintain the temperature of steam working at 300 °C. In order to consider the safety of variable working conditions, the end difference of the exhaust heat exchanger should be ensured to be no less than 40 °C, and the minimum exhaust temperature should be no less than 90 °C [26], therefore, the exhaust temperature of the exhaust heat exchanger should be set at 100 °C.



The main parameter settings of the recuperative gas turbine combined cycle system are shown in Table 2(a), most input parameter settings of the micro gas-steam combined cycle are the same as the recuperative gas turbine combined cycle system, but there are still some differences, which are shown in Table 2(b).




2.2. System Performance Index


According to the energy flow chart, and considering the energy input and loss of each part, the following calculation formula is listed.



When the sensible heat of fuel is ignored, the heat brought into the system by fuel (Qr) is the product of mass flow rate (Gr) and the lower heating value of fuel (LHVgas), and it can be calculated as follows:


   Q r  =  G r  × L H  V  gas    



(1)







Gas turbine power generation (Pg) is the difference between gas turbine output power (Pgt) and compressor loss power (Pgc), and its calculation formula is as follows:


   P g  =  P  gt   −  P  gc    



(2)







Gas turbine power generation efficiency (η1) is the ratio of a gas turbine power generation (Pg) to fuel energy entering the gas turbine system (Qr), and the gas turbine power generation efficiency is defined as follows:


   η 1  =    P g     Q r    × 100 %  



(3)







The flue gas at the outlet of the recuperator still has a certain temperature, which can be used to heat cold water and supply hot water. The heat (Qw) is the product of the mass flow rate of water supply (Gw) and the enthalpy difference between hot water (hout) and cold water (hin), which is expressed as follows:


   Q w  =  G w  ×  (   h  out   −  h  in    )   



(4)







The thermal efficiency of waste heat utilization (η2) is the ratio of the heat recovered from waste heat (Qw) and the energy of fuel entering the gas turbine system (Qr), and the thermal efficiency of waste heat utilization is represented as follows:


   η 2  =    Q w     Q r    × 100 %  



(5)







The combined efficiency of recuperative cycle (η3) is the ratio of the sum of gas turbine power generation (Pg) and heat recovery and utilization (Qw) of the energy of fuel entering the gas turbine system (Qr), and it can be formulated as:


   η 3  =    P g  +  Q w     Q r    × 100 %  



(6)







The combined efficiency of the gas-steam combined cycle (η4) is the ratio of the sum of the output power of the gas turbine (Pg) and the output power of the steam turbine (Ps) to the energy of the fuel entering the gas turbine system (Qr), and the formulas are as follows:


   η 4  =    P g  +  P s     Q r    × 100 %  



(7)








2.3. Pollutant Generation Calculation


Gas turbine flue gas pollutant emission characteristics, mainly associated with the combustion process and fuel characteristics, and major influencing factors include fuel and air mass flow rate, the gas turbine load, temperature, and the combustion product in the retention period of the high temperature combustion chamber.



The combustion process in the gas turbine is a process of oxygen enrichment, and exhaust pollutants mainly include NOx, SO2, etc.



NOX emitted by gas turbines mainly belongs to thermal NOX, which is mainly affected by the temperature of the combustion chamber. The SO2 emission of the gas turbine is mainly determined by the total sulfur in fuel.



The concentration of NO (ρNO) can be calculated by (in this paper, the concentration of NOX in dry flue gas when the oxygen content is 15% of the standard state):


   ρ  NO   =  φ  NO   ×   21 − 15   21 −  φ   O 2      ×   10  6   



(8)







The concentration of NO2 (   ρ    NO  2     ) can be defined as follows:


   ρ    NO  2    =  φ    NO  2    ×   21 − 15   21 −  φ   O 2      ×   10  6   



(9)







The concentration of SO2 (   ρ    SO  2     ) can be calculated by (the concentration of SO2 should not be corrected to 15% O2, that is, the measured concentration is adopted instead of being converted according to oxygen [27]):


   ρ    SO  2    =  φ    SO  2    ×   10  6   



(10)








2.4. Fuel Analysis


In this paper, the fuel gasses are selected as natural gas [28], biogas [29], pine gas [30], and straw gas [31], in which pine gas and straw gas are from biomass gasification under the condition of the optimal air-fuel ratio. The main fuel gas composition analysis is shown in Table 3.




2.5. Assumptions and Study Cases


In the simulation process, the following assumptions have been considered:




	
The ambient temperature was set at 15 °C and the atmospheric pressure was set to 101.325 kPa. The compressor operated at its working point with the steady air mass flow rate and the unchanged compressor pressure ratio.



	
The power output of MGT changed with the fuel mass flow rate, accordingly, the other important parameters had their values at different power load cases.



	
The types of fuel studied included natural gas, biogas, straw gas, and pine gas, which have different heating values. The power output should be kept as 100 kW, 90 kW, 70 kW, and 50 kW. The operation performance and combustion emissions of both gas turbine combined cycle systems at different cases will be studied in the following sections.










3. Results and Analysis


3.1. Validating the Model


To validate the reliability of the recuperative cycle micro gas turbine model, using natural gas as fuel, the simulation results were compared with T100 design parameters. The results indicate that the recuperative cycle micro gas turbine model can calculate the operating performance parameters with high accuracy, and the error of most samples is substantially less than 1%. The comparison results are shown in Table 4.




3.2. Influence of Biomass Gas Types on Combined Cycle Performance


Based on the system models built, four types of fuel are used to study the combined cycle performance. When the gas turbine power output reaches 100 kW, the operating parameters and performance are observed as presented in Table 5 and Figure 3 and Figure 4.



It can be seen from Table 5, for the same types of fuel, when the power output is at 100 kW, the fuel consumption of the recuperative cycle system is far less than that of the gas-steam combined cycle system. However, there is little difference in the gas flow rate between both systems. Both fuel flow rate and gas flow rate increase with the decline in lower heating value. In the recuperative cycle system, the fuel flow of the natural gas system and gas flow are 0.0074 kg/s and 0.7908 kg/s, respectively. The fuel flow of the biomass gas system expanded by 1.42 times, 7.23 times, and 7.04 times, respectively, while the gas flow rate rose only 1.33%, 6.75%, and 6.59%. In the gas-steam combined cycle system, the fuel flow rate and gas flow rate of the natural gas system are 0.0148 kg/s and 0.7982 kg/s, respectively. The fuel flow rate of biomass gas systems increases 1.41 times, 6.61 times, and 7.44 times, respectively, while the gas flow rate rose only 2.62%, 12.27%, and 11.94%.



When the same fuel is used and the gas turbine output power is the same, the combustor outlet temperature and turbine outlet temperature of the recuperative cycle system are higher than those of the gas-steam combined cycle system.



In the recuperative cycle system, the combustor outlet temperature and turbine outlet temperature of the natural gas system are the highest, at 1233.7 K and 949.84 K, respectively, while both the combustor outlet temperature and turbine outlet temperature of the biomass gas system gradually decrease, and the combustor outlet temperature reduces by 11.10 K, 64.40 K, and 64.60 K, respectively. The turbine outlet temperature drops 7.61 K, 49.90 K, and 50.20 K, respectively. In the gas-steam combined cycle system, the combustor outlet temperature and turbine outlet temperature of the natural gas system are the highest, at 1183.8 K and 906.54 K, respectively, while the combustor outlet temperature and turbine outlet temperature of the biomass gas system gradually decrease, and the combustion chamber outlet temperature reduces by 20.80 K, 104.90 K, and 105.1 K, respectively. The turbine outlet temperature becomes less than 14.33 K, 81.82 K, and 82.21 K respectively.



A recuperator is added to the recuperative cycle system, which can recover and utilize the flue gas heat of the turbine to raise the air temperature, so as to facilitate the combustion reaction in the combustor, resulting in a higher combustor temperature and smaller fuel flow.



When biomass fuel replaces natural gas fuel, biomass gas contains more inert gases, which is not conducive to the combustion reaction, while natural gas has a higher heating value, so the combustion reaction degree in the combustor is higher than that of biomass gas, so the required natural gas flow rate is also lower than that of biomass gas.



Figure 3 is the efficiency of the recuperative cycle with different types of fuel. The power generation efficiency (η1) gradually declines with the decrease of heating value of the fuel. The efficiency (η1) in natural gas case can reach 30.23%, while the efficiency (η1) of biomass gas cases is reduced by 0.32%, 1.22%, and 1.22%, respectively. The thermal efficiency of waste heat utilization (η2) shows a trend of rising first and then decreasing. The thermal efficiency of gas turbine waste heat utilization (η2) for the natural gas is 36.24%, and those of biomass gas systems increases by 0.05%, 0.67%, and 0.66%, respectively. The thermal efficiency of the combined cycle system (η3) shows a decreasing trend. The combined cycle thermal efficiency (η3) for the natural gas case is 66.48%, and those of the biomass gas cases are reduced by 0.12%, 0.56%, and 0.57%, respectively.



Figure 4 is the power output and electrical efficiency of the gas-steam combined cycle system (η4) with different types of fuel.



The power output of the gas-steam turbine system consists of a gas turbine output of 100 kW and a steam turbine output (ranging from 30 kW to 70 kW). When different fuels are used, the power generation efficiency of the gas-steam turbine system is mainly determined by the ratio of the sum of the 100 kW gas turbine and steam turbine output power to the total input energy of the system.



The electrical efficiency (η4) decreases first and then increases. The electrical efficiency (η4) for the natural gas case is 24.40%, and that of the biomass gas cases is improved by −0.10%, 0.37%, and 0.39%, respectively. The power output of the natural gas system is 162.64 kW, and those of the biomass gas systems are reduced by 0.21 kW, 4.41 kW, and 4.50 kW, respectively.



When the same fuel is used, the power generation efficiencies of the recuperative cycle gas turbine (η1) are higher than that of steam-gas combined cycle system (η4), which are only 24.44%, 24.34%, 24.77%, and 24.79%, respectively.



Since the recuperative cycle gas turbine adds a heating water system, the thermal efficiency of the system is further improved. Although the combined cycle gas turbine system is less efficient, it provides more high grade electric energy. When different types of fuel are used, the output power of the recuperative cycle gas turbine system is 100 kW, while those of the steam-gas combined cycle systems are 162.64 kW, 162.43 kW, 158.23 kW, and 158.14 kW, respectively.



When biomass gas is used instead of natural gas, the fuel flow is larger and the combustor temperature is lower, which ultimately leads to the decrease in gas turbine efficiency.




3.3. Performance Analysis under Partial Load Conditions


The different gas turbine load can be acquired though adjusting the fuel mass flow rate, at the same time, the relevant parameters accordingly change. When the gas turbine load increases from are 50 kW to 100 kW, the operational performance and main parameters are shown in Figure 5 and Figure 6.



It can be seen from Figure 5 that when different kinds of fuel are used, the efficiency (η1) of the gas turbine in the recuperative cycle system increases with the increase in the load. The power generation efficiency (η1) of the natural gas system expands from 18.03% to 30.24%, and those of the biomass gas system changes from 17.83%, 17.30%, and 17.30% to 29.90%, 29.01%, and 29.01%, respectively.



The waste heat utilization efficiency (η2) of the recuperative cycle system decreases with the increase in the load. The waste heat utilization efficiency (η2) of the gas turbine using the natural gas dropped from 43.06% to 36.24%, and those using biomass gas dropped from 43.02%, 43.42%, and 43.43% to 36.30%, 36.91%, and 36.90%, respectively.



In the process of load increase, although the flue gas temperature at the gas turbine outlet significantly changes, the flue gas flow increases relatively little, so the recoverable heat in the flue gas slightly increases. With the increase in load, the energy into the gas turbine system significantly increases. Comparing both values, the latter increases more, in that the waste heat utilization efficiency shows a decreasing trend with the increase in load.



The combined cycle thermal efficiencies (η3) of the recuperative cycle system magnify with the rise in the load, which goes up from 61.90% to 66.48% for natural gas and from 60.85%, 60.72%, and 60.73% to 66.20%, 65.92%, and 65.91% for biomass gas, respectively.



It can be seen from Figure 6 that when different kinds of fuel are used, the combined cycle electric efficiency of the gas-steam gas turbine system (η4) increases with the increase in load.



The change curve of the power generation efficiency of the gas-steam turbine system with the load is mainly calculated based on the ratio of the sum of the output power of the gas turbine and the steam turbine to the total input energy of the system when the output power of the gas turbine increases from 50 kW to 100 kW.



With the load increasing from 50 kW to 100 kW, the combined cycle electric efficiency (η4) of natural gas system expands from 20.40% to 24.44%, and the combined cycle electric efficiency (η4) of biomass gas systems expands from 20.32%, 20.53%, and 20.55% to 24.34%, 24.77%, and 24.79%, respectively.




3.4. Pollutant Emission


When the gas turbine load increases from 50 kW to 100 kW, the emissions of NO, NO2 and SO2 change with the fuel types. The change processes are shown in Figure 7.



Due to the denitrification and nitrogen reduction technologies used in the actual gas turbine operation, such operations are not carried out in the simulation process, and due to the limitations of the simulation process itself, the simulation data and the design data are biased. This paper focuses on the analysis of NOX emissions with unit load variation law.



Figure 7a is the NO emissions chart of the gas turbine system under partial load operation. It can be seen that, in both systems, the increase in load leads to the gradual rise in combustor outlet temperature, which results in the increase of NO emissions. In the recuperative cycle system, the combustor outlet temperature for the natural gas case is the highest, and its NO emission is the largest, while the combustion chamber outlet temperature of the pine gas system is the lowest, and NO emission is the smallest.



In the recuperative cycle system, with the rise in load, NO emissions increase. For the natural gas system, the NO emission at 50 kW is 75.91 ppm, which goes up with an increase in load and reaches 452.97 ppm at 100 kW power load. For the biomass gas system, the NO emissions at 50 kW are 65.51 ppm, 40.68 ppm, and 40.25 ppm, respectively, which rise with an increase in the power load and reach 393.31 ppm, 248.84 ppm, and 246.2 ppm at 100 kW power load, respectively.



In the gas-steam combined cycle system, for the natural gas system, the NO emission at 50 kW is 31.55 ppm, which goes up with an increase in the power load and reaches 141.76 ppm at 100 kW power load.



For the biomass gas system, the NO emissions at 50 kW are 26.14 ppm, 14.78 ppm, and 14.63 ppm, respectively, that improve with the increase in power load and reach 114.18 ppm, 59.36 ppm, and 58.75 ppm at 100 kW power load, respectively.



When the same fuel is used and at the same load, the combustor temperature of the gas-steam combined cycle is much lower than that of the recuperative cycle system, so the NO emission is smaller. When straw gas and pine gas are used in both systems, NO emissions are relatively close, because the exit temperature of the combustor is almost the same when they are used in both systems.



Figure 7b shows the NO2 emission chart under partial load operation.



NO accounts for more than 95% of NOX generated in the gas turbine combustion process. Under the condition of the full mixing of air and fuel, the production of NO2 is small. NO2 is mainly generated through the reaction of NO and HO2 [32], and NO2 is easy to decompose and generates NO. Therefore, in the process of gas turbine combustion, the production of NO2 is not only far less than that of NO, but also gently increases with the increase of load.



In the recuperative cycle system, with the rise of power load, NO2 emissions increase. For the natural gas system, the NO2 emission at 50 kW is 7.25 ppm, and it reaches 11.91 ppm at 100 kW power load. For the biomass gas system, the NO2 emissions at 50 kW are 6.58 ppm, 5.32 ppm, and 5.26 ppm, respectively, and reach 10.84 ppm, 8.85 ppm, and 8.76 ppm at 100 kW power load, respectively.



In the gas-steam combined cycle system, for the natural gas system, the NO2 emission at 50 kW is 3.64 ppm, and reaches 4.32 ppm at 100 kW power load. For biomass gas system, the NO2 emissions at 50 kW are 3.28 ppm, 2.75 ppm, and 2.73 ppm, respectively, and reach 3.83 ppm, 3.23 ppm, and 3.19 ppm at 100 kW power load, respectively.



The replacement of natural gas fuel by biomass gas leads to the reduction of combustor temperature, which is conducive to the reduction of NOX emissions, thus reducing environmental pollution.



It can be seen from Figure 7c that the SO2 emission of pine gas is much higher than that of straw gas, because the sulfur content of the pine gas is greater than that of straw gas. With the increase in load, the increase in fuel flow and combustor temperature leads to increasing SO2 emissions.



With the increase in power load, SO2 emissions increase. For the recuperative cycle system, the SO2 emission at 50 kW is 7.44 ppm, 20.29 ppm, respectively, and reaches 23.63 ppm, 96.28 ppm at 100 kW power load. For the gas-steam combined cycle system, the SO2 emissions at 50 kW are 6.73 ppm, 27.38 ppm, respectively, and reach 33.14 ppm, 134.83 ppm at 100 kW power load.



As the components of biomass gas contain S element, SOX pollutants that cannot be generated by natural gas fuel are generated. Before burning biomass gas, SOX emissions can be reduced by using a simple desulfurization device.





4. Conclusions


The main objectives of this work were to investigate the operational performance and pollutant emissions of biomass gas (biogas, pine gas, and straw gas, etc.) when applied in the recuperative cycle system and the gas-steam combined cycle system. The developed model was found to be reliable and able to predict, with high accuracy, the performance parameters of the micro gas turbine system under different operational conditions.



(1) When the output power of the micro gas turbine is 100 kW, the fuel consumption of the recuperative cycle system is much lower than that of the gas-steam combined system. The outlet temperature of the combustion chamber of the recuperative cycle system is higher than that of the gas-steam combined system, and its electrical efficiency can reach 29%, which is more than 24% of the gas-steam combined system.



(2) When using biomass gasses instead of natural gas, under the same output power condition, the biomass gas mass flow rates required by the two systems increase by more than 1 to 7 times, but the gas flow only increases by 1.01~1.06 times (recuperative cycle system) and 1.02~1.12 times (gas-steam system). Compared with the natural gas system, both the combustion chamber outlet temperature and the electrical efficiency of the recuperative cycle system of biomass gas system accordingly decrease, while the electrical efficiency of the gas-steam combined cycle system changes little or slightly increases. The exhaust heat of the turbine in the recuperative cycle system is further utilized to improve the total thermal efficiency of the system. Whether using natural gas or biomass gas, the waste heat utilization efficiency of the recuperative cycle can reach 36%.



(3) With the decline of load, the electrical efficiency of the recuperative cycle system decreases, but the thermal efficiency of waste heat utilization increases. The waste heat utilization efficiencies of the biomass gas system are slightly higher than that of the natural gas system. The combined cycle thermal efficiency of both systems decreases with the decline in load.



(4) Under all working conditions, NOX emission at a higher outlet temperature of the combustion chamber is larger, so NOX emission of the recuperative cycle system is greater than that of the steam-gas combined cycle system, and the NOX emission gradually decreases when the biomass gas replaces the natural gas system. The influence of temperature on SO2 emissions is less than that of the sulfur content.
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Nomenclature




	Symbol
	Significance



	    Q r    
	The heat of fuel entering the gas turbine system (kJ/s)



	    G r    
	Fuel mass flow rate (kg/s)



	   L H  V  gas     
	The lower heating value of fuel (kJ/kg)



	    P g    
	Gas turbine output power (kW)



	    P  gt     
	Turbine output power (kW)



	    P  gc     
	Compressor loss power(kW)



	    η 1    
	The power generation efficiency of gas turbine (%)



	    Q w    
	The heat of waste heat recovery and utilization (kJ/s)



	    G w    
	Mass flow of water supply (kg/s)



	    h  in     
	The enthalpy of cold-water inlet (kJ/kg)



	    h  out     
	The enthalpy of hot-water outlet (kJ/kg)



	MGT
	Micro gas turbine



	GSCC
	Gas-steam combined cycle



	    η 2    
	The thermal efficiency of waste heat utilization (%)



	    η 3    
	The combined cycle efficiency of recuperative cycle (%)



	    η 4    
	The electric efficiency of gas-steam combined cycle (%)



	    P s    
	The output power of steam turbine (kW)



	    ρ  NO     
	The concentration of NO in dry flue gas at turbine outlet (ppm)



	    φ  NO     
	The measured volume content of NO in dry flue gas (%)



	    φ   O 2      
	The measured oxygen content in dry flue gas (%)



	    ρ    NO  2      
	The concentration of NO2 in the dry flue gas at the turbine outlet (ppm)



	    φ    NO  2      
	The measured NO2 volume content in dry flue gas (%)



	    ρ    SO  2      
	The concentration of SO2 in the dry flue gas at the turbine outlet (ppm)



	    φ    SO  2      
	The measured volume content of SO2 in dry flue gas (%)



	EHE
	Exhaust heat exchanger
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Figure 1. Flow chart of recuperative cycle micro gas turbine system. 
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Figure 2. Flow chart of micro gas-steam combined cycle system. 
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Figure 3. Efficiency diagram of recuperative cycle system. 
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Figure 4. Efficiency diagram of micro gas-steam combined cycle system. 
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Figure 5. Partial load operation efficiency chart of recuperative cycle. 
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Figure 6. Partial load operation efficiency chart of gas-steam cycle. 
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Figure 7. NOx and SO2 emissions of combined cycle systems at different loads. (a) NO emissions of combined cycle systems at different load cases; (b) NO2 emissions of combined cycle systems at different load cases; (c) SO2 emissions of combined cycle systems at different load cases. 
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Table 1. An introduction to the modules required to simulate the process.
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	The Module
	Instructions
	Purpose
	Function





	Compr
	Compressor or turbine
	Compressor or turbine. The logistics pressure can be changed when the pressure, power demand or performance curve is known
	Compressor, gas-steam turbine



	RGibbs
	Balance balancing reactor
	Gibbs minimum free energy is used to calculate chemical equilibrium and phase equilibrium
	Fuel and air combustion reaction generating module



	Heater
	Heater or cooler
	Determine the thermal and phase conditions
	Heat exchanger, heating the inlet air of the combustor



	MHeatX
	Multi-flow heat exchanger
	Any number of logistics of heat exchanger
	Recycle waste heat from flue gas to heat water supply or produce steam



	Pumb
	Pump or hydraulic turbine
	The logistics pressure can be changed when the pressure, power demand or performance curve is known
	Feed water to exhaust heat exchanger
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Table 2. (a). Main parameters of recuperative cycle micro gas turbine system. (b). Main parameters of gas-steam combined cycle system.
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(a)




	
Components

	
Input Parameters

	
Values




	
Inlet

	
Air temperature (°C)

	
15




	

	
Air pressure (atm)

	
0.99




	

	
Pressure loss (%)

	
1




	
Compressor

	
Pressure ratio

	
4.5




	

	
Mechanical efficiency (%)

	
98




	

	
Isentropic efficiency (%)

	
76.8




	
Recuperator (Air side)

	
Pressure loss (%)

	
2




	
Combustor

	
Pressure loss (%)

	
3




	

	
Heat loss (%)

	
2




	
Gas Turbine

	
Turbine exhaust pressure (atm)

	
1.06259




	

	
Mechanical efficiency (%)

	
98




	

	
Isentropic efficiency (%)

	
80.5




	
Recuperator (Gas side)

	
Pressure loss (%)

	
2




	

	
Recuperator effectiveness

	
0.9




	
EHE

	
Pressure loss (%)

	
3




	

	
Heat loss (%)

	
10




	
(b)




	
Components

	
Input Parameters

	
Values




	
Gas Turbine

	
Turbine exhaust pressure (atm)

	
1.0412




	

	
Mechanical efficiency (%)

	
98




	

	
Isentropic efficiency (%)

	
80.5




	
Steam Turbine

	
Steam pressure (MPa)

	
0.06




	

	
Mechanical efficiency (%)

	
98




	

	
Isentropic efficiency (%)

	
80.5
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Table 3. Fuel gas composition.
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Fuel Type

	
Mole Fraction/%

	
Lower Heating Value/(kJ/kg)




	
N2

	
H2

	
CO

	
CO2

	
CH4

	
C2H6

	
C3H8

	
C4H10

	
S






	
Natural gas

	
1.92

	
-

	
-

	
2.73

	
94.70

	
0.55

	
0.08

	
0.02

	
-

	
44,871.69




	
Biogas

	
-

	
-

	
-

	
38.00

	
62.00

	
-

	
-

	
-

	
-

	
18,679.59




	
Pine gas

	
42.06

	
24.80

	
23.88

	
8.46

	
0.65

	
-

	
-

	
-

	
1.60 × 10−3

	
5794.64




	
Straw gas

	
42.10

	
22.46

	
26.50

	
8.42

	
0.48

	
-

	
-

	
-

	
4.98 × 10−4

	
5665.12
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Table 4. Comparison between T100 design parameters and simulated values.
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	Compare the Project
	Design Value
	Simulation Value
	Relative Error/%





	Compressor pressure ratio
	4.5
	4.5
	0



	Combustor outlet temperature/K
	1223.15
	1234.67
	0.94



	Gas mass flow rate/kg/s
	0.79
	0.79
	0



	Output power/kW
	100
	100
	0



	Power generation efficiency/%
	30.00
	30.21
	0.7
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Table 5. Combined cycle operating parameters of different types of fuel.
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System

	
Fuel Type

	
Fuel Mass Flow Rate

	
Combustor Temperature

/(K)

	
Gas Mass Flow Rate

/(kg/s)

	
Turbine Outlet Temperature

/(K)






	
Recuperative

cycle

system

	
natural gas

	
0.0074

	
1233.7

	
0.7908

	
949.84




	
biogas

	
0.0179

	
1222.6

	
0.8013

	
942.23




	
straw gas

	
0.0609

	
1169.3

	
0.8442

	
899.94




	
pine gas

	
0.0595

	
1169.1

	
0.8429

	
899.64




	
Combined

gas-steam

cycle

system

	
natural gas

	
0.0148

	
1183.8

	
0.7982

	
906.54




	
biogas

	
0.0357

	
1163.0

	
0.8191

	
892.21




	
straw gas

	
0.1127

	
1078.9

	
0.8961

	
824.72




	
pine gas

	
0.1101

	
1078.7

	
0.8935

	
824.33
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