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Abstract

:

This work focuses on the energy and economic evaluation of a power generation system composed of a downdraft gasifier and gas microturbine. The gasification process was studied using wood pellets as fuel, while the influence of two gasification agents (air and oxygen-enriched air) on parameters, such as low heating value (LHV), composition, and yield of syngas, were analyzed. The syngas produced from oxygen-enriched air gasification in a downdraft gasifier had an LHV higher than 8 MJ/Nm3, being suitable to be supplied in the gas microturbine. Subsequently, syngas use in the gas microturbine was evaluated, and the results demonstrated that microturbine efficiency dropped from 33.00% to 21.35%, while its power decreased from 200 kW to 81.35 kW. The power generation system was modeled using Aspen Plus® v 11.0 software and validated using results obtained from published experimental studies. Accordingly, the integrated generation system presented an overall efficiency of 11.82% for oxygen-enriched air gasification cases. On the other hand, an economic assessment through risk analysis using Monte Carlo simulations was performed using Crystal Ball® v11.1.2.4.850 software. The economic results indicated that the implementation of a generation system was economically unfeasible, however, if the electricity rate price was increased by 63%, the proposed configuration could be feasible.
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1. Introduction


The world energy scenario presents a progressive growth in demand due to economic and population expansion, which implies a substantial increase in fossil fuel consumption that harms the environment and compromises the quality of life of current and future generations [1]. In order to face global challenges in energy security, climate change, and economic growth, it is necessary to develop low-carbon technologies that can be powered with biofuels and meet future energy requirements, especially those of communities away from large urban areas centers [2].



Among these technologies, one could highlight the gas microturbine. In this prime mover, atmospheric air is suctioned by a centrifugal compressor, and prior to entering the compressor, it passes through the gaps between the electric generator’s stator and the arrangement’s housing. After leaving the compressor, the air is directed through the regenerator, a heat exchanger that preheats the air (oxidant); then, the preheated air is directed to the combustion chamber, where fuel is injected and burnt. After the combustion reaction, the hot gases circulate through a radial turbine rotor, promoting the shaft’s rotation and simultaneously driving the compressor and the electric generator. Once the flue gases leave the turbine rotor, they are led through the regenerator and released into the atmosphere [3]. The microturbine’s structural configuration may change with the manufacturer and application, but generally, it operates in a single-shaft arrangement with a regeneration system. Non-regenerative gas microturbines have an average efficiency of around 17%, while regenerative microturbines can reach efficiencies of up to 35% [4].



Similar to traditional gas turbines, the temperatures that the microturbines’ construction materials can withstand limit the possibilities for their range of operation. In this sense, the microturbine combustion chamber is fed with a high air-fuel ratio to obtain low-temperature combustion gases, reducing thermal NOx emissions [5]. The residence period of the fuel-air mixture inside the microturbine combustion chamber is enough to promote complete combustion, as well as reduce CO content and unburned hydrocarbon emissions [6]. Thanks to the synergy between power control and combustion systems, gas microturbines can be fed with various fuels. In general, different fuels can be used without significant changes to system components; residual heat from exhaust gases, even after the regeneration process, can be used in cogeneration applications, such as water heating or low-pressure steam generation [7].



The main operational concerns of gas microturbines are associated with damage to components subjected to high temperatures and their susceptibility to severe degradation when there are excess contaminants in the fuel and air supplies. Droplets found in gaseous fuels can also cause structural damage to the microturbine [8]. A concerning phenomenon when burning fuels of low energetic densities is the possibility of compressor surging. This phenomenon manifests as a return of the working fluid from the combustion chamber towards the compressor exit due to the necessity of reducing the airflow fed in the combustion chamber (a lower volume of oxidizer is required during the oxidation of the gas), which leads to an increase in compressor pressure ratio. Notably, concerns with the combustion and fuel injection systems vastly outweigh the engine’s mechanical problems [9].



On the other hand, the gasification process consists of converting solid or liquid fuels into a fuel gas (called syngas), enabling its use in prime movers, such as internal combustion engines, gas turbines, and microturbines, aiming for power generation [10]. Syngas is the name given to a mixture of hydrogen, carbon monoxide, and methane that can be produced from natural gas, coal, oil, biomass, and even from organic waste. Syngas represents a potentially growing source of clean fuels and also for the synthesis of chemical products [11]. The gasification process needs a gasifying medium, also called a gasification agent, which allows the rearrangement of the molecular structure of the raw material; steam, oxygen, air, carbon dioxide, hydrogen, or a mixture of them are typically used as gasification agents [12]. The gasification agent reacts with solid carbon and the heavier hydrocarbon content of fuels, transforming them into low molecular weight gases, such as CO, CH4, and H2 [11].



It is worth noting that when the gasification process is carried out with air, the syngas has a considerable content of nitrogen, which reduces the heating value of syngas (4–6 MJ/Nm3), decreasing the general efficiency of gasification plants [13]. Syngas with an average calorific value of 5.0 MJ/Nm3 can be used directly in combustion engines or for direct burning in furnaces and boilers [14]. One solution for the dilution effect of nitrogen is to use oxygen-enriched air as a gasification agent. The use of oxygen-enriched air raises the syngas calorific value since a lower nitrogen content in the gasification agent leads to a higher concentration of combustible gases in the producer gas, such as hydrogen and carbon monoxide [15]. It also improves the process temperature and reaction rate, and meanwhile the volume of produced flue gas and tar content decreases [16].



Usually, oxygen-enriched air could be obtained through cryogenic distillation, pressure swing adsorption, and membrane-based separation. Cryogenic distillation and pressure swing adsorption have the advantage of producing oxygen with high purity (higher than 99.5 vol%); however, for these processes there are high energy requirements to sustain high compression ratios and low operating temperatures [17]. The membrane-based separation process (considered in this study) is an attractive alternative for oxygen-enriched air production with O2 purity in the range of 40–50% due to its lower cost than other technologies, rendering the process suitable for biomass thermochemical conversion [18].



Recently, several authors have developed gasification models and compared the use of air and oxygen-enriched air as gasification agents. Sittisun et al. [19] evaluated two biomasses (corn cobs and corn stover) as feedstocks for syngas production in a downdraft gasifier. Cao et al. [20] compared the effect of temperature, ER, and oxygen enrichment on syngas yield and LHV using five biomasses (pine sawdust, rice husk, corn core, legume straw, and wood chips) through Aspen Plus software. Gu et al. [21] analyzed the effects of the operating conditions of rice straw gasification on energy/exergy efficiencies, LHV, and syngas composition. The authors found that the gasification efficiency and syngas quality obtained with oxygen-enriched air were higher than those obtained with air. However, these studies did not explore syngas use in prime movers or in integrated systems for electricity generation.



Several authors have been working on solutions combining gas microturbines with gasifiers for the efficiency and reliability of the generation systems. In the case of coupling microturbines to syngas production technologies, it is necessary to increase the fuel flow and pressure to guarantee that the combustion chamber will supply adequate thermal energy [22]. Rabou et al. [23] evaluated the performance of a gas microturbine using mixtures of syngas with natural gas. For the low energy density gas (syngas) application in the microturbine, the study showed that the maximum fuel gas flow allowed by the fuel control unit limited the achievable power. With a partial load operation, the lower limit for stable microturbine operation was 8 MJ/Nm3 for low heating value (LHV) syngas.



Page et al. [24] analyzed the relationship between syngas composition and flashback and blowout propensity for a gas microturbine with a rated power of 60 kW and concluded that, for a hydrogen content of less than 30%, flame instability was not observed. Moradi et al. [25] studied a small combined heat and power system composed of a fluidized bed gasifier, a 100 kW gas microturbine, and an organic Rankine cycle unit. The results showed that the integrated system produced 127.6 kW of electricity and 78.7 kW of useful heat, with an electrical efficiency of 23.6%. The inclusion of the gas microturbine brings the environmental benefits of reducing emissions of nitrogen oxides (NOx) and carbon monoxide (CO). However, other implications must be considered, such as the additional costs of system maintenance.



Perna et al. [26] evaluated the performance of a small-scale hybrid plant composed of a gas microturbine and a solid oxide fuel cell (SOFC). The hybrid plant was fed with syngas produced in a downdraft gasifier, obtaining 262 kW of electrical energy (SOFC provided 180 kW) and 405 kW of thermal energy, while the electrical and cogeneration efficiencies were 35% and 88%, respectively. Renzi et al. [27] simulated a 100 kW gas microturbine fed with syngas and natural gas, verifying that the injection of steam increases the power produced by the microturbine in both cases. Regarding emissions, the authors observed that NOx could be reduced by up to 75%, while CO concentration increased slightly when syngas was used. Corrêa et al. [28] studied the effect of using syngas and natural gas mixtures in a 30 kW microturbine. The evaluation focused on turbine performance features, which include turbine efficiency, outlet temperature, and air/fuel flow rate. Tests performed with the microturbine showed that efficiency dropped (26.0% to 22.7%) when the fuel was replaced from pure natural gas to a mixture of natural gas and syngas (50%/50%). This drop in the gas microturbine efficiency is associated with syngas use because, as it is a low energy density fuel, the injection system must provide a higher flow rate than the nominal flow rate for the reference fuel (natural gas). Thus, it is necessary to increase the diameter of the pipes and valves, as well as redesign the spiral flame of the chamber to optimize combustion, and for this study, these structural modifications were not considered. Furthermore, the temperature analysis for different experimental conditions showed little variations in the output temperature of the microturbine (3 °C maximum increase in temperature), despite the change in the fuel composition.



Therefore, this paper aims to analyze biomass gasification as an alternative for managing wastes produced, with the simultaneous generation of by-products, such as electricity. Thus, this proposal seeks to contribute to developing a new system that combines a gasifier, air separation unit, and gas microturbine to generate electricity with low emissions and a high potential for implementation in regions away from large urban centers considering the Brazilian scenario. For this purpose, employing Aspen Plus™ software, the biomass waste gasification process using air and oxygen-enriched air was modeled. After validating the gasification model, different parameters, such as cold gas efficiency, composition, yield, and syngas LHV, were assessed. Subsequently, using the model developed in Aspen Plus™, an analysis of using syngas in microturbines was performed to determine the potential of electricity generation via the integrated downdraft gasifier/microturbine system. The behavior of the technologies operating together is characterized in detail through sensitivity analysis, in terms of both overall thermal performance and engine efficiency. Finally, the main parameters that determine the economic feasibility of a generation system, such as the one proposed here, are assessed, and their applicability in the Brazilian context is analyzed. Additionally, this work provides support for a better understanding of the process of technical and economic evaluation of the thermochemical conversion of biomass into syngas and its potential use for electricity generation.




2. Materials and Methods


This research was developed considering the research methodology presented in Figure 1. The proposed system was modeled and analyzed using AspenPlus® v 11.0 software (Aspen Technology Inc; Bedford, MA, USA), while the economic assessment was performed in Crystal Ball® v11.1.2.4.850 software (Oracle Corporation; Austin, TX, USA). Different operating conditions of gasification processes were investigated to determine the optimum operating points of the proposed system. All the results were validated using experimental and computational data from specialized literature.



2.1. Downdraft Gasifier Model


The Peng–Robinson method with Boston–Mathias modifications was used to estimate the variation of the thermodynamic state of the different processes that coexist inside the downdraft gasifier. This method is recommended for establishing the thermodynamic state of non-polar and moderately polar substances, such as non-petroleum hydrocarbons. The standard of the International Association for the Properties of Water and Steam (IAPWS-95) was implemented to calculate the thermodynamic properties of the free water phase of the system, considering a solubility factor of 3.



The enthalpy and density properties of the unconventional compounds were parameterized using the HCOALGEN and DCOALIGT methods, respectively. The HCOALGEN method is based on empirical correlations to estimate the enthalpy of combustion, the enthalpy of formation, and the specific heat of the compound; the DCOALIGT method is based on empirical correlations from the Institute of Gas Technology to determine the density of the compound.



Wood pellets were considered as fuel for the gasification process. The ultimate and proximate analyses are presented in Table 1.



The scheme of the downdraft gasifier model developed in Aspen Plus® software is presented in Figure 2. In steady state operation, the pretreated biomass stream (BIOMASS) enters the pyrolysis zone (PYROZON) of the gasifier; at this stage, the biomass devolatilization is supported by the heat flux (Q0) from the combustion zone (COMBUZONE). The pyrolysis product (DECOMP) contains chemical species in the solid and gaseous phase, which are sent to the gasifier combustion zone (COMBUZON), where the exothermic reaction occurs, releasing chemical energy for all zones.



These reactions (Table 2) are possible due to feeding a gasification agent (AGENT), which is essential to promote the oxidation reactions. The combustion gases (FLUE) are directed to the reduction zone (REDUZON), where the chemical reactions responsible for the gross syngas production (RAWGAS) occur.



It is worth noting that the thermal energy required for the endothermic reactions of PYROZON is supplied by the COMBUZON (exothermic reactions), while the thermal requirements for the endothermic reactions in the REDUZON are met through the heat released in the COMBUZON, which is partially used in the PYROZON or through the thermal energy released by the shift reaction (exothermic reaction). The RAWGAS still needs to be cleaned and dried; this process is represented by a separator (SEPARA) that delivers both the final clean syngas (SYNGAS) and some residues (such as soot, moisture, and ash).



The model was developed considering the Gibbs’s free energy minimization method, where the maximum possible energy conversion can be obtained at a thermodynamic equilibrium state. Equation (1) can determine the syngas composition at different operational conditions.


   G t  =   ∑   i = 1  N   n i  ∆   G ¯   f , i  °  +   ∑   i = 1  N   n i  R T ln      n i     n  t o t        



(1)




where   ∆   G ¯   f , i  °    corresponds to the standard Gibbs free energy of formation for each specie,    n i    is the molar number of each specie,    n  t o t     is the total molar amount, and  R  and  T  represent the ideal gas constant and system temperature, respectively.



The baseline study was created using only atmospheric air as a gasification agent and an equivalence ratio (ER) of 0.30, as suggested by Basu [30]. The stoichiometric amount of air required to complete biomass combustion was determined by an independent simulation within AspenPlus® itself. This simulator consisted of a calculator block, which determined the empirical formula of the biomass considering its ultimate analysis and later calculated the stoichiometric coefficients of the other chemical compounds present in the combustion reaction. Finally, the stoichiometric air/fuel ratio was calculated, which is useful for variations in the equivalence ratio. Thus, it was calculated that one kilogram of wood pellets requires approximately 5.537 kg of atmospheric air (or 1.29 kg of oxygen) to achieve stoichiometric combustion. In the scenario that considers pure atmospheric air as a gasification agent, the oxidant deficit flow was entered into the downdraft gasifier through Equation (2).


  AIR   =   ER   ×   5.537   ×   BIOMASS  



(2)




where AIR is the airflow amount (kg/h) supplied in the combustion zone and BIOMASS is the mass flow of fuel fed in the pyrolysis zone (kg/h).



For the scenario that uses oxygen-enriched air as a gasification agent, it was necessary to introduce a minor modification in the downdraft gasifier model originally presented in Figure 2. In this sense, an air separation unit (ASU) based on polymeric membranes technology (Figure S1 on Supplementary Materials) was introduced in the model. Despite having relatively low separation yields (up to 50% oxygen content), this technology is low-cost and has low-energy consumption [31]. The composition of the atmospheric air, the concentrations of the oxygen-enriched gasification agent flow, and nitrogen fractions removed from atmospheric air, for an ER = 0.30, are shown in Table 3.




2.2. Validation of Gasification Model


Considering the need to validate the proposed gasification model, it was necessary to expand and adapt the present model for the thermochemical conversion of different biomasses. Once the simulation modeling in Aspen Plus® was adapted, a comparative analysis was carried out between the main results obtained through the simulation model proposed in this study and the results reported by some bibliographic references, using air as a gasifying agent and a pressure around 1 bar.



Table 4 presents the gasifier operating conditions and the type of raw material to be gasified. For the validation, the main parameters of the gasification performance compared correspond to syngas volumetric composition in terms of CO, CO2, H2, and CH4, as well as syngas LHV and gasification temperature.



The deviation between model results and the experimental data was calculated using the root-mean-square (RMS) error, shown in Equation (3).


  R M S =       ∑  i      e x  p i  − s i  m i     2   N     



(3)




where   e x  p i    are the experimental data from the literature [32,33],   s i  m i    are the values from the gasification model, and  N  is the number of measures.




2.3. Gas Microturbine Model


The gas microturbine model developed in this study considers the parameters of the Capstone C200 microturbine produced by Capstone Green Energy (Los Angeles, CA, USA) with a nominal power of 200 kW. The microturbine operating principle is based on the Brayton regenerative cycle, as shown in Figure 3.



The microturbine cycle is described as follows: the airflow (flow 1) enters the compressor (COMPRESS), then the compressed air (flow 2) circulates through the regenerator (REG) and is later transferred to the combustion chamber (CC), where it will be mixed with the fuel (SYNGAS) that enters the combustion chamber. The resulting combustion gases (flow 4) are directed to the TURBINE, where expansion and mechanical work are generated. The expanded gases (flow 5) pass through REG before being released into the atmosphere. A fraction of the mechanical work obtained during the expansion in the turbine is used to drive the compressor; the rest of the mechanical work is transferred to the electrical generator and converted into electricity.



Based on the syngas LHV, the required fuel flow was recalculated without exceeding the maximum limit stated by the manufacturer, i.e., without requiring structural changes to the engine combustion system.



The airflow supplied into the combustion chamber must be controlled, aiming for the oxygen fraction of combustion gases (flow 4) not to exceed 15% [34]. Thus, it was necessary to implement Equation (4) within the model to meet the oxidizing demand of the system for the oxygen-enriched air gasification scenario and guarantee the gas microturbine’s stable operation.


    AIR  1  = 610.94 ×  N   2  Split     + 1289.50  



(4)




where AIR1 is the airflow amount (kg/h) supplied in the ASU and N2split is the nitrogen amount separated (kg/h).



The technical specifications of the Capstone C200 microturbine considered in the developed model are presented in Table 5.



It is recommended to operate downdraft gasifiers above 800 °C to minimize tar production and optimize the carbon conversion rate and syngas production [36]. Therefore, the baseline study adopted a temperature of 850 °C for the reduction zone. Nevertheless, the effect of the variation of the average gasification temperature was also analyzed by a sensitivity study of each system variant. According to Rabou et al. [23], it is only possible to operate a gas microturbine using syngas with an LHV greater than 8 MJ/Nm3, which is then the lowest LHV value considered for power generation in this study. A scheme of the system (gas microturbine, gasifier, and ASU) is shown in Figure S2 (Supplementary Materials).




2.4. Economic Assessment


For the cases that presented technical applicability potential (syngas LHV ≥ 8 MJ/Nm3), their economic feasibility was determined based on the net present value (NPV) criterion. The United States dollar was used (USD 1.00 = BRL 5.72 in January 2022). The economic feasibility analysis of the system was complemented with a risk analysis using Monte Carlo simulations performed in Crystal Ball® software. The capital expenditure (CAPEX) of the gasification system was estimated according to the Capital Cost Scaling methodology [37], using the reference prices declared by [38,39]. Manufacturers were consulted regarding costs for gas microturbines and ASU.



The assumptions (variables with some degree of uncertainty) adopted during the risk study were:




	
The operation and maintenance costs of the gasification system, excluding biomass cost: range from 3.5 to 5.7% of the gasifier CAPEX [40]. In this study, the mean value (4.6%) was taken as the starting parameter, and during the risk study, the lower and upper limits were subsequently incorporated into the analysis;



	
The operation and maintenance costs of the gas microturbine were estimated at 0.019 USD/kWh from [41], with lower and upper limits of 0.018 and 0.020 USD/kWh during risk analysis, respectively;



	
The electricity price: the reference value for the pre-tax electricity price in the baseline case was 0.1614 USD/kWh (current price). The variation of this parameter was estimated from the local energy price adjustments historical distribution;



	
The biomass (wood pellets) price: the variation range of raw material prices was established from the survey of local prices. The baseline value for the biomass price was 126.37 USD/ton;



	
The net electrical power delivered: a variation of ±15% in the net electrical power delivered due to the operation regime itself was considered;



	
The total capital expenditure investment: it was assumed that a possible short-term local market transformation and fluctuations of ±15% in the international equipment prices could occur.








The minimum acceptable rate of return (MARR) of the system was associated with a weighted average capital cost (WACC) of the renewable energy company under the assumption of a capital structure whose liabilities are 60% equity and 40% debt. The WACC was determined using the capital asset pricing model (CAPM). In this sense, the estimated WACC was 10.32% APY. Once the amounts of investment, income, and expenses were known, the system’s cash flow was analyzed. The project’s risk of becoming unfeasible was determined from a Monte Carlo simulation with 100,000.00 trials and a 95% confidence level, considering the lower limit of the economic decision criterion (NPV ≥ 0).





3. Results


3.1. System Operating with Atmospheric Air as the Gasification Agent


Figure 4 shows the behavior of syngas composition and LHV as ER increases, where oxidation reactions are promoted by increased oxygen availability.



The gasification temperature is particularly relevant to the proposed system. Figure 5 presents the relationship between this variable, the cold gas efficiency (CGE), the syngas LHV, and the yield rate.



In addition to reaching a significant CO content, the syngas obtained from the thermochemical conversion process of wood pellets presented other compounds, such as H2 and CH4, which contribute to the increase in the syngas LHV. Thus, Figure 6 shows the profile of syngas volumetric composition obtained as a function of the gasification temperature.




3.2. System Operating with Oxygen-Enriched Air as Gasification Agent


Figure 7 displays the influence of the oxygen concentration in the enriched air on the composition and LHV of syngas, while Figure 8 shows the effects of oxygen concentration in the gasification agent on CGE and syngas yield.



On the other hand, the behavior of CGE, LHV, and syngas yield for this scenario as a function of the average temperature in the gasification zone is shown in Figure 9. An additional analysis of gasification temperature and LHV syngas is presented in Supplementary Material B (Figure S3).



Due to the partial removal of nitrogen from atmospheric airflow supplied to the gasifier, a significant drop in the content of this compound is observed in the syngas (Figure 10). Figure 11 shows the variation of the power delivered as a function of the oxygen concentration of the enriched air and the average temperature in the gasification zone; both parameters significantly impact the engine performance.



The main economic parameters of the proposed system are described in Table 6, where it is possible to observe the investments necessary for its construction in a segregated form.



Since the components of the proposed system are not available in the domestic Brazilian market, it will be essential to bear the taxes presented in Table 7 for its importation. The annual revenues, represented by savings in electricity not purchased from the local utility company, are described in Table 8.



The annual operating, maintenance, and fuel (biomass) expenses for the gas microturbine and downdraft gasifier-based generation system are described in Table 9. Other relevant parameters used in the economic assessment are described in Table 10.



From the known data (discount rate, investment segregation, and expenses segregation) and the estimated annual savings resulting from implementing the gas microturbine and downdraft gasifier-based generation system, it was possible to establish the cash flow shown in Figure 12. Note that the initial investment of the host company was USD 708,592.24.



The forecasted statistical distribution for the project NPV and its Max Extreme fit are presented in Figure 13. As can be seen from Figure 14 and Figure 15, the NPV of the venture is highly dependent on the electricity price. The CAPEX, the net electric power delivered by the system, and the biomass cost have marginal effects on economic viability. In addition, the operating and maintenance costs have a negligible impact on the system’s economic viability. The benefit/cost ratio of the project is presented in Figure S4 of Supplementary Materials.





4. Discussion


Figure 4 shows that the volumetric nitrogen content in the syngas is quite expressive and increases rapidly with the ER increase. The LHV of syngas shows a strong dependence on carbon monoxide and hydrogen fractions; there is a remarkable decline in syngas LHV as the nitrogen fraction increases, as described by Oveisi et al. [44] for the wood chip gasification process.



Figure 5 indicates that the temperature increase favors the syngas yield rate, which is associated with the decomposition and reform of the compounds present in the fuel and, therefore, a greater amount of syngas per mass unit of biomass is produced [45]. This trend agrees with some studies [46,47,48], where the syngas yield increased as the temperature rose when using air as a gasification agent in the thermochemical conversion of biomass. Regarding syngas LHV, an increasing behavior is observed as the temperature is augmented, which can be explained by temperature influence on the reactions since higher temperatures favor the reforming and thermal cracking reactions of the heavier organic fractions contained in the fuel [49]. Thus, lighter hydrocarbons with lower energy are produced, but combustible gases, such as CO and H2, increase considerably, leading to higher syngas LHV. Considering the values of syngas LHV obtained in the air gasification scenario, it is possible to conclude that coupling the microturbine to the downdraft gasifier is technically unfeasible. Therefore, the economic analysis of this scenario was not performed.



It is worth noting that the CGE considers only the chemical energy available in the produced gas (chemical contribution of combustible gases, such as H2, CO, and CH4, among others) [50]. Therefore, an increasing trend was observed as temperature increased due to the favoring of oxidation reactions. In this way, the content of CO and H2 in the syngas improved the CGE values, rising from 62% to approximately 78%. On the other hand, Figure 6 showed that the fractions of H2 and CO increased; this result is associated with the shift and char hydrogenation reactions, since temperatures greater than 700 °C favor the formation of the reactants in equilibrium (Le’s Principle Châtelier) [33]. The other reactions that contribute to the formation of H2 and CO are char gasification and steam methane reforming. However, these last two reactions can be limited after 1000 °C due to the lack of CH4, the main reactant in reversible reduction reactions [51]. The volumetric fraction of CH4 decreased as gasification temperature increased, remaining at almost zero for temperatures above 925 °C because methane cracking occurs under these conditions [52].



Figure 7 indicates that when oxygen-enriched air is used as the gasification agent, there is a considerable increase in the syngas LHV as the oxygen concentration in the gasification agent rises. There is also a close relationship between the LHV and the concentration of CO and H2. The depreciation of nitrogen entering the gasifier with the gasification agent leads to a substantial drop in syngas nitrogen content [53].



On the other hand, Figure 8 shows that the volume of syngas produced decreases as the oxygen content in the enriched air increases, a fact already predicted given the partial removal of the nitrogen in the air [54]. CGE remains virtually unchanged with increasing the O2 content.



Figure 9 shows that the syngas yield rate increased as the temperature increased, but this increment is smaller when compared to the air gasification scenario. Therefore, it is evident that the N2 content in the oxidant greatly influences the syngas yield [55]. Considering that the N2 is a chemically inert compound, it will also be part of the syngas composition and, in the oxygen-enriched air gasification case, the N2 content is lower by the implementation of the ASU unit. The syngas LHV showed a decreasing trend as the temperature increased, where oxygen (in higher concentrations in the gasification agent) and nitrogen in the air favors the formation of CO2, and the dilution effect, respectively [56]. Therefore, the content of CH4 in the syngas decreases, affecting the LHV (8.64 to 8.01 MJ/Nm3). Additionally, a higher oxygen concentration in the gasification agent and the process temperature increase results in a reactor operation near to a combustion regime, contributing to the syngas chemical energy increase and improving the CGE [57].



Figure 10 shows that the fractions of CO and H2 increased as temperature was augmented, while the fraction of CH4 was practically null for temperatures higher than 750 °C. These earlier trends can be explained by the chemical reactions in the gasification process. Since the char gasification, steam methane reforming, and Boudouard reactions are endothermic, an increase in temperature will cause the reaction equilibrium to change from reactants to products according to Le Châtelier’s Principle [58]. Temperatures greater than 700 °C favor the formation of H2 and CO (from steam methane reforming reaction), since the CH4 formed in the char hydrogenation reaction at low temperatures is cracked [59].



Besides the necessity of using higher fuel flow rates in the gas microturbine, due to the low syngas LHV, the presence of CO and H2 in the combustible gases can lead to combustion instabilities, especially when the hydrogen content surpasses 40%, as reported by Page et al. [24]. These instabilities are related to the anchoring position and structure of the flame inside the combustor. Using an oxygen-enriched gasification agent allows one to obtain the minimum desired LVH (8 MJ/Nm3) with a hydrogen content of around 30%.



In terms of electrical power, when fed with syngas produced in the oxygen-enriched air gasification scenario, the gas microturbine can deliver between 68.53 and 82.71 kW (Figure 11). In the baseline case (ER = 0.30; O2 = 40%; T = 850 °C), the power produced by the microturbine was 81.24 kW, and its thermal efficiency was 21.35%. The electricity generation system proposed, i.e., the C200 microturbine coupled to the downdraft gasifier using oxygen-enriched air as a gasification agent (including auxiliary systems), has an overall efficiency of 11.82%.



It is worth noting that the economic assessment was conducted from the point of view of a customer whose electrical demand is equal to or superior to the capacity of the proposed generation systems. Hence, with the adoption of this arrangement, the customer will not purchase part of its demand (electricity) from the utility company, which, in economic terms, results in avoided costs. Considering both the discounted rate (WACC = 10.32% APY) and NPV behavior, it is possible to conclude that the investment is economically unviable.



From Figure 13, it could be observed that with an accuracy of 95%, it is possible to state that the probability of experiencing a financial loss (negative NPV) is 79.93%. The mean NPV is USD 352.7, while the NPV probability distribution adjustment standard deviation is USD 234.0. This result is reflected in Figure 15, where it is possible to observe that the project’s NPV is highly dependent on the utility’s energy tariff (91.4%), while the share of investment CAPEX, the cost of biomass, and the net electrical power delivered by the system have a low impact. Operation and maintenance costs have a negligible effect on the economic viability of this system variant. Therefore, it would be necessary to increase the current price of the electricity purchased from the electrical grid (0.1614 USD/kWh) by 1.63 times to make the proposed system economically feasible, considering all other constant parameters. The proposed system’s resulting installation cost is 8821.53 USD/kW.




5. Conclusions


This work presents the modeling and validation of a gas microturbine and downdraft gasifier system. The results indicate that when using atmospheric air, the system produced syngas with a maximum LHV of 6.10 MJ/Nm3, while with oxygen-enriched air, the LHV ranged from 8.64 to 8.01 MJ/Nm3. Therefore, the syngas LHV obtained using atmospheric air is very low to sustain the gas microturbine operation, while using oxygen-enriched air as the gasification agent, the LHV showed technic feasibility in some cases (LHV > 8.0 MJ/Nm3).



The use of syngas in the gas microturbine leads to decreases in microturbine efficiency from 33% (nominal condition) to 21.35%, while the net power generated ranged between 68.53 and 82.71 kW. It is worth noting that using oxygen-enriched air as the gasification agent results in a system’s overall efficiency of 11.82%.



However, from an economic point of view, the system is unfeasible due to the probability of a financial loss (negative NPV) of 79.93%, where biomass prices, electricity delivery, and capital investment play a secondary role in the system’s viability. From a hypothesis test, it would be necessary to have very high electricity prices (1.63 times higher than current) to justify the investment, making this system economically impractical nowadays. Therefore, based on the Monte Carlo simulation, it was possible to establish that the electricity price is crucial to enable the proposed system to be economically viable.
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Nomenclature




	APY
	Annual percentage yield



	ASU
	Air separation unit



	BM
	Boston–Mathias alpha function



	CAPEX
	Capital expenditures



	CAPM
	Capital asset pricing model



	CGE
	Cold gas efficiency



	COFINS
	Contribution to social security financing



	DCOALIGT
	Non-conventional compounds density



	ER
	Equivalence ratio



	HCOALGEN
	Non-conventional compounds enthalpy



	IAPWS-95
	International association for the properties of water and steam method



	ICMS
	Tax on the movement of goods and services



	IPI
	Taxes over industrialized products



	LHV
	Low heating value



	MARR
	Minimum acceptable rate of return



	NPV
	Net present value



	ORC
	Organic Rankine cycle



	PIS
	Social integration program contribution



	SOFC
	Solid oxide fuel cell



	TEC
	Common external tariff



	WACC
	Weighted average capital cost



	   AIR   
	Air flow for air gasification scenario



	    AIR 1    
	Air flow for oxygen-enriched air gasification scenario



	   BIOMASS   
	Biomass flow



	   ER   
	Equivalence ratio



	    N   2  Split       
	Removed nitrogen split fraction in ASU
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Figure 1. Methodology scheme. 
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Figure 2. Downdraft Gasifier Model. 
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Figure 3. Gas microturbine scheme. 
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Figure 4. Composition and LHV behavior of the syngas as a function of airflow and ER. 






Figure 4. Composition and LHV behavior of the syngas as a function of airflow and ER.



[image: Processes 10 02377 g004]







[image: Processes 10 02377 g005 550] 





Figure 5. Cold gas efficiency, LHV, and syngas yield as a function of gasification temperature. 
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Figure 6. Syngas composition as a function of gasification temperature. 






Figure 6. Syngas composition as a function of gasification temperature.



[image: Processes 10 02377 g006]







[image: Processes 10 02377 g007 550] 





Figure 7. Composition and LHV of syngas as a function of oxygen concentration in the gasification agent. 
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Figure 8. Cold gas efficiency and syngas yield rate as a function of oxygen concentration in the gasification agent. 
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Figure 9. CGE, LHV, and yield rate behavior of syngas as a function of gasification temperature when using oxygen-enriched air (O2 = 40%). 
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Figure 10. Syngas composition as a function of the gasification temperature when using enriched air (O2 = 40%). 
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Figure 11. Power delivered by gas microturbine as a function of both the gasification temperature and the oxygen content in enriched air. 
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Figure 12. Cash flow from the gas microturbine and downdraft gasifier-based generation system using oxygen-enriched air as a gasification agent. 
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Figure 13. NPV forecast of the gas microturbine and downdraft gasifier-based generation system using oxygen-enriched air as a gasification agent. 
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Figure 14. Assumptions scatter plot for the Monte Carlo simulation considering the NPV as a target in the gas microturbine and downdraft gasifier-based generation system. 
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Figure 15. Assumptions contribution to NPV variation in the gas microturbine and downdraft gasifier-based generation system using oxygen-enriched air as a gasification agent. 
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Table 1. Ultimate and proximate analysis of fuel used [29].
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Ultimate Analysis

	
Proximate Analysis




	
Component

	
Content [%]

	
Component

	
Content [%]






	
Carbon

	
50.70

	
Volatiles (Dry Basis)

	
85.40




	
Hydrogen

	
5.90

	
Fixed Carbon (Dry Basis)

	
14.40




	
Oxygen

	
43.00

	
Ash (Dry Basis)

	
0.20




	
Nitrogen

	
0.19

	
Moisture (Wet Basis)

	
7.20




	
Sulfur

	
5 × 10−3

	




	
Chlorine

	
5 × 10−3




	
Ash

	
0.20
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Table 2. Reactions in the gasification process.
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	Code
	Chemical Reaction
	Reaction Name
	Reaction Heat (kJ/mol)
	Zone





	R1
	Biomass → volatiles + char
	Biomass pyrolysis
	-
	PYZON



	R2
	H2+ 1/2O2 → H2O
	Hydrogen oxidation
	−242
	COMBUZON



	R3
	CO + 1/2O2 → CO2
	Monoxide carbon oxidation
	−238
	COMBUZON



	R4
	C + 1/2O2 → CO
	Partial oxidation of char
	−111
	COMBUZON



	R5
	C + O2 → CO2
	Total oxidation of char
	−394
	COMBUZON



	R6
	C + CO2 ←→ 2CO
	Boudouard reaction
	+172
	REDUZON



	R7
	CO + H2O ←→ CO2 + H2
	Shift reaction
	−41
	REDUZON



	R8
	C + H2O ←→ CO + H2
	Char gasification
	+131
	REDUZON



	R9
	C + 2H2 ←→ CH4
	Char hydrogenation
	−75
	REDUZON



	R10
	CH4 + H2O ←→ CO + 3H2
	Steam methane reforming
	+206
	REDUZON
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Table 3. Oxygen concentration in AGENT flow and nitrogen fractions removed in ASU block.
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	Oxygen Volumetric

Concentration in AGENT Flow [%]
	Nitrogen Volumetric

Concentration in AGENT Flow

[%]
	Removed Nitrogen Flow

[kg/h]
	Removed Nitrogen Split Fraction at ASU Block

[-]





	21
	79
	0
	0



	25
	75
	25.26
	0.2025



	30
	70
	47.37
	0.3797



	35
	65
	63.16
	0.5063



	40
	60
	75.01
	0.6013










[image: Table] 





Table 4. Validation of the downdraft gasifier model results.






Table 4. Validation of the downdraft gasifier model results.





	
Parameter

	
Units

	
Values






	
Average gasification zone temperature

	
°C

	
850

	
850

	
800

	
800




	
Equivalence ratio

	
[-]

	
0.36

	
0.36

	
0.27

	
0.27




	
Biomass

	
N/A

	
Wood chip

	
Wood Chip

	
Wood Pellets

	
Wood Pellets




	
Low heating value

	
MJ/Nm3

	
4.85

	
4.70

	
5.14

	
5.52




	
Composition




	
H2

	
%

	
15.23

	
16.39

	
18.32

	
21.37




	
CO

	
%

	
23.04

	
20.91

	
20.93

	
19.29




	
CO2

	
%

	
16.42

	
17.16

	
12.87

	
11.72




	
CH4

	
%

	
1.58

	
0.8

	
3.09

	
2.2




	
N2

	
%

	
42.31

	
44.54

	
44.79

	
45.42




	
Other species

	
%

	
1.42

	
0.2

	
-

	
-




	
Source

	
N/A

	
[32]

	
This model

	
[33]

	
This model




	
RMS

	
N/A

	
-

	
1.49

	
-

	
1.55
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Table 5. Capstone C200 microturbine datasheet [35].






Table 5. Capstone C200 microturbine datasheet [35].





	Parameter
	Value





	Rating
	200 kW



	Electrical Efficiency
	33%



	Net Heat Rate LHV
	10.9 MJ/kWh



	Exhaust Gas Flow
	1.3 kg/s



	Compression ratio
	4.0
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Table 6. Investment required to construct the downdraft gasifier/gas microturbine system using oxygen-enriched air as the gasification agent.






Table 6. Investment required to construct the downdraft gasifier/gas microturbine system using oxygen-enriched air as the gasification agent.





	
Feature/Item

	
Unit of Measure

	
Magnitude






	
Electric power

	
kW

	
81.35




	
Availability factor [42]

	
%

	
95




	
Annual energy

	
kWh/Year

	
676,994.70




	
Investment




	
Gas microturbine

	
USD

	
347,600.00




	
Downdraft gasifier

(Includes installation)

	
USD

	
92,939.61




	
Air separation unit

	
USD

	
8640.00




	
Canvas gasometer

	
USD

	
5001.00




	
Balance of plant (BOP) [43]

	
USD

	
88,107.92




	
Import taxes

	
USD

	
166,303.70




	
Total

	
USD

	
708,592.24
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Table 7. Taxes on equipment imports in the Brazilian state of Minas Gerais.






Table 7. Taxes on equipment imports in the Brazilian state of Minas Gerais.





	Tax
	Magnitude





	TEC Mercosur
	0.00%



	IPI
	8.00%



	PIS
	2.10%



	COFINS
	9.65%



	ICMS (Minas Gerais)
	18.00%



	Total
	37.75%
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Table 8. Annual revenue from the gas microturbine and downdraft gasifier-based generation system using oxygen-enriched air as a gasification agent.






Table 8. Annual revenue from the gas microturbine and downdraft gasifier-based generation system using oxygen-enriched air as a gasification agent.





	Parameter
	Unit
	Magnitude





	Electricity price (before tax)
	USD/kWh
	0.1614



	Electricity taxes

(Resolution 2550/2019)
	%
	25.00



	Electricity price (After tax)
	USD/kWh
	0.2017



	Annual revenue
	USD/Year
	136,583.68
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Table 9. Annual costs for the gas microturbine and downdraft gasifier-based generation system using oxygen-enriched air as a gasification agent.






Table 9. Annual costs for the gas microturbine and downdraft gasifier-based generation system using oxygen-enriched air as a gasification agent.





	Annual Expenses
	Unit
	Magnitude





	Gas microturbine operation and maintenance (O&M)
	USD
	12,725.57



	Downdraft gasifier operation and maintenance (O&M)
	USD
	4275.22



	Wood pellets
	USD
	102,956.65



	Total
	USD
	119,957.44
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Table 10. Complementary data for the economic feasibility assessment of the gas microturbine and downdraft gasifier-based generation system using oxygen-enriched air as a gasification agent.






Table 10. Complementary data for the economic feasibility assessment of the gas microturbine and downdraft gasifier-based generation system using oxygen-enriched air as a gasification agent.





	Parameter
	Unit
	Magnitude





	Service life
	Years
	15.00



	Brazilian Real/United States Dollar exchange rate
	BRL/USD
	5.72



	Income tax 1
	%
	0.00



	Depreciation
	% APY
	10.00



	MARR
	% APY
	10.32



	Wood pellets price
	USD/ton
	126.37







1 This does not apply because it is a saving, not revenue itself.
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