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This article is the first of a two-part series presenting the thermodynamic evaluation and techno-economics of developing negative-emission power plants. The aim of this research is to evaluate the potential of biochar co-production in negative-emission power plants based on biomass-fed integrated gasification solid oxide fuel cell systems with carbon capture and storage (BIGFC/CCS) units. The influence of two gasification agents, namely, air and steam-oxygen, on the proposed system is investigated. In Part I, we present the thermodynamic models. A sensitivity analysis is carried out to investigate the system response to stepwise increase in biochar co-production (up to 10% by weight). Providing a secondary oxy-combustor in the steam-oxygen gasification case has been shown to be a solution to meet the heat requirements of the allothermal gasification process. A comprehensive exergy analysis indicated significant efficiency improvement for the steam-oxygen gasification case. The results show that the biomass steam-oxygen gasification yields the higher electrical exergy efficiency (48.3%) and combined heat and power (CHP) exergy efficiency (54.6%) for the similar rates of biochar co-production. The specific power output per unit of CO2 stored is 2.65 MW/(kg/s) and 3.58 MW/(kg/s) for the air and steam-oxygen gasification cases, respectively, when the biochar is co-produced at 10% by weight for the given biomass flow of 20 kg/s. Moreover, the total CO2 stored due to the proposed system is calculated as 133.9 t/h, and it is estimated to remove 1.17 Mt of CO2 from the atmosphere annually (when the biochar-based carbon storage is also considered). The models are used for the techno-economic analysis presented in Part II of the series.
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HIGHLIGHTS

1) The thermodynamic model of a BIGFC/CCS system including an Oxy-CCS unit is developed.
2) The influence of air and steam-oxygen as gasification agents on the proposed system is investigated.
3) The effect of step-wise biochar co-production on the performance of the system is evaluated.
4) It is shown that the steam-oxygen gasification system could provide negative carbon emission while producing power with high efficiencies.
5) The impact of co-produced biochar on negative carbon emissions for the long term is discussed.
1 INTRODUCTION
1.1 Background and Motivation
Long-term potential actions are needed for sustainable development to find the solution to present-day environmental problems. One of the most effective and efficient solutions in this context is found to be renewable energy resources (Dincer, 2000). The importance of renewable energy power production relies on the fact that it can harness nature without destroying it.
Negative emission technology (NET) is identified as the most promising strategy to keep the global warming limits committed to by the Paris Agreement (United Nations Framework Convention on Climate Change, 2016). Bioenergy with carbon capture and storage (BECCS) with sustainable biomass energy conversion systems is one of the NETs which could be applied on a large scale to achieve negative CO2 emissions (Hilaire et al., 2019). In this technology, the release of CO2 to the atmosphere is avoided by sequestering and storing it in geological reservoirs. Smith (Smith, 2016) reported the potential of the biochar in improving the soil properties and the use of sequestrated soil carbon with respect to the other NETs and suggested including them with integrated assessment models (IAMs). Proll et al. (Pröll and Zerobin, 2019) investigated the effect of various carbon capture methods in biomass-based combined heat and power generation systems. They reported that BECCS and biochar could be an efficient NET which offers both an efficient energy-based performance and carbon sequestration.
1.2 Literature Review
Sanchez et al. (Sanchez and Kammen, 2016) compared the role of different thermochemical pathways in providing carbon-negative energy for biomass and coal. They found that the power production through integrated gasification combined cycle (IGCC) with CCS was a viable option to implement BECCS in the future. Rhodes et al. (Rhodes and Keith, 2005) surveyed the various methods of integrating biomass technologies with CCS and presented a simple engineering economic IGCC model to demonstrate its significance in attaining negative emissions as a cost-effective solution.
Klein et al. (2011) investigated the influence of CO2 capture (CC) on the biomass-based IGCC power plants and indicated the possibility of developing efficient CO2-negative power plants. Stanger et al. (2015) reported that the oxy-fuel combustion is one of the best methods of capturing the emitted CO2 from the power plants in which the fuel is combusted with nearly pure oxygen instead of air. This method is proved to be economical for capturing CO2 instead of conventional means of chemical absorption (IEA Greenhouse Gas R&D Programme, 2005/0920).
Kanniche et al. (Kunze and Spliethoff, 2012) summarized the technical and economic estimates on carbon capture methods and recommended that the oxy-fuel combustion type of carbon capture method is suited for pulverized coal power plants. Kanniche et al. (2010) applied the various carbon capture technologies such as pre-combustion, post-combustion, and oxy-fuel combustion in an advanced IGCC plant and showed that all of the methods have contributed an effective rate of carbon capture, up to 99%.
In the previous works, it is also reported that the use of CO2 capture units in IGCC power plants could reduce their performance in terms of net electrical efficiency (Kanniche et al., 2010; Kunze and Spliethoff, 2012). Woudstra et al. (2006) showed that the usage of fuel cells in combined heat and power generation systems contributes to reducing their exergy losses.
Jin et al. (2009) analyzed the effect of integrating the SOFC with the biomass-based IGCC power plants and showed that the addition of SOFC in the system offered the potential to achieve higher electrical efficiencies than that of the system without SOFC. Park et al. (Park et al., 2011a; Park et al., 2011b) concluded that oxy-fuel combustion CO2 capture provided a better performance than the pre-combustion method in SOFC-integrated IGCC plants.
Aditya et al. (ThallamThattai et al., 2016) developed an off-design model for 70% percentage biomass co-gasification from the steady-state coal-based IGCC validated model (Promes et al., 2015) of 253 MWe Willem-Alexander Centrale (WAC), Buggenum, in the Netherlands. They demonstrated that the current IGCC power plants could be designed to operate with a high percentage of biomass in the fuel mix with lesser modifications on the plant.
Aditya et al. (Thallam Thattai et al., 2017) further carried out the research by retrofitting the high-temperature SOFCs in the biomass co-gasification IGCC models (ThallamThattai et al., 2016) to investigate the performance of large-scale integrated gasification fuel cell cycle (IGFC) power plants. In addition, the partial and full oxy-fuel combustion method of carbon capturing units was adapted to study the feasibility of developing CO2-negative power plants. They reported that the redesigned IGFC-CC system had the potential to provide CO2-negative emission for the net exergy efficiency of 44%.
The generation of pure oxygen is a major challenge in oxy-fuel combustion even if it is an effective method to capture CO2. The potential of ion transport membrane (ITM) technology in oxygen generation and syngas production is reported elsewhere (Dyer et al., 2000; Chen et al., 2004). The previous investigation on the use of the ITM technique in the IGCC power plant has proven it to be an efficient and economical option for generating oxygen when compared with the currently used cryogenic air separation unit (ASU) (Jaeger, 2008).
The present situation in the world requires a resource-efficient approach in the usage of renewable energy as it has to address the other global threats such as climate change, declining agricultural production, scarcity of water, and fertilizer shortage. Laird (Laird, 2008) identified the option of producing biochar with the bio energy as one such approach to improve the quality of water and soil.
Woolf et al. (2016) showed that BEBCS (bioenergy-biochar system) might provide earlier implementation of carbon dioxide removal (CDR) at economical carbon prices even though BECCS offers twice the carbon capture and bioenergy on a unit biomass basis.
Hansen et al. (2015) assessed the physical and chemical characteristics of the gasification biochar materials which are used to enhance the quality of the soil and explored the potential of gasification systems to co-produce biochar with bio energy. LydiaFryda and Rianne Visser (FrydaL, 2018) concluded that the stability of biochar is found to be higher when it is produced from a gasification process than from a pyrolysis process.
Zhiyi Yao et al. (Yao et al., 2018) developed a biomass-based gasification model which is designed to produce both syngas and biochar. It is reported that at an optimum equivalence ratio (φ) of 0.25, the model could give its optimized energy efficiency and economic viability.
The previous investigations (Meyer et al., 2011; Yao et al., 2018) found that the quality of biochar was identified to be at its optimum level when the biochar co-production rate from the biomass gasification system was about10% by weight. Despite the potential use of biochar as a soil amendment, only few research works have examined the possibility of combined bio syngas and biochar co-production in biomass gasification systems (Shackley et al., 2012a; Shackley et al., 2012b; Ahrenfeldt et al., 2013). The previous investigations on IGFC/GT systems with biomass co-gasification (Promes et al., 2015; Thallam Thattai et al., 2017) have not included the production of biochar as a co-product in their studies.
Thus, the literature review clearly shows the knowledge gap existing between the role of biochar in negative emission technology (NET) as a part of BECCS and the possibility of biochar co-production in the biomass-based IGFC/GT power plants. In particular, to the best of the authors’ knowledge, the effect of biochar co-production on the energy-based performance and negative emission potential of the BIGFC/CCS systems has not been reported.
1.3 Contributions and Structure of the Research
This article presents a novel process scheme for co-producing biochar in a large-scale BIGFC/CCS system. The specific objective of the present research work is to develop thermodynamic models of negative-emission power plants based on BIGFC technology. These models are to be eventually used to carry out detailed exergy economic analysis (part of this series) in order to evaluate the techno-economic viability of such systems and if it is possible to come up with suggestions for economically viable process designs and operation strategies. Focus has been given to implementing a BECCS concept that could provide negative CO2 emissions while producing power with high efficiencies. The role of co-produced biochar addition to soil in order to enhance the negative carbon emission of the proposed system is an additional feature included with BECCS.
Thermodynamic models of the proposed system are based on the small-scale integrated biomass gasifier, SOFC, and gas turbine system developed by Aravind et al. (2009) and the redesigned large-scale IGFC configuration developed by Aditya et al. (Thallam Thattai et al., 2017). The thermodynamic model developed in the present work is tested with the two gasification agents—air and steam-oxygen—to find out its influence over its performance. Moreover, the oxy-combustion CO2 capture unit is coupled with the ion transport membrane (ITM) to minimize the direct CO2 emissions to explore the feasibility of achieving negative carbon emissions.
The detailed exergy analysis is carried out on the proposed system to investigate the effect of biochar yield on the system exergy efficiencies and negative CO2 emissions. In this study, chemical exergy of the biochar stream is considered along with thermo-mechanical exergy of the bio energy system, to offer a more comprehensive detail on energy and exergy resource allocation in the system (Cohce et al., 2011; Ohijeagbon et al., 2013).
The system thermodynamic study on biochar co-production in the BIGFC/CCS system is expected to contribute to the worldwide information available on biochar evaluation so far, as reported by the International Biochar Initiative and the European Biochar Certificate (IBI and EBC) (EBC, 2012; Initiative, 2012) so that complete data regarding the safety and quality of the biochar are obtained.
The remaining article is organized as follows: in Section 2, the system configuration/process scheme of the BIGFC/CCS system is described for the air and steam-oxygen gasification cases with their subsystems. Then the modeling approach and governing equations for the developed model are discussed in Section 3. The simulation results of the exergy and carbon deposition analysis of the BIGFC/CCS system for the air and steam-oxygen gasification cases are presented and discussed in Section 4. Finally, the research outcomes of the findings are reported in the last section. Supplementary Appendix SA depicts ternary-phase CHO diagrams for the air and the steam-oxygen gasification cases at various SOFC operating temperatures. Supplementary Appendix SB gives results of the steam-oxygen gasification case at various isentropic efficiencies of the gas turbine unit of the BIGFC/CCS system.
2 PROCESS SYSTEM DESCRIPTION
2.1 System Configuration—Air Gasification Case
2.1.1 Biomass Gasification and Gas Cleaning
The thermodynamic process scheme of the BIGFC/CCS system for the air gasification case is shown in Figure 1. The biomass gasifier is designed to operate at a gasification pressure of 25 bar since the fixed bed gasifier can typically operate in a pressure range of 25–30 atmospheres (Gray et al., 2016). This higher gasifier pressure is useful in utilizing the ion transport membrane (ITM) technology which would operate at a pressure range of 7–35 bar for generating oxygen (Park et al., 2011b). The ITM is a ceramic membrane which selectively separates oxygen from the high-pressure stream due to the partial pressure gradient for oxygen across the membrane. The biomass is assumed to be fed in to the system with a fixed flow of 20 kg/s. Table 1 shows the biomass feed stock composition (dry) used in the present system. The air composition (mol%) used in the study comprises 77.29% N2, 20.75% O2, 1.01% H2O, 0.03% CO2, and 0.92% argon.
[image: Figure 1]FIGURE 1 | Process scheme of the BIGFC/CCS system for the air gasification case—green streams represent syngas flow, red streams represent flue gas, and blue streams represent air flow. (For interpretation of the references to color in this Fig. legend, the reader is referred to the web version of this article).
TABLE 1 | Biomass feedstock composition (dry) used.
[image: Table 1]A separator is additionally attached with the gasifier to receive biochar, which was considered as an unconverted carbon in the previous works (Aravind et al., 2009; Thallam Thattai et al., 2017). There is no significant quantity of tar produced in the system, as the gasifier is provided with a catalytic reforming section before its outlet with an assumption of attaining a gas composition closer to that of equilibrium conditions. The bio syngas from the gasifier exit is added with 8.67% of preheated steam (of the bio syngas flow by mass) to avoid the risk of carbon deposition. Then it is allowed to pass through a set of two heat exchangers where its temperature is reduced to 600oC for HCl and H2S cleaning. With the help of a sodium carbonate–based reactor and zinc titanate–based reactor, HCl and H2S cleaning is carried out (Aravind et al., 2009).
The bio syngas composition is assumed to remain unchanged when passing through the gas cleaning unit while the contaminants are removed. But the effect of pressure drop is considered in the gas cleaning unit.
2.1.2 SOFC—Gas Turbine System
Table 2 shows the important design and geometric parameters of the SOFC model which are selected based on the standard performance.
TABLE 2 | Important operating parameters of the SOFC model.
[image: Table 2]The cleaned bio syngas is directly supplied to the anode of the SOFC. The cathode inlet air temperature should not be significantly lower than the operating temperature of the SOFC to maintain its reliability.
Assuming the syngas internal reforming within the stack of the SOFC, its performance is enhanced by allowing portions of the anode and cathode exit streams to recirculate in their respective sides (Khaleel et al., 2003). The remaining part of the anode and cathode exit streams is directed to the oxy-fuel combustor and ITM, respectively. In this system, the anode and cathode exhaust streams (of the SOFC) are unmixed to make the process inherently CO2 capture–friendly, as reported by Adams and Barton (Adams and Barton, 2010). Table 3 shows the values for important parameters used in the system calculations.
TABLE 3 | Important operating parameters assumed for the gas turbine unit.
[image: Table 3]2.1.3 Oxy-Fuel Combustion System for CO2 Capture
The fuel gas from the anode outlet and separated oxygen from a cathode outlet air stream using the ITM are fed into the oxy-fuel combustor. The oxy-fuel combustor is modeled with an air-fuel equivalence ratio (φ) of 1.1. Combustion products from this combustor are expanded in a gas turbine (GT) to produce power output. Since the gas turbine exit gas temperature is sufficiently high (about 900°C), a heat recovery steam generator system (HRSG) is designed to recover a certain amount of heat from the exhaust gas.
As the separated oxygen at the ITM exit is closer to the ambient pressure, its pressure is increased to the combustor pressure using a compressor. In order to reduce the work required to compress the oxygen stream, a heat sink is placed before the compressor that absorbs heat from the hot oxygen stream at 1,000°C such that the exit temperature is reduced to 200°C. Table 4 shows the important design parameters used in the oxy-fuel combustion CO2 capture model.
TABLE 4 | Important design parameters for the oxy-combustion CO2 capture unit.
[image: Table 4]2.1.4 Air Expander and Heat Recovery System
The oxygen-depleted air stream from the outlet of the ITM is fed into the air expander, where it is expanded to produce the power output. A heat sink is provided to recover the waste heat carried by the hot flue gas before it is exhausted to the atmosphere through the stack. The recovered heat in the sink might be utilized for the other process heating applications such as food processing.
2.1.5 Heat Recovery Steam Generator System
The HRSG is used to generate the steam required for operating the bottoming steam cycle. In this system, a total of five heat exchanging regions can be distinguished; two super heaters, in which one is designed at high pressure and the other one is designed as a reheater at an intermediate pressure, which have been simulated to operate in parallel; one high pressure evaporator; a high pressure economizer; and a condensate preheater. The temperature of the flue gas at the exit of the HRSG is kept above 100 °C so that its condensation could be prevented (ThallamThattai et al., 2016).
2.1.6 Carbon Capture and Storage Unit
The flue gas from the HRSG is designed to enter the CCS unit in which a 3-stage compression process with intercooling is utilized to compress the CO2 stream up to 150 bar. At each stage, compressor exit gas is intercooled to 30°C as it could reduce the power requirements in the compression process.
In the CCS unit, the gaseous mixture is fed into the moisture separator, where a certain amount of the water vapour is condensed and separated in a sink. Then the gas mixture is taken for subsequent stages of compression, intercooling, and moisture separation processes. Finally, the pure CO2 captured in this process is stored at a pressure of 150 bar and at a temperature of 30°C in a supercritical liquid state.
2.2 System Configuration – Steam-Oxygen Gasification Case
Figure 2 shows the process scheme for the steam-oxygen gasification case of the BIGFC/CCS system. The steam-oxygen gasification is chosen in the system since the absence of nitrogen in steam may reduce exergy destruction in the gasifier (Shackley et al., 2012b).
[image: Figure 2]FIGURE 2 | Process scheme of the BIGFC/CCS system for the steam-oxygen gasification case—green streams represent syngas flow, red streams represent flue gas, and blue streams represent air flow. (For interpretation of the references to color in this Fig. legend, the reader is referred to the web version of this article).
In this gasification case, the steam addition with the syngas from the gasifier exit is not required since the use of steam-oxygen as a gasification agent reduced the carbon deposition risks. However, this assumption is not applicable for the lower temperatures as it increases the risk of coking. Since the steam gasification is an allothermal process, it requires external heat to drive endothermic reaction in the gasifiers. A secondary oxy-fuel combustor is provided to meet this kind of heating requirement.
2.2.1 Secondary Oxy-Fuel Combustion System for Steam Generation
A part of the cleaned biosyngas is fed into the secondary oxy-fuel combustor as shown in Figure 2. It is allowed to mix with the recirculated portion of the flue gas from the secondary oxy-fuel combustor with a recirculating ratio of 0.75. The maximum operating temperature in the combustor (in the range of 1,500–1700°C) is limited by means of recirculating the flue gas. The syngas in the secondary oxy-combustor reacts with oxygen separated from the ITM. The hot flue gas from the secondary oxy-combustor is fed in to the heat exchanger where the heat of the gases is used to generate steam which is designed to circulate through the gasifier. The steam from the gasifier is again recirculated after passing through the heat exchanger where it recovers the heat of the oxygen-depleted air stream from the air expander.
The hot flue gas from the secondary oxy-combustor is throttled to the exit pressure of the gas turbine before it is mixed with the gas from the gas turbine. Then the gaseous mixture is passed through the HRSG and the CCS unit to recover heat and to capture CO2 as discussed in the air gasification case.
3 MODELING APPROACH AND GOVERNING EQUATIONS
Thermodynamic evaluations of the two gasification cases of the BIGFC/CCS system in this study are carried out with the help of modeling software known as Cycle-Tempo, developed at TU Delft (van der SteltT Woudstra and Colonna, 2018). The mass and energy balances of all the devices used in the process scheme are assessed. A system matrix developed based on this approach is solved to obtain the thermodynamic results of the given process scheme.
Cycle-Tempo uses the Gibbs energy minimization procedure to compute the compositions of gas at the exit of the gasifier, oxy-combustor, and SOFC internal reforming. The amount of cooling required to keep a fixed outlet temperature at the exit of the SOFC determines the mass flow of air at the cathode inlet (Asimptote, 2014).
For the present calculations, cell resistance is taken as [image: image] Ω m2 and the fuel utilization is taken as 85% (Shackley et al., 2012b). The various performance parameters of the SOFC are calculated based on the assumption that compositions, temperature, and pressure of the gas streams are constant in the cross-sectional direction. The equations used to perform the model calculations for the SOFC module are obtained from the study by Aravind et al. (2009) as shown in Eqs 1–10. The bio syngas flow rate in the anode, [image: image], is expressed in terms of the total current [image: image] as shown in Eq. 1.
[image: image]
Here, [image: image] is the concentrations at the inlet, [image: image] is the mole mass of the anode gas, F is the Faraday constant, and [image: image] is the fuel utilization.
The current flow calculated in this manner is used to find the oxygen flow from the cathode to the anode [image: image]. The following local variables (denoted by the subscript x) are computed to determine the important operating parameters of the SOFC.
• Reversible voltage ([image: image].
• Current density [image: image].
• Molar concentration [image: image] of gas specie (H2, CO, H2O, CO2, and CH4) with respect to the anode and cathode.
The fuel cell voltage is equal to the reversible voltage when it is assumed that there are no losses during the electrochemical processes in a cross-section x of the SOFC. The reversible voltage or Nernst voltage of the SOFC, if the gases are supposed to behave ideally, is given as follows:
[image: image]
where [image: image] is the standard reversible voltage for hydrogen, R is the universal gas constant, T is the temperature, and P is the pressure. The voltage losses across the electrodes as shown in Eq. 3 are assumed to be negligible in the x-direction. It implies that the cell voltage is taken as constant. Thus, we have the following:
[image: image]
where [image: image] is the voltage loss. Then the current density in the cross section x is as follows:
[image: image]
where [image: image] is the equivalent resistance.
The relationship among the current flow, utilization factor, and the reversible voltage of the SOFC is given by Eq. 5.
[image: image]
where I is the total current, A is the cell area, and [image: image] is the dimensionless reaction coordinate. The power output of the SOFC is calculated based on the current and the voltage of the SOFC.
The mass balance relations of the SOFC are shown in Eqs 6, 7 as follows:
[image: image]
[image: image]
The air flow rate at the cathode inlet is denoted by [image: image] and the exit gas stream flow rate at the anode and cathode are given by [image: image] and [image: image], respectively. The rate at which the oxygen atoms flow from the cathode to the anode [image: image] is determined as shown in Eq. 7. The steady flow energy equation obtained for the SOFC as shown in Eq. 8 is used to determine the mass flow of cathode air at its inlet.
[image: image]
where
[image: image] and [image: image] are the specific enthalpies of the anode gas stream at the entry and the exit, respectively.
[image: image] are the specific enthalpies of the cathode air stream at the entry and the exit, respectively. The term [image: image] is the DC (direct current) power produced by the SOFC system.
The specific enthalpy of the gaseous stream at the outlet [image: image] is determined using Eq. 9 so as to compute the power developed by the gas turbine and the air expander.
[image: image]
where [image: image] is the specific enthalpy of the gaseous stream at the inlet of the turbine or compressor, [image: image] is the isentropic efficiency, and [image: image] is the specific enthalpy of the gaseous stream at the exit of the turbine or compressor when the gas is expanded isentropically.
Similarly, the specific enthalpy of the gas at the outlet of the compressor is calculated using Eq. 10 in order to determine the power required to drive the compressor.
[image: image]
The equations for calculating the power consumption for the CCS unit are obtained from the study by Park et al. (2011a) as shown in Eqs 11–13.
[image: image]
where [image: image] is the power consumed by the pump of the intercooling system and [image: image] is the power consumed by the jth compressor in the CCS unit. These power consumption parameters are calculated using the isentropic efficiency as follows:
[image: image]
[image: image]
where [image: image] and [image: image] are the power consumed by the pump and the compressor corresponding to isentropic expansion, respectively.
4 RESULTS AND DISCUSSION
The bio syngas composition obtained (without biochar co-production) from the model calculation of the air gasification case and steam-oxygen gasification case are given in Table 5. It is clear that the type of gasification agent significantly affects the syngas composition and the lower heating value of syngas. The bio syngas formed through the steam-oxygen gasification case has higher LHV as shown in Table 5 because its molar concentrations of H2, CO, and CH4 are higher than those of the air gasification case (Santhanam et al., 2016).
TABLE 5 | Biosyngas composition (mol%) from the model calculations of air and steam-oxygen gasification cases.
[image: Table 5]The performance of the BIGFC/CCS system using air and steam-oxygen as gasification agents is assessed by the results obtained through the Cycle-Tempo model calculations as shown in Table 6. The thermal energy input to both the gasification cases is kept constant (320 MWth) so that it would be convenient to draw a comparison of various design/operating parameters between them.
TABLE 6 | Model results of the air gasification case—a comparison with the steam-oxygen gasification case.
[image: Table 6]In the steam-oxygen gasification case, the air flow to the SOFC is increased to 570.6 kg/s (compared to 514.4 kg/s in the air gasification case) due to the higher cooling requirements of the SOFC. In the air gasification case, the SOFC unit develops an electrical power output of 127.9 MWe, which accounts for about 83.4% of the electrical power output of the power plant. In the steam-oxygen gasification case, the SOFC develops an electrical power output of 154 MWe, which accounts for about 78.2% of the electrical power output of the power plant. The notable differences could be seen between the air and steam-oxygen gasification cases with respect to the power output of the gas turbine, air expander, and bottoming steam cycle. The GT produces a power output of about 26.4 MWe for the steam-oxygen gasification case; a 42.2% decrease compared to the air gasification case (45.7 MWe), also related to the lower mass-flow of flue-gas. But the air expander (AE) produces a power output of 59.7 MWe for the steam-oxygen gasification case; a 35.4% increase compared to the air gasification case (44.1 MWe) due to the increase in the mass flow rate of air for the steam-oxygen gasification case to 109.4 kg/s from 81.9 kg/s for the air gasification case.
The bottoming steam cycle produces 28.7 MWe for the steam-oxygen gasification case; a 23.3% reduction compared to the air gasification case (37.4 MWe). The steam produced in the HRSG for the steam-oxygen gasification case is around 19.22 kg/s, which is lower than that of the air gasification case, which corresponds to 24.97 kg/s. This is because of the reduced mass flow rate of flue gas to the HRSG (54.8 kg/s) due to the absence of nitrogen in the syngas in the steam-oxygen gasification case.
The auxiliary load in the air gasification case (122.2 MW) is about 29% higher than that in the steam-oxygen gasification case (94.6 MW) mainly due to the higher power consumption in the three-stage CO2 compression in the CCS unit. It is due to the negligible amount of nitrogen in the flue gas entering the CCS unit, which reduces its compression work and heat recovery for the steam-oxygen gasification case (Li and Yan, 2007). Due to the absence of nitrogen in the bio syngas, the CCS unit has the higher purity of CO2 captured (99.1% by mass) in it compared to the air gasification case (47.1% by mass) as shown in Table 6.
The power consumption for the anode recirculation fan in the steam-oxygen gasification case is much lower than that in the air gasification case due to the lower gas flow rates. But, the power consumption for the cathode recirculation fan in the steam-gasification case is much higher than that in the air gasification case due to the higher gas flow rates.
An exergy efficiency of about 43% is obtained with the air gasification case while the exergy efficiency is about 55% with the steam-oxygen gasification case. The reduced auxiliary power consumption in the steam-oxygen gasification case compared to the air gasification case led to an increase in its exergy efficiency.
The anode outlet gas/fuel gas composition from the SOFC unit for the air and the steam-oxygen gasification case is shown in Table 7. As seen from Table 7, the LHV of the anode exit gas is significantly low for both the air gasification case and the steam-oxygen gasification case (primary oxy-combustor). The oxy-fuel combustor is assumed to be able to burn the low-LHV fuel, since the gases enter the combustor at higher temperatures. The subsequent power production to the SOFC in the GT, the AE, and the bottoming steam cycle is decreased notably because of the reduced thermal input to the oxy-fuel combustor.
TABLE 7 | Anode outlet gas/fuel gas composition (mol%), inlet to oxy-fuel combustor.
[image: Table 7]In case of the steam-oxygen gasification (secondary oxy-combustor), the LHV of the gaseous mixture entering the secondary oxy-combustor is reduced (from 7.56 MJ/kg corresponding to the LHV of cleaned bio syngas to 1.89 MJ/kg) since the syngas is mixed with a recirculated portion of the flue gas in order to maintain the temperature within the allowable range.
4.1 Carbon Deposition Analysis
The bio syngas and CO lead to the formation of solid carbon deposits on Ni-based anodes when they decompose in SOFCs. The carbon deposition/coking in the SOFC decreases the active area of the SOFC, which increases the polarization resistance that affects the electrochemical performance of the anode (Thallam Thattai et al., 2017). Hence, avoiding the risk of carbon deposition in the anode inlet/outlet pipes is a major challenge while syngas is flowing through the SOFCs (Kuhn and Kesler, 2014; Kuhn and Kesler, 2015).
Since Ni-GDC is the assumed anode material in the present study as shown in Table 2, it is necessary to perform the carbon deposition analysis to indicate any risk associated with it. The inlet and outlet pipes of the anode are selected to perform carbon deposition analysis as shown in Table 8.
TABLE 8 | Operating conditions of the SOFC to assess the risk of carbon deposition.
[image: Table 8]Theoretical boundary limits for carbon deposition are represented in the C-H-O ternary phase diagram under thermo-chemical equilibrium conditions (Chen et al., 2011). The C-H-O ternary phase diagram is drawn using the software Factsage (Bale et al., 2018) for the air and steam-oxygen gasification cases as shown in Figure 3, based on the equilibrium calculations performed for the chosen operating conditions of the SOFC as shown in Table 8.
[image: Figure 3]FIGURE 3 | (A) C-H-O ternary phase diagram showing equilibrium curves and operating conditions of the SOFC for the air gasification case. (B) C-H-O ternary phase diagram showing equilibrium curves and operating conditions of the SOFC for the steam-oxygen gasification case.
Figures 3A,B show the C-H-O ternary phase diagrams for the air gasification case and steam-oxygen gasification case, respectively. The operating conditions A, B, and C as shown in Table 8 are represented by three equilibrium curves in violet, red, and blue color, respectively, on the diagram. Since all the operating points are well below the corresponding equilibrium curves as seen from Figures 3A,B, the operating conditions of the SOFC are said to be theoretically safe for both the air and the steam-oxygen gasification cases, respectively.
In the actual operating conditions of the SOFC, the carbon deposition risk is also assessed based on reaction/surface conditions in pipes, residence time, etc. It is reported that process engineers at the Willem-Alexander Centrale (WAC) power plant in the Netherlands have not observed any potential risk of coking in the upstream pipes of the syngas preheaters and SOFC (Thallam Thattai et al., 2017). Thus, these pipes in the system of both the gasification cases are assumed to be free from the risk of carbon deposition. However, a test with the system should ensure this assumption.
A, B, and C points correspond to the air gasification case without biochar co-production.
A′, B′, and C′ points correspond to the air gasification case with biochar co-production of 10% by weight.
A, B, and C points correspond to the steam-oxygen gasification case without biochar co-production.
A′, B′, and C′ points correspond to the steam-oxygen gasification case with biochar co-production of 10% by weight.
4.2 Exergy Analysis
The thermodynamic evaluation of the BIGFC/CCS system for both the air and the steam-oxygen gasification cases is carried out by identifying the exergy losses of the various devices used in it (Moran and Shapiro, 2006). The exergy losses are calculated for all the process streams/devices in the system by considering their various modes of exergy transfer with the environment like heat, work, and matter (Woudstra, 2012).
It is to be noted that the losses of irreversible thermodynamic processes (entropy generation) within the system boundaries of the system represent the exergy destruction of the system (Tsatsaronis, 2007). The inlet exergy of the biomass flow is calculated using a method described by Baehr using Cycle-Tempo (Baehr, 1966).
The different relations are used to find the electrical exergy efficiency and the combined heat and power exergy efficiency for both the air and steam-oxygen gasification cases of the BIGFC/CCS system. They are given as follows:
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where [image: image] is the total electrical power output and [image: image] is the total electrical power consumed by the balance of plant components such as the compressors and pumps. [image: image] is the exergy of the heat available as waste heat, [image: image] is the chemical exergy of the biochar separated/co-produced in the gasifier, and [image: image] is the exergy of fuel supplied to the system.
In this study, exergy efficiency relations in Eqs 14, 15 are based on its actual exergy input by excluding the chemical exergy of the biochar co-produced in the BIGFC/CCS system. This work focuses only on the use of co-produced biochar as a soil amendment to enhance the negative carbon emission potential of the system. However, the exergy efficiency relations Eqs 16, 17 could be used alternatively, by considering the co-produced biochar as a useful product of the system.
4.2.1 Air Gasification Case
Exergy loss in the system is divided into the following subsystems: 1) biomass gasifier, 2) gas cleaning unit, 3) SOFC unit, 4) GT unit, 5) oxy-fuel combustor, 6) stack, 7) HRSG, 8) steam turbine, and 9) CCS unit. The exergy flow diagram for the air gasification case is shown in Figure 4A.
[image: Figure 4]FIGURE 4 | (A) Exergy flow diagram for the air gasification case. (B) Exergy flow diagram for the steam-oxygen gasification case.
It is calculated that 36.8% of the inlet exergy (360.91 MW) will leave the system as electricity and 5.7% as exergy with heat, and 17% will leave as exergy in the compressed carbon dioxide.
The major exergy loss in the system is due to the gasification process, which accounts for 19% of the inlet exergy. The production of hot gaseous fuel from the cold biomass feedstock and a part of the unconverted carbon results in large exergy loss in the gasifier unit (Prins and Ptasinski, 2005; Liu et al., 2011).The exergy loss/destruction in the gasification process is obtained by subtracting the exergy value of bio syngas from the inlet exergy values of biomass, steam, and air.
The exergy loss in the gas cleaning unit is determined by adding the exergy losses of the bio syngas stream and the cooling fluid used. The exergy loss of the gas cleaning unit is relatively low (about 1.5%) due to the lower content of impurities in the bio syngas. The SOFC system accounts for 3.6% of the total exergy losses. The exergy loss of the gas turbine unit which includes the GT, AE, air compressors, and water pump accounts for 5.3% of the inlet exergy.
For the oxy-fuel combustor, the exergy loss is defined as the difference in total exergy of the supplied unburned gas (from the fuel cell) and oxygen at the inlets and the exergy value of the flue-gas at the exit of the combustor. Exergy destruction (0.8%) in the combustor occurs because, even though the temperature of the combustor is quite high, this is a location where fuel is oxidized. The HRSG exergy loss accounts to 4.1%, which includes a set of heat exchangers such as an economizer, an evaporator, and superheaters used to generate steam.
Steam turbines in the bottoming steam cycle attached with the HRSG accounts for 1.8% of the exergy losses. The miscellaneous losses of the system are around 3.9% of the exergy losses. The CCS unit contributes about 17% to the total exergy added to the system. It has two principal reasons for the high exergy losses (Park et al., 2011a), which are as follows:
1) It uses a combination of heat exchangers which are used to intercool the gas mixture and to cool it at the end of the process.
2) The CO2 is captured at a high pressure of 150 bar in the CCS unit. This high pressure is required to create enough storage capacity for the captured CO2 in the geologic reservoir.
The exergy needed to sequester the CO2 is treated as exergy destruction despite the fact that it could be used for EOR (Enhanced Oil Recovery) (Siefert and Litster, 2013). Exergy loss in the exhaust stack (air) is insignificant (<0.5%) in the system.
4.2.3 Steam-Oxygen Gasification Case
The exergy flow diagram for the steam-oxygen gasification case is shown in Figure 4B. It is calculated that 48.3% of the inlet exergy (360.91 MW) will leave the system as electricity and 6.2% as exergy with heat, and 10.4% will leave as exergy in the compressed carbon dioxide.
The exergy loss in the CCS unit decreases to 10.4% for the steam-oxygen gasification (from 17% in the case of air gasification) due to the absence of nitrogen dilution in the flue gas, which reduces the compression work and associated exergy losses (Liu et al., 2011). Moreover, the exergy loss in the gasifier decreases to 14.8% for the steam-oxygen gasification from 19.1% in the case of air gasification. It is due to the allothermal gasification in the steam-oxygen case which reduces the irreversibility losses associated with heat generation in the gasifier in the case of air gasification (Colpan et al., 2010).
The exergy loss in the oxy-fuel combustor unit increases to 2.3% for the steam-oxygen gasification from 0.8% in the case of air gasification. The higher exergy loss is due to the secondary oxy-combustor which is provided to meet the additional heating requirements in the gasifier. From the exergy analysis of both air and steam-oxygen gasification cases it can be seen that the steam-oxygen gasification case provides a reasonably better performance in terms of electrical exergy efficiency and CHP exergy efficiency.
4.3 Sensitivity Analysis
4.3.1 Effect of Biochar Co-Production on the Performance of the System
The biochar co-production in the biomass gasifier is designed within the range of 10% by weight since the quality of biochar is found to be optimum up to this limit (Meyer et al., 2011; Yao et al., 2018). This is simulated by separating the carbon element (C) by mass with respect to the incoming biomass flow in the gasifier. Table 9 shows the exergy efficiency analysis in each gasification case with respect to the biochar co-production.
TABLE 9 | Exergy analysis in each gasification case with respect to the biochar co-production.
[image: Table 9]Since the biochar is separated out from the gasifier, it reduces the oxidant requirement to provide the heat for the endothermic reaction in the gasification process. The concentration of incombustible gas such as CO2 in the bio syngas is higher when excess oxidant is fed in to the gasifier (Biomass, 2010). Hence, the oxidant-to-fuel ratio (based on the incoming biomass) is reduced for the gasifier as shown in Table 9. This, in turn, helps to maintain the fixed outlet temperature and quality of the bio syngas (related to its LHV) when the biochar is co-produced in the system.
When the biochar co-production increases from 0 to 10% by weight, the oxidant-to-fuel ratio of the gasifier is reduced from 2.68 to 2.41 in the air gasification case and from 0.46 to 0.36 in the steam-oxygen gasification case, respectively.
The results indicate a general trend. The exergy efficiency components of power and heat are observed to decrease when the biochar co-production increases. The chemical exergy of the biochar is excluded from the inlet exergy of the biomass to determine the exergy efficiencies of the system as defined by Eqs 14, 15. The CHP exergy efficiency of the system decreases from 42.5% to 38.3% for the air gasification case and 54.6%–51.4% for the steam-oxygen gasification case (when the biochar co-production in the biomass gasifier increases from 0 to 10% by weight), respectively. However, the exergy efficiencies of the system would be higher with respect to biochar co-production when the biochar is considered as a useful product of the system as defined by Eqs 16, 17.
Table 10 gives an overview of energy (first law) and exergy (second law) analyses for the steam-oxygen gasification case in comparison with the air gasification case with respect to biochar co-production of 10% by weight from the gasifier.
TABLE 10 | Energy and exergy analyses for biochar co-production of 10% by weight: comparison between the steam-oxygen gasification and the air gasification.
[image: Table 10]For the 10% biochar co-production case, an exergy efficiency of about 38% and of around 51% is obtained with the air gasification case and with the steam-oxygen gasification case, respectively, as shown in Table 10. The exergy flow diagram for the air gasification case with 10% (by weight) biochar co-produced in the BIGFC/CCS system is shown in Figure 5A. The electrical and CHP exergy efficiencies of the system are estimated to be 33.72% and 38.25%, respectively, using Eqs 14, 15, respectively, as shown in Figure 5A. It is also estimated that 18.92% and 14.9% of the inlet exergy (360.91 MW) will leave the system as chemical exergy of biochar and as compressed carbon dioxide, respectively.
[image: Figure 5]FIGURE 5 | (A) Exergy flow diagram for the air gasification case with 10% biochar co-production. (B) Exergy flow diagram for the steam-oxygen gasification case with 10% biochar co-production.
The exergy flow diagram for the steam-oxygen gasification case if 10% (by weight) biochar is co-produced in the BIGFC/CCS system is shown in Figure 5B. In this case, the electrical and CHP exergy efficiencies are estimated as 45.62% and 51.41%, respectively, using Eqs 14, 15, respectively, as shown in Figure 5B. It is also estimated that 18.92% and 9.1% of the inlet exergy (360.91 MW) will leave the system as chemical exergy of biochar and as the compressed carbon dioxide, respectively.
The CHP exergy efficiency decreases by about 4% for the air gasification case and about 3% for the steam-oxygen gasification case when the biochar co-production increases from 0 to 10% by mass, respectively. It is due to the higher exergy loss in the CCS unit of the air gasification case compared to the steam-oxygen gasification case while the biochar is co-produced.
4.3.2 Effect of Biochar Co-Production on the Major Exergy Losses
The sub systems such as the gasifier, CCS unit, and oxy-combustor are identified as the major contributors to the exergy loss of the BIGFC/CCS system. Figures 6A–C show the variation of these major exergy losses (with respect to the inlet exergy of the system that corresponds to 360.91 MW) for the stepwise biochar co-production (up to 10% by mass) in the air gasification case and the steam-oxygen gasification case, respectively.
[image: Figure 6]FIGURE 6 | (A) Effect of biochar co-production on the gasifier exergy loss. (B) Effect of biochar co-production on the CCS exergy loss. (C) Effect of biochar co-production on oxy-fuel combustor exergy loss.
As the biochar co-production reduces the gasification reactions in the gasifier as well as the syngas output from the gasifier, the exergy loss in the gasifier and CCS unit are subsequently reduced as shown in Figures 6A,B, respectively. The oxy-fuel combustor system in the steam-oxygen gasification case causes an increase in exergy loss with respect to biochar co-production as shown in Figure 6C, due to the higher heat production in the secondary oxy-fuel combustor, in order to balance the heat requirements of the gasifier.
4.3.3 Effect of Biochar Co-Production for the Given Electrical Power Output
Table 11 shows the effect of biochar co-production on the exergy efficiency for the given electrical power output in each gasification case.
TABLE 11 | Effect of biochar co-production for the given electrical power output in each gasification case.
[image: Table 11]It is clear from Table 11 that the exergy efficiency components remain unchanged for the given electrical power output that corresponds to the base cases (132.9 and 174.3 MW for the air gasification base case and the steam-oxygen gasification base case, respectively). The isentropic efficiencies of turbines and compressors are the only parameters depending on the size of the system. Since the change in biomass flow in the system concerns a smaller part of the power, the size of the system has a limited effect on the system efficiency.
4.3.4 Effect of Various SOFC Operating Temperatures on CHP Exergy Efficiency
The performance of the BIGFC/CCS system is further studied by examining the impact of SOFC operating temperatures on the CHP exergy efficiency.Figures 7A,B show the effect of biochar co-production on the CHP exergy efficiency for the air gasification and the steam-oxygen gasification cases for three different operating temperatures of the SOFC (i.e., 800, 900, and 1,000°C), respectively. The figure shows that the performance of the system decreases by lowering the operating temperature of the SOFC. The reduction in SOFC operating temperature leads to the reduction in inlet temperature for the downstream section of the SOFC such as the oxy-combustor, gas turbine, and HRSG and, subsequently, to the CCS.
[image: Figure 7]FIGURE 7 | (A) Effect of different operating temperatures of the SOFC on CHP exergy efficiency for the air gasification case. (B) Effect of different operating temperatures of the SOFC on CHP exergy efficiency for the steam-oxygen gasification case.
The reduced inlet temperature at the oxy-fuel combustor leads to a lower equivalent temperature of heat production in the oxy-combustor which results in higher exergy destruction in it. The reduced inlet temperature of the gas turbine, for the given isentropic efficiency and pressure ratio, leads to a higher entropy-increase during expansion and results in more exergy destruction in the gas turbine. The reduced temperature at the outlet of the heat exchanger in the GCU for the lower operating temperature of the SOFC leads to lower exergy losses in this subsystem, since less heat is transferred. The higher exergy losses in the oxy-combustor system of the steam-oxygen gasification case (corresponds to the 800°C operating temperature of the SOFC) reduce the CHP exergy efficiency significantly lower than the other operating temperatures (900 and 1,000°C) as shown in Figure 7B.
Carbon deposition analysis is also performed for lower SOFC operating temperatures (800 and 900°C) for both the gasification cases using Factsage (Bale et al., 2018). The detailed C-H-O ternary phase diagrams are presented in Supplementary Appendix SA, B for the air gasification and the steam-oxygen gasification cases, respectively. From the thermodynamic point of view, for the equilibrium-situation, condition A at an SOFC operating temperature of 800°C in the steam-oxygen gasification case might cause carbon deposition as shown in Supplementary Figure SB2 of Supplementary Appendix B.
The risk of carbon deposition in this case could be reduced by mixing the bio syngas with the steam (Kuhn and Kesler, 2015). But the steam should then be extracted from the system, and this would lead to a reduction in the net electrical efficiency (Thallam Thattai et al., 2017). Aditya et al. (Thallam Thattai et al., 2017) also concluded that carbon deposition did not take place in practice, probably because equilibrium is not achieved. However, an experimental investigation on the system is required to ensure this assumption.
The performance of the steam-oxygen gasification system (having a higher exergy efficiency than the air gasification system) is further studied, to investigate the effect of the isentropic efficiencies of gas turbines and compressors, in Supplementary Appendix SC.
4.4 Negative Carbon Emissions
Since the biomass absorbs CO2 from the atmosphere during its growth and emits it into the atmosphere when it is used as a fuel, the biomass is assumed to be a CO2-neutral fuel (Promes et al., 2015; Thallam Thattai et al., 2017). Hence, the use of biomass in the power plant provides an opportunity to develop a CO2-neutral/negative system (Klein et al., 2011). The introduction of a CCS unit to the BIGFC/CCS system would realize the concept of BECCS (bio energy carbon capture and storage) and a carbon-negative power producing system.
Figure 8 depicts the main CO2 flows among atmospheric, power plant, and geological reservoirs, adapted from the study by Smith et al. (2016). The main CO2 flow in a typical coal-based power plant (Cormos, 2012) is shown in Figure 8A which illustrates that the coal taken out from the geological reservoir is combusted in the power plant to produce electricity and the resulting CO2 is emitted into the atmosphere.
[image: Figure 8]FIGURE 8 | (A) Main CO2 flows in a typical coal-based power plant. (B) Main CO2 flows in the BECCS including biochar addition to soil for the 10% biochar co-production in the given biomass feed.
As shown in Figure 8B, the biomass receives CO2 from the atmosphere as it grows; but with the use of biomass as a fuel for the power plant, this carbon is again released as CO2. If the CO2 produced by the system is captured in the CCS unit, it is transported to a storage site where it is stored in a reservoir permanently. This kind of storage helps to remove CO2 from the atmosphere. Hence, the system as a whole can be considered carbon-negative. This also requires replanting energy-crops as part of the system. It is possible to mix the co-produced biochar (10% by weight) with the soils, to improve the properties of the latter and to avoid the formation of CO2 that should be captured and stored.
The CO2 stored in the CCS unit and the CO2 equivalent of sequestered biochar is found to be 105.3 t/h and 28.55 t/h, respectively, as shown in Figure 8B. Thus, the proposed system in this study is estimated to remove 133.9 t/h of CO2 from the atmosphere totally. It is interesting to note that the power output of the system is different (for the air and steam-oxygen gasification cases, 98.9 and 133.5 MW, respectively), for the given biomass input and the negative CO2 emissions achieved. The specific power output per unit of CO2 stored is 2.65 and 3.58 MW/(kg/s) for the air and steam-oxygen gasification cases, respectively. The higher power output with the steam-oxygen gasification case is due to the lower exergy losses than those in the air gasification case as discussed in section 4.3 in Exergy analysis.
As seen from Table 6, the steam-oxygen gasification case has far better CO2 purity (99.10% by mass) in the CCS unit than the air gasification case (47.1% by mass), which is favorable for the sequestration process (Prabowo et al., 2015). Thus, the steam-oxygen gasification case in the BIGFC/CCS system is identified as the potential one to offer effective negative carbon emissions compared to the air gasification case.
5 CONCLUSION
The thermodynamic evaluation on the effect of stepwise biochar co-production in the BIGFC/CCS system is presented in terms of its energy-based performance and negative emission potential. The main conclusions of the study are listed below:
1) It is far easier to achieve negative carbon emissions using steam-oxygen gasification in the BIGFC/CCS system due to the absence of nitrogen dilution, when compared to the air gasification case.
2) For the same bio-char co-production, the steam-oxygen gasification case leads to higher power production.
3) The thermodynamic models developed herein offer a platform to perform techno-economic analysis for further evaluation. (Subsequent techno-economic analysis is presented in Part II.)
4) The steam-oxygen gasification case yields a higher CHP exergy efficiency of 54.6% for the base case (without co-producing biochar) and 51% when it co-produces biochar from the feedstock that corresponds to 10% by weight.
5) The specific power output per unit of CO2 stored is 3.58 MW/(kg/s) with the higher level of CO2 purity (99.1% by mass) at the CCS unit for the steam-oxygen gasification case and it corresponds to 10% biochar co-production for the given biomass flow.
These results show that the co-production of biochar in the BIGFC/CCS system using steam-oxygen as a gasification agent offers an effective solution to apply the BECCS concept and negative carbon emissions. In addition, the research outcomes of this article are utilized for further techno-economic analysis in Part II of the study to find the most profitable cases of biochar co-production in the negative-emission power plants.
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AE air expander
ASU air separation unit
BECCS bio energy with carbon capture and storage
BIGFC Biomass based integrated gasification fuel cell cycle
CHP combined heat and power
GCU gas cleaning unit
CCS carbon dioxide capture and storage
EOR enhanced oil recovery
EU European Union
F Faraday constant (96,486 J/V mol)
GHG greenhouse gas
GT gas turbine
h specific enthalpy (kJ/kg)
IGCC integrated gasification combined cycle
IGFC integrated gasification fuel cell
ITM ion transport membrane
LHV lower heating value (MJ/kg)
[image: image] mass flow rate (kg/s)
NET negative emission technology
NGCC Natural Gas Combined Cycle
Oxy Oxy-fuel combustion cycle
P pressure (kPa) power (MW)
PC pulverised coal
R gas constant (kJ/kmol K)
Req equivalent resistance (Ω m2)
SOFC solid oxide fuel cell
T temperature (°C)
[image: image] fuel utilisation factor
V voltage (V)
∆V voltage rise (V)
P pressure (kPa) power (MW)
y molar concentration of gas specie in bio syngas(kmol/kmol)
WAC Willem-Alexander Centrale.
[image: image] efficiency
φ equivalence ratio
Subscripts
a anode
ac alternating current
C compressor
c cathode
CC carbon capture
dc direct current
e electrical
HP high pressure
i component
in inlet
IP intermediate pressure
j compression stage
LP low pressure
m mechanical
misc miscellaneous
rev reversible
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B Anode inlet (pipe) after recirculation 19.52 900
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Chemical value of biochar, MW 65.52
Delivered gross power, MW 197.13
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Delivered net power, MW 98.66
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To indicate the importance of enargy efficiencies evakualed from various parameters.
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CO, final discharge pressure, bar 15000
CO, discharge temperature, 'C 3000
CO, compressor isentropic efficiency, % 80.00
Oxy-combustor reaction pressure, bar 1947
Oxy-combustor reaction temperature, ‘G 1,000.00
Oxy-combustor pressure drop, bar 002
ITM operating pressure, bar 1947

ITM operating temperature, °C 1,000.00
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Thermal input, MWy, 32000 320.00
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Outlet pressure, bar 19.45 19.45
Secondary oxy-fuel combustor
Biomass flow, ky/s - 0.89
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Outlet pressure, bar - 1957
CCS unit
CO, purity, mass% 47.10 99.10
Captured CO; flow, kg/s 36.60 36.60
GO, compressor 1 outlet pressure, bar 11.10 11.10
GO, compressor 2 outlet pressure, bar 41.00 41.00
CO, compressor 3 outlet pressure, bar 151.50 151.50
Gooling water flow, kg/s 1,218.60 709.20
GO, compressor 1 consumption, MW 1188 4.49
GO, compressor 2 consumption, MW 11.55 418
GO, compressor 3 consumption, MW 1153 425
Water separated in moisture separator, kg/s 21.87 17.87
Power output
Delivered gross power, MW 255.07 268.93
Auxiliary load, MW 122.16 94.59
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Exergy in heat, MW 20.37 2253
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