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Nowadays, there is worldwide interest in diversifying energy supply. In this regard, biomass is the best possible renewable organic substitute for fossil fuels. In particular, the energy content of very wet biomass, recovered with appropriate technology, could potentially be used for power generation. In addition to power generation, this technology would represent a sanitary option to improve the quality of public health and the environment. Supercritical water gasification (SCWG) is a technology applied for the conversion of wet biomass into gas. It uses the specific physical properties of water at supercritical conditions to decompose the organic matter. However, near 100% conversion, close to thermodynamic equilibrium, of real biomass into gas is not yet demonstrated. The conversion is higher at dry biomass concentrations below 10 wt.%, but at these conditions, the system is not energetically sustainable. The conversion depends on the SCWG operating conditions and the properties of the catalyst. Because of present-day technical limitations, the conversion efficiency in SCWG is low when fed with real biomass. The net electrical efficiency of a combined system SCWG—solid oxide fuel cell (SOFC), fed with fecal sludge at 15 wt.% dry biomass, reaches between 50 and 70% (thermodynamically calculated values), whereas utilizing an SCWG designed with present-day engineering gives 29–40%. The SOFC fuel utilization influences the system efficiency significantly, as the processed heat available for the heat integration depends on fuel utilization. The extreme operating conditions of an SCWG-based system cause technical limitations toward reaching complete conversion during gasification. An efficient and stable catalyst is not yet available at competitive costs for low-temperature SCWG of real biomass. Intensive research in different gasification-SOFC system configurations that include the integration of complementary processes, such as the electrochemical oxidation of higher hydrocarbons or the electrochemical reduction of CO2 and H2O, will increase the potential of the gasification–SOFC system for commercialization in medium scale in the future and become a technology that provides economic, environmental, and health benefits.
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INTRODUCTION

Sustainable treatment of wet biomass such as human waste, manure, or residues of food is of high importance to public health and the energy sector. For the case of public health, eliminating fecal bacteria and viruses from soil and water is vital for a healthy community. For the energy sector, it can provide clean electric energy, which is in line with the transition toward a sustainable energy system. The EU Commission has proposed a greenhouse gas emission reduction of 40% utilizing market-driven renewable energy by 2030 (European Commission, 2015).

Nowadays, most of the human waste and wastewater worldwide is discharged untreated, resulting in pollution of water and soil, although fecal matter (FM) has a heating value of 25 MJ/kg, dried and charred (Schuster-Wallace et al., 2015). In this regard, supercritical water gasification (SCWG) converts wet biomass without drying into methane and hydrogen-rich gas. The combustible gases are relatively clean and can feed a solid oxide fuel cell (SOFC) with limited cleaning. The operating conditions of SCWG exceed the critical point of water (374.3°C and 22 MPa), and its thermophysical properties help reform biomass at relatively low temperature, between 400 and 700°C. SCW does not dissolve salts and can be separated before reaching the gasifier.

SCWG of digest sludge, 6 wt.% dry biomass, operates with a carbon gasification efficiency (CGE) of 45.8 and 80.7% solid (phosphorus) is recovered (Boukis et al., 2017). The assistance of Ru/C catalyst and a bed of ZnO on top of the gasifier to absorb sulfur and protect the catalyst from deactivation help to achieve a gas composition close to thermodynamic equilibrium.


SCWG Overview

The SCWG converts a wet feedstock like sewage sludge and manure (moisture content >50 wt.%) into a combustible gas. The thermophysical properties of SCW are favorable to dissolve organic matter. The low viscosity provides better mass transfer, the low density promotes better solvation properties, and the low dielectric constant makes SCW a non-polar solvent. The high ion production in SCW makes it act like an acid or base catalyst in reactions. Many organic chemicals may readily react under the hydrothermal conditions of SCW (Oka and Koshizuka, 1993; Basu and Mettanant, 2009), but inorganic does not react. Hence phosphorus, potassium, and a lower percentage of Ca, Mg, Fe, Al are easily separated (Boukis et al., 2017).

Furthermore, thermophysical properties of SCW are of high significance for heat transfer and biomass gasification (Oka and Koshizuka, 1993). Above the critical pressure, there is no phase change. The change in specific heat near the critical point reaches a maximum; at this point, the recovery of heat is efficient (Oka and Koshizuka, 2001). Thus, the SCWG process usually comprises a heat recovery unit.

The basic understanding of the chemistry of SCW has been possible because of the experimental investigation using model compounds. SCWG is a process kinetically driven, and the measured gas composition often is far away from the calculated equilibrium composition (Kruse, 2008). Good approximations by thermodynamic equilibrium are only possible at high temperatures with or without a catalyst.

The SCWG process converts the large molecules of biomass into smaller gas molecules. The challenge with this process is to reach a near 100% conversion (thermodynamic equilibrium). Nevertheless, a real SCWG system operated with the present-day technologies encounters engineering limitations, restricting the conversion of organic matter into gas and other by-products, such as char and higher hydrocarbons (hence the use of catalysts). The operating conditions, such as biomass concentration, pressure, temperature, reactor residence time, type of reactor, and catalyst, influence the conversion and the composition of the produced gas. The operation conditions should be carefully selected during the design of SCWGs for commercial application (Basu and Mettanant, 2009; Yakaboylu et al., 2015a). Although technical and economic evaluation indicates that SCWG of sewage sludge for combustible gas production is feasible (He et al., 2014), there are still challenges to overcome, associated with high operating cost, reactor plugging, and catalyst deactivation. SCWG could be acceptable for large-scale commercialization in the future with the development of efficient and stable catalysts at competitive costs (Guo et al., 2010). Besides, the recovery of high-quality heat applied to the reactor under supercritical conditions is very important. Feng et al. (2004) reported a thermal energy recovery of 41%.



The Influence of the Operating Conditions on the Design of an SCWG
 
Hydrothermal Process

The hydrothermal process (biomass conversion) is given in Figure 1. Hydrothermal carbonization generates hydrochar from wet biomass at mild temperatures and pressures (Tekin et al., 2014). The gasification process avoids the operating conditions of carbonization. Below the critical point of water, liquefaction hydrolyzes biomass into smaller molecules of acids and phenols. At high temperature, the liquefaction products are reformed and gasified into smaller molecules of CO, H2, CH4, CO2, and so on (Peterson et al., 2008). The pressure and temperature in the liquefaction process must be sufficient to keep the water in a liquid state. The liquid products are often called bio-oil (water-soluble components).


[image: Figure 1]
FIGURE 1. Biomass hydrothermal conversion in a typical process configuration.


At near-critical temperatures up to about 400°C, effective reforming and gasification generally require catalytic enhancement to achieve reasonable rates and selectivity to hydrogen and methane. Homogeneous gasification takes place above 400°C and higher pressure, producing methane or hydrogen gases in higher yields (Peterson et al., 2008; Toor et al., 2011). High temperatures >500°C generate hydrogen-rich gas without catalyst or with non-metal catalysts, while at a temperature around 500°C with catalyst, methane-rich gas is produced.

Biomass is a combination of several components: cellulose, hemicellulose, proteins, lignin, and inorganic. During the hydrothermal process, these components interact with each other, leading to very complicated chemistry. The kinetics of the liquefaction and gasification of these components are being investigated for around 30 years. Some kinetic parameters and reaction pathways are summarized by Yakaboylu et al. (2015c). According to the results obtained from a kinetic model, higher residence time increases the CGE (Yakaboylu et al., 2015d).



Influence of the Salts

Some salts present in the biomass benefit the conversion in subcritical water, but others poison the heterogeneous catalyst at supercritical conditions, plugging by salt deposition due to the low salt water solubility. On the contrary, alkali salts are active catalysts for the water-gas shift reaction (Kruse and Faquir, 2007; Maurice Henri, 2007). Only in the presence of such salts are high hydrogen yields at reasonable reaction times possible. The salts influence the reaction pathways during biomass conversion; the probable cause is the basicity of the salts. At ambient conditions, they are neutral, and at near- and supercritical water, the basicity of salts becomes very complex, as presented by Kruse and Dinjus (2005).



Influence of the Pressure and Temperature

A simplified explanation of H2 or CH4 production from the conversion of biomass into gas in SCWG is given by the stoichiometric Equations (1)–(4) (Rodriguez Correa and Kruse, 2018). The formation of H2 predominates over that of CH4 at high temperature because high temperature favors endothermic reactions Equations (1) and (2), while low temperature favors exothermic reactions Equations (3) and (4). The increasing pressure decreases the yield of H2, whereas that of CH4 increases. Besides, from simultaneous effects of temperature and pressure on hydrothermal gasification of glucose, the CGE increased with the increasing temperature and decreased with increasing pressure (Gökkaya et al., 2016).

Hydrogen formation
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Methane formation
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Influence of the Feed Concentration

The feedstock moisture content influences the CGE and syngas composition. Most of the research, kinetic modeling, and experiments are done at dry biomass below to 10 wt.% (Basu and Mettanant, 2009). CGE is low with feedstock at higher content as clarified in Equations (1) and (2) since the formation of H2 needs water. Therefore, more moderate moisture content theoretically reduces the formation of H2 and eases the formation of CH4 (Kruse, 2008) (Equations 3, 4). Complete gasification is only achievable with a dry-biomass concentration lower than 5 wt.%, implying a further increase in operating cost (Xu et al., 2012). For example, the high heat capacity of water leads to very high heat requirements to heat the aqueous feedstock to ≥400°C. Hence, the very high water content of the feedstock seems to be a significant disadvantage. On the other hand, the H2 yield of SCWG of sewage sludge, for industrial application, is only obtained with biomass concentration higher than 15 wt.% (Guo et al., 2007). The high dry-matter content leads to a high gas production but at low CGE. High reaction temperatures are required to achieve complete gasification for feedstocks with smaller moisture fractions.



Effect of the Resident Time and Type of Reactor

Longer residence time raises the hydrogen yield and the CGE, while CO yield decreases, and favors the complete gasification of biomass, expected within seconds at a temperature above 600°C (He et al., 2014). However, temperatures higher than 600°C at a pressure >20 Mpa result in high operating costs and limitations on materials (Yakaboylu, 2016). These represent the principal obstacle to the development of this technology.

Continuous reactors operating at high flow rates and fluidized bed reactors are the ones more suitable to control plugging problems during SCWG. The fluidized bed reactor, besides, increases heat and mass transfer during gasification. However, to achieve higher gasification efficiencies, longer residence times, as well as higher reactor temperatures, are needed. Large continuous reactors give high residence times, but there are technical limitations in building such reactors. The preheating section of an SCWG experimental setup constructed with a pipe heat exchanger reaches a total length of 55 m (Yakaboylu et al., 2018). Furthermore, increasing the residence time by operating the SCW gasifier at low feed flow rates increases the gasification efficiency. However, if the flow rate is too low, it will cause a lack of fluidization inside the reactor, resulting in a very low gasification efficiency (Yakaboylu, 2016).



Effect of the Catalyst

The appropriate physicochemical properties of SCW help the reactions (Guo et al., 2010). Addition of suitable catalyst in SCW enhances gasification and is especially important at lower temperatures. Nevertheless, most catalysts get poisoned, and the destruction of their support takes place with real biomass.

Biomass decomposition in SCWG is investigated in numerous experimental studies. This gives limited reported data regarding the gas composition and CGE, in particular when the SCWG operates in continuous reactors with real biomass at higher than 10 wt.%. According to the kinetic results of Yakaboylu et al. (2015d), the hydrothermal decomposition of biomass constituents (cellulose, hemicellulose, lignin, and protein) representing manure at 10 wt.% dry biomass gives a CGE of 50%, the reactor residence time is 60 s at 500°C, 25 MPa. Kinetic models in the catalytic SCWG of glucose, gives a CGE variation from 80 to 100%, the feed biomass fraction is 5–35 wt.% (Tushar et al., 2015).

Table 1 compares the gas composition and CGE of different types of feedstock at varied operating conditions in SCWGs. The influence of the catalyst, feedstock concentration, and temperature on the CGE is visible. The CGE of glucose conversion in SCWG reaches near 100% with the assistance of a catalyst at low feedstock biomass fraction 5 wt.% and 500°C. A CGE of 99.9% is achieved for simulated waste at 5 wt.% feedstock at 600°C, with the assistance of a catalyst. The CGE of corn + CMC is 40% at 600°C, 15 wt.%, and have non-assistance of a catalyst. It is noticeable that the amount of CO2 in all cases is significant.


Table 1. Comparison of gas composition and carbon gasification efficiencies of various feedstock from supercritical water gasification (SCWG) and SCWG experimental investigations.
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Gasifier-SOFC Integrated System

The gas produced by gasification processes is a potential fuel for a SOFC. The SOFC converts the chemical energy of the gas into electricity. The gasification of organic waste integrated with the high-temperature electrochemical process is attractive from the thermal point of view since gasification also operates at high temperature. Heat integration allows the generation of power with a high system efficiency.

A SOFC is an electrochemical device that comprises a solid electrolyte, a fuel electrode, and an oxygen electrode. The electrolyte allows the transport of oxygen ions, and the electrodes transport charge and are a heterogeneous catalyst. A charge transfer takes place among a gas, electrolyte, and electrodes and results in fuel oxidation (Hanna et al., 2014). Fuel oxidation generates heat and electricity. Furthermore, the heterogeneous catalyst in the fuel electrode promotes the reforming and partial oxidation of hydrocarbons.

The efficiency of the SOFC system depends on the thermal strategy of the balance of the plant (BOP) and SOFC design. Processed heat must replace the external energy required for air and fuel preheating in the BOP. The SOFC exhaust gases mostly contain CO2 and H2O. Potential exists for the capture and storage of these gases for further application, such as the electrochemical conversion of CO2 into CO (Ibram, 2018) or to feed a photobioreactor (Santarelli et al., 2017).

Thermodynamic calculations demonstrate a net electrical efficiency of 50% reached by a manure SCWG combined with a SOFC and gas turbines (GT) (Toonssen et al., 2010). The efficiency increased to 63% by integrating an SCWG-SOFC-Rankine cycle-Fuel processing turbines-GT (Facchinetti et al., 2012). On the other hand, in comparison, for a plasma gasification-based plant, including a fecal sludge drier, gasifier, gas cleaning unit, and SOFC-steam turbine combined system, the net electrical efficiency reaches 65% (Recalde et al., 2018). The efficiency calculated in these works assumed complete conversion of the chemical energy of the biomass into synthesis gas at thermodynamic equilibrium.



Perspective of the SCWG SOFC

The variation of the effectiveness of catalysts and variations in process conditions in the SCWG influence syngas compositions and quantities and hence the overall system efficiencies. Such influences are not yet studied in detail. This work, as far as the authors are aware of, for the first time, evaluates the influence of such variations on the efficiencies of SCWG integrated high-efficiency power plants in which SOFCs are employed for power production.

The performance of an SCWG at different operating conditions and the thermal strategy applied to the SCWG-SOFC combined system strongly influence the efficiency of the system. In particular, the combination of high temperature and high biomass moisture. Those parameters are favorable to reach almost full biomass conversion but negatively affect the thermal management and represent a challenge in the field of construction materials. On the contrary, operation of the SCWG at lower temperature and biomass moisture, expected in a real gasifier, makes it difficult to achieve complete conversion (thermodynamic equilibrium) in SCWGs. It results in lower conversion efficiency and lower production rate of syngas, which has an influence on the final results. These conditions are stopping the industrial development of the SCWG technology for the treatment of the unappealing wet biomass. Considering the mentioned drawback is compulsory to find new ways to improve the performance of an SCWG-SOFC system. Therefore, this study develops a parametric analysis of the SCWG-SOFC system to determine the influence of the mentioned gasifier condition on the energy and exergy performance of the system. The energy and exergy analysis will allow identifying potential process streams to combine bottoming cycles as a possible route to improve system performance.

As a result, the performance of a fecal sludge SCWG-SOFC power plant for industrial applications depends on the gasifier design with several engineering limitations and the thermal strategy applied in the system. No high H2 purity is required for an SOFC because of the internal heterogeneous reactions achieved in an SOFC. In this work, a thermodynamic model, developed in Aspen PlusTM, simulates the performance of an SCWG-SOFC power plant. Two models estimate the net electrical efficiency of the combined system, one operated with a real SCWG gasifier and another with a gasifier at thermodynamic equilibrium. Both systems are modeled according to the scheme in Figure 2, to be discussed in the next chapter. The data used in the model is from SCWG experimental plants designed with present-day engineering limitations. The current work assesses the influence of the operating conditions on the system net electrical efficiency and the impact of the SCWG operating conditions on the biomass conversion. Finally, the present work compares the system performance with the performance of another similar system, that is, a plasma-assisted two-stage gasifier-SOFC-Micro steam turbine (MST) presented by the author in a previous publication (Recalde et al., 2018).


[image: Figure 2]
FIGURE 2. Layout of the supercritical water gasification (SCWG)-solid oxide fuel cell (SOFC) integrated system.





SYSTEM DESCRIPTION

Figure 2 depicts a schematic flow sheet of the SCWG-SOFC system. Biomass at ambient conditions is pressurized in pump P1 and P2 to 12 and 25 MPa, respectively; HX1 and HX2 increase the temperature to around 110 and 320°C, respectively.

HX3 heats the hot pressurized biomass to reach a value below the reaction temperature, around 400°C. The flow is fed into the SCWG, where the conversion reaction is taking place at 500 or 600°C and 25 MPa. Unconverted biomass is sent around the reactor. The solid separator S1 removes the ash to clean the gas. HX2 and HX1 recover the heat of the produced gas, leaving the SCWG, to use it for biomass preheating. Then the gas is cooled down below to 200°C in HX4. The gas upgrading unit separator 1 (HP flash) at 10 bar separates fuel gas from water, which contains the higher hydrocarbons. Further separations take place in LP flash at 25°C and low pressure of 1 bar. The fuel gas contains CH4, H2, CO, and a small concentration of CO2 and H2O.

The gas cleaning unit S2 removes H2S from the upgraded gas at ambient conditions. The clean syngas is fed with steam, then is heated up to 850°C with recirculated syngas and fed into the SOFC anode. Internal reforming of CH4 will take place in the SOFC anode. Air is heated to 650°C with the exhaust gas from the SOFC cathode post-stack combustor (PSC) and fed into the SOFC cathode. The SOFC stack converts a large part of the chemical energy of syngas into electricity and heat. The PSC combusts the exhaust gas from the SOFC anode with the air from the cathode exhaust. Then, the flue gases heat the hot pressurized biomass in HX3.



THERMODYNAMIC MODEL

Reactions (1)–(4) explain the complete conversion of biomass in SCWG, where C6H12O6 represents biomass.

The reactions that might occur in a SOFC anode operated with syngas are the oxidation of fuel, Equation (5); the water-gas shift reaction, Equation (6); the internal steam reforming of fuel Equation (7). The electrochemical conversion of the fuel is carried out according to reactions Equations (5) and (9), generating electrical energy and heat [the heat given is for both Equations (5) and (8)].

At the fuel electrode
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At the oxidant electrode
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Energy and Exergy Analysis of the SOFC

Equation (9) determines the power and heat generated by the reactions (5, 6), where ΔH is the change of enthalpy, T is the reaction temperature, ΔS is the change of entropy, TS is the heat, and ΔG is the Gibbs free energy change, giving the power (O'Hayre et al., 2016).

[image: image]

The reversible cell voltage of the SOFC refers to the transfer of charged species, electrons, or ions across the interface in a SOFC and is given by Equation (10). Where n describes the number of moles of electrons transferred for every mole of chemical species reacting, and F is Faraday's constant.

[image: image]

The Nernst equation describes the reversible cell voltage of the SOFC as a function of the partial pressure of the system species, applied to the chemical reactions Equations (5) and (8) gives:

[image: image]

During operation, the resistance to the flow of an electric current in the cell generates Ohmic overpotential ηohm. Additionally, the charge transfer reactions cause activation overpotential ηact, and the transport limitations of gases through the porous electrodes to the TPB cause concentration/diffusion overpotentials ηconc. The total overpotential reduces the final voltage of the cell, being a function of the current density j

[image: image]

The cell resistance of an electrolyte-supported SOFC is governed mainly by the Ohmic type overpotentials, which depends mostly on the cell temperature. In this work, the SOFC temperature is assumed constant. Hence, the polarization overpotential is constant and is represented by the area specific resistance of the cell (ASR)

[image: image]

Faraday's Law, Equation (14), describes the maximum current that a SOFC generates. Assuming the electrochemical oxidation of H2 and the internal reforming of CH4 and CO:

[image: image]
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where the Nfuel [mol.s−1] is the moles of reactants on SOFC, and Uf is the fuel utilization for the requirements of an excess of fuel to avoid Ni oxidation.

The current density result:

[image: image]

where AReSOC is the area of the stack. The oxygen usage is calculated considering that each mole of oxygen transfers four moles of electrons:

[image: image]

The power of the SOFC is calculated by:

[image: image]

From the energy balance Equation (19) describes the heat generated by the SOFC, where Δ hCH4, ΔhWGS are the reaction enthalpies of the SOFC anode heterogeneous reactions: respectively, methanation and water gas shift reaction; the term [image: image]I is the heat generated by the cell overpotential, which is equal to the ASR times the current I [kW]. The enthalpy of the oxidant flow rate (in general air), ΔhOx, fed to the SOFC cathode, acts as temperature regulator removing the excess heat from the SOFC. N is mol flow rate of the chemical species:

[image: image]
 

Exergy Analysis of System

The exergy analysis estimates the work obtained from the SCWG-SOFC system and determines the components where the exergy destruction and losses take place.

The exergy balance (Moran, 2017) of the SCWG-SOFC at steady state is represented by Equation (20). The exergy enters the system with the biomass. The system is well insulated; in this regard, there is no exergy transfer accompanying heat transfer (except by the GUP), and the SOFC generates power:

[image: image]

where Ėd is the rate of exergy-destruction within the system, efi is the total specific flow exergy at inlet i, and efe is the specific flow exergy at exit e.

[image: image]

where h and s represent the specific enthalpy and entropy, respectively, at the inlet or exit under consideration; h0 and s0 are the properties at the reference conditions T0, p0

The chemical exergy for an ideal gas mixture at T0, p0, is given by:

[image: image]

where ē[image: image] is the chemical exergy for each gas component i, and yi denotes the mole fraction of component i in the mixture.



Efficiencies

Equation (23) defines the net electrical efficiency of the power plant η el, where PSOFC is the electricity generated by the SOFC stack (kW), PBOP is the total power consumption of auxiliary components, including compressors and pumps (kW); ṁbiomass is the mass flow of the biomass fed into the system (kg s−1); LHV (dry) biomass is the lower heating value of the biomass on a dry basis (kJkg−1).

[image: image]

The exergy efficiency ηex−sys is the ratio between the power generated in the SOFC exergy minus the BOP of the system and the exergy in the biomass.

[image: image]

The CGE is the ratio of the total amount of carbon in the gas phase divided to the total amount of carbon in the feedstock, where NC is the mole of carbon.

[image: image]




ASPEN MODEL

Figure 3 illustrates the Aspen model of the SCWG-SOFC system. The equation of state Peng Robinson is applied in the Aspen model because it is more favorable for describing thermodynamic behavior at temperatures above the critical point of water. The SCWG model utilizes processes with solids according to the procedure presented in Aspen Plus (2012), represented by the reactors DECOMP and SCWG. The SCWG product gas composition at thermodynamic equilibrium is calculated by applying the Gibbs free energy minimization method using the Gibbs Reactor in Aspen PlusTM. The gasifier at non-thermodynamic equilibrium uses the RYield Reactor in Aspen PlusTM. The gas upgrading unit (GUP), modeled by the HPFLASH and LPFLASH, separates the unconverted components from the gas, which are water-soluble (acetic acid as a representative component for the present models).


[image: Figure 3]
FIGURE 3. Aspen Plus process flow diagram of the supercritical water gasification (SCWG)-solid oxide fuel cell (SOFC) system.


The present SOFC model was built based on the work of Tanim et al. (2013, 2014) and Zhang et al. (2005). Gibbs reactor REFOR describes the heterogeneous reaction WGSR, the electrochemical oxidation of H2 with the Gibbs reactor ANODE-1. The heat and power produced by ANODE-1 is calculated by applying a calculator block; the total value describes the POW-HEAT stream. The air flow rate represented by the C-AIR stream carries the heat generated in ANODE-1, calculated by Equation 18. The stream HEAT-CAT takes the heat to the CATH, modeled as a Flash in Aspen. The C-AIR flow rate changes to maintain the SOFC system isothermal at 850°C. The molar flow rate of stream O2 is calculated by Equation 16.



RESULTS AND DISCUSSION


Model Comparison

Figure 4A compares the SCWG syngas composition reported by the experimental work of Boukis et al. (2017) with the calculated gas composition at thermodynamic equilibrium, temperature 450°C, 25 MPa, 6.7 wt.% dry biomass concentration. The difference in gas concentrations might be due to the experimental results presented by Boukis that gives a CGE of 45.8%; this generally occurs in SCWG real systems due to the natural constraints (Kozeschnik, 2000), according to Yakaboylu et al. (2015a). The CGE is the most essential additional constraint that might affect the gas composition. The presence of CO at temperatures lower than 500°C is the result of the insufficient residence time to complete the water gas shift reaction (Yakaboylu et al., 2018).


[image: Figure 4]
FIGURE 4. (A) Product gas composition compared with reference gas product concentration at reactor temperature 450°C, pressure is 25 MPa, 6.7 wt.% moisture content at thermodynamic equilibrium (TE) and at non-equilibrium. (B) Product gas composition vs. biomass moisture and SCWG temperature at 500°C and (C) at 600°C.


The simulation results of the SCWG-SOFC system are compared with the simulation data reported by Facchinetti et al. (2012). Table 2 gives the input parameters and the results. The syngas chemical composition, in dry basis, is comparable in both works. The different operating conditions of the GUP result in a higher content of H2O on the syngas composition presented by Facchinetti, operating the GUP at 70 and 1–6 bar. Whereas, in this work, the operating pressures are 10 and 1 bar. In general, the SCWG-SOFC system performance has a good agreement with the reported value.


Table 2. Comparison of the simulation results of the supercritical water gasification (SCWG)-solid oxide fuel cell (SOFC) system with the data obtained from reference.

[image: Table 2]



Analysis of the Process Parameters

This section presents the results of the thermodynamic analysis of the proposed system. The impact of temperature and biomass moisture, SOFC fuel utilization, and CGE on system performance is investigated. The feedstock used for this analysis is fecal sludge. Table 3 gives the ultimate analysis. Table 4 gives the SCWG and SOFC operating conditions.


Table 3. Ultimate analysis of fecal sludge.

[image: Table 3]


Table 4. Gasifier and solid oxide fuel cell (SOFC) stack parameter and operating conditions.
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SCWG-SOFC Influence of Fuel Utilization and Biomass Moisture Content on the Net Electrical and Exergy Efficiency

The product gas at thermodynamic equilibrium, temperature 500 and 600°C and 250 bar is illustrated in Figures 4B, C. The significant increment of H2 and reduction of CH4 concentrations at biomass water content higher than 85 wt.% are noticeable. Figure 5 shows the net electrical and exergy efficiency of the SCWG-SOFC system as a function of SOFC Uf (fuel utilization) and biomass moisture content.


[image: Figure 5]
FIGURE 5. Efficiency of the supercritical water gasification (SCWG) solid oxide fuel cell (SOFC) system as a function of Uf and biomass moisture content.


The system net electrical efficiency is maximum at higher Uf and low biomass moisture content. Uf variation from 0.65 to 0.95 changes the net electrical efficiencies from 56 to 72% at moisture content 80 wt.%, and from 13.4 to 46% at 95 wt.%. Higher Uf generates additional power and heat in the SOFC, and the heat efficiently preheats the air and fuel inlet streams. Also, high Uf reduces the fuel fed to the PSC, and thus the exhaust gases that preheat the feedstock entering the SCWG, leading to lower exergy destruction, because of the reduction of the temperature difference between the streams. The highest net electrical efficiency and exergy efficiencies of 72 and 59%, respectively, are obtained at 80 wt.% moisture, Uf 0.95. The efficiencies decrease significantly to 46 and 39% at 95 wt.%, since extra heat is required to maintain the reaction temperature, due to the significant increment of water fed to the system.

For lower moisture content in the biomass, the SOFC off gas, after combustion, provides enough heat for gasification but at the expense of reducing SOFC Uf to 0.65 and consequently decreasing the SOFC power generation. On the other hand, the hot syngas efficiently preheats biomass by the recovery of the high-quality heat produced in SCW. The higher moisture in the biomass favors the H2 production. However, the influence in the chemical exergy is minor; at 95 wt.%, the chemical exergy of syngas after the GPU reaches 9,499 kW and decreases to 9,342 kW at 80 wt.%.

Figure 6A illustrates the contribution of each process unit in the exergy destruction at 80 and 95 wt.% biomass moisture. The most significant contributions are from SOFC-air preheater, SCWG, gas GUP, and fuel preheater. The total exergy destruction is higher in the case of higher biomass moisture content at 95 wt.% because of the significant increase in exergy losses in the SCWG. The SCWG exergy destruction increases from 1,054 kW at 80 wt.% to 2,335 kW at 95 wt.%. The high exergy destruction in the SCWG is principally caused by variations in the thermochemical exergy. The chemical exergy has a lower influence (changes from 9.3 MW at 80 wt.% to 9.5 MW at 95 wt.%; Figure 9). Irreversibilities in the SOFC-air processing and fuel processing are associated with the heat transfer between the high- and low-temperature fluids in the heat exchangers. Exergy destruction in the air compressor and pumps is considerably lower. Exergy loss occurs in the GUP (Figure 2) due to heat transfer. The water separation is an exothermic process, and thus heat is transferred from the HP flash to the surroundings. LP flash operates at ambient temperature, 25°C, and the exergy loss is negligible. The exergy destruction in the fuel-processing unit is higher at 95 wt.%, 1,153 kW when compared to 390 kW at 80 wt.%. Higher water flow rate at increased biomass moisture increases significantly the thermochemical exergy in the fuel streams and, hence, the exergy destruction in heat exchangers.
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FIGURE 6. Exergy destruction attribution of each section to the total exergy loss as a function of: (A) 80 and 95 wt.% biomass moisture (B) gasifier temperature (C) Uf in supercritical water gasification (SCWG)-solid oxide fuel cell (SOFC) system at 80 wt.% and (D) Uf in SCWG-SOFC system at 95 wt.%.


Figures 6C,D shows the contribution of each process unit in the total exergy destruction of the combined system at 80 and 95 wt.% biomass moisture as a function of the Uf. The total exergy destruction of the combined system decreases with increasing Uf. The exergy destruction in the SCWG has almost no influence on the Uf. But the exergy destruction in the SOFC-air preheater increases with increased Uf because higher fuel utilization increases the heat produced by the SOFC. Thus, the more heat carried out the by air stream, the more power required to drive the air compressor CM2. Besides, the increase in air flow rate increases the exergy destruction in the air preheater heat exchangers, since the SOFC cathode air is recirculated and fed to the PSC (Figure 2). The exergy destruction in the SOFC increases slightly at increased Uf as more fuel is processed. On the contrary, the exergy destruction in the PSC, fuel-preheater, and GUP decreases with increasing Uf. Higher fuel utilization reduces the fuel combusted in the PSC, hence, the stream available for fuel-preheater has less difference in temperature, and thus less exergy destruction. Similarly, the temperature of the stream fed the GUP is low and thus lower exergy destruction accompanying heat transfer. The exergy destruction in the SOFC at 95 wt.% at increasing Uf is lower than that at 80 wt.%. The higher concentration of H2 at higher moisture content increases the thermochemical exergy and reduces the exergy destruction.

The PSC produces heat at high temperature and at low Uf, which results in high exergy destruction in heat exchangers, affecting the performance of the SCWG-SOFC combined system. The integration of the system, operating with biomass moisture lower than 90 wt.%, with bottoming cycles to recover the heat is a subject for further simulations.



Influence of SCWG Heat Recovery on the System Efficiencies

The energy and exergy efficiency strongly depends on the heat recovery from the product gas generated in the SCWG. The heat exchanger HX2 recovers the heat from the stream GAS-PRO by heating the feed to the SCWG. The temperature of the hot stream SYNGAS2 reflects the amount of heat recovered (Figure 2). According to the design presented in the work of Fiori et al. (2012), the temperature of the stream SYNGAS2 maintains the vapor fraction equal to one at 350°C. While in the work of Feng et al. (2004), the liquid fraction of the stream SYNGAS2 is equal to one at 100°C. In this work, the estimation of the minimal temperature of SYNGAS2 depends on the process heat available. Figure 7 shows the influence of the SYNGAS2 temperature on system efficiency. At 80 wt.% biomass moisture, the maximum heat recovered is at SYNGAS2 temperature 278°C, reaching energy and exergy efficiency of 65 and 53%, respectively. At higher SYNGAS2 temperature (375°C), less heat is recovered and the efficiencies decrease to 31 and 27%. At 95 wt.%, the minimum temperature is 137°C, at high moisture, there is less process heat available. Higher SYNGAS2 temperature than 137°C makes the combined system no longer energetically sustainable since the system requires additional external heat for fuel preheating.


[image: Figure 7]
FIGURE 7. Influence of the heat recovery on the supercritical water gasification (SCWG) solid oxide fuel cell (SOFC) efficiency.




Influence of the SCWG Operating Temperature on the System Efficiency

The variations in the efficiencies of the combined SCWG-SOFC system with the SCWG operating temperature and biomass moisture are presented in Figure 8 (at Uf 0.85). The exergy and net electrical efficiencies decrease when the operating temperature increases, since high operating temperature increments the heat demanded by the gasifier, while the chemical exergy of the product gas slightly increases. At 80 wt.%, the energy and exergy efficiencies reach a maximum of 65 and 54%, respectively, at 500°C. These are significantly higher than the efficiencies at 95 wt.%, 44 and 37%. The combination of high moisture and high temperature considerably reduces system efficiency. At operating temperatures higher than 650°C and 95 wt.% the system is not self-sustainable. The power generated by the SOFC is significantly lower than the total power consumption by the auxiliary components of the system due to the high energy demanded by the SCWG.
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FIGURE 8. System efficiency as a function of the gasifier temperature at 80 and 95 wt.% moisture.


Figure 9 illustrates the variation in the heat needed by the SCWG and the chemical exergy variation of the product gas as a function of the gasifier temperature and biomass moisture. The chemical exergy of the product gas slightly increases with the temperature at 80 and 95 wt.%. The SCWG is, to some extent, exothermic at lower temperature and low moisture. Since the exothermic reactions 3 and 4 are favorable, the gasifier requires less heat. The gasifier generates 0.5 MW of heat at 500°C and 80 wt.%. The heat demanded by the gasifier slightly increases with the temperature. At higher moisture levels, the gasifier is very endothermic. The heat needed by the SCWG at 95 wt.% and 500°C increases to 2.2 MW and significantly increases with temperature to 5 MW at 700°C. At high moisture levels, the endothermic reactions 1 and 2 dominate, and because of the high moisture levels, the gasifier requires a higher amount of heat.


[image: Figure 9]
FIGURE 9. Supercritical water gasification (SCWG) heat needed and chemical exergy of stream SYNGAS as a function of the gasifier temperature.


Figure 6B shows the effects of SCWG temperature on the irreversibilities in the primary process units of the SCWG-SOFC combined system and their contributions to the total exergy destruction at Uf 0.85. Higher temperatures increase the heat demanded by the gasifier; hence, the total exergy destruction in the system increases. The exergy destruction in the SOFC air-preheater accounts for the most substantial amount. The high temperature increases the H2 production, increasing the heat carried by the air stream. This increases the air flow rate and thus the thermochemical exergy and exergy destruction in the heat exchangers. Consequently, the exergy destruction in the PSC increases as well. The increased temperatures in the gasifier rises the exergy destruction in the GUP since the product gas fed to the GUP has a higher thermochemical exergy. On the other hand, the exergy destruction in the SOFC decreases with the increased gasifier temperature. High temperature favors an increment of H2 and decrement of CH4 in the gas product. Higher production of H2 in the gasifier reduces the requirement of heat in the SOFC for the endothermic CH4 internal reforming reaction. Thus, more heat is available in the SOFC to be utilized for air and fuel processing.



Influence of the CGE of SCWG on the System Efficiency

Figure 10 shows the net electrical efficiency of the SCWG-SOFC as a function of Uf at gasifier GCE of 40% (non-thermodynamic equilibrium) and CGE of 100%. The non-equilibrium process parameters are selected from available experimental data of SCWG of biomass, taking into account the projection to industrial application and considering the current technical and catalytic limitations to build a reactor. Dry biomass content is 15 wt.%, 600°C, 25 MPa. The gas concentration and CGE are assumed the same as the ones reported in the work of Lu et al. (2008) (Table 5).
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FIGURE 10. System net electrical efficiency as a function of the Uf at different gasifier carbon gasification efficiency (CGE).



Table 5. Key data and results from supercritical water gasification (SCWG) solid oxide fuel cell (SOFC).

[image: Table 5]

At non-equilibrium, the efficiency reaches 29 to 40% at Uf 0.65–0.95, which is significantly lower compared with the equilibrium calculations. The main reason is the low CGE of the SCWG, in the order of 40%, resulting in a high amount of unconverted biomass discharged in the GUP.

The net electrical efficiency is in the order of 44 to 65% at thermodynamic equilibrium and the SOFC operating at Uf varying from 0.65 to 0.95. According to experimental results from the literature, gasifier operating temperatures higher than 600°C can improve the CGE at dry biomass around 15 wt.%, but materials restriction is still an impediment (Guo et al., 2007). Besides, the CGE at 600°C with the support of a catalyst can be close to 100% at dry biomass lower than 5 wt.%, but the gasifier requires careful design to avoid low conversion. This work finds a system efficiency of 14% at 95 wt.%, 600°C, Uf 0.85 (Figure 9). In spite of the low efficiency, if a complete conversion of biomass can be achieved at moisture 95 wt.%, it represents an advantage. The gas product rich in H2O at SCW conditions is a valuable product. It can be integrated with a bottoming cycle and recover the thermochemical exergy of the product.




GASIFIER-SOFC SYSTEM PERFORMANCE COMPARISON


SCWG-SOFC Combined System

The work of Toonssen et al. (2010), SCWG of 20 wt.% (dry) manure content, at 600°C and 24 MPa, reported a net electrical efficiency of the order of 50%. The gasifier is at equilibrium and 100% CGE; however, this is not yet possible to achieve with current technology at dry biomass content higher than 10 wt.%.



Competing Technologies

Table 5 gives the necessary data of the SCWG-SOFC integrated system compared with the results of a dryer-plasma-assisted two-stage gasifier-SOFC-micro steam turbine (MST) combined system, as both systems are developed for similar purposes (production of electricity with high efficiency from wet biomass streams. According to thermodynamic calculations, the combination of a superheated steam dryer and plasma-assisted two-stage gasifier-gas cleaning unit (GCU)-SOFC-MST (Recalde et al., 2018) gives a net electrical efficiency of the order of 50–65%. The system is fed with biomass at 60–92 wt.% moisture. The syngas contains a higher amount of H2 and CO and a lower amount of CO2 than the gas product in SCWG. The gasifier is at equilibrium, and 100% of the carbon is gasified. The cold gas efficiency, which is the chemical energy of the syngas as a proportion of the chemical energy of the biomass and energy input to the gasifier is 88%.

Thermodynamic calculations and experiments demonstrate that a CGE near 100% is possible with a plasma-assisted two-stage gasifier. The gasifier receives additional energy from the plasma torch. The moisture content of the biomass, higher than 90 wt.%, is not a barrier to reach system efficiency higher than 50%, with the application of an efficient dryer unit. The integrated system constituted with a drier, plasma-assisted two-stage gasifier, GCU, SOFC, and MST is relatively complex and needs further technology development and experimental demonstration.

In contrast, the limited results available from SCWG thermodynamic calculations or experiments demonstrate the possibility to reach a CGE near 100% utilizing real biomass at dry biomass content higher than 10 wt.%. High CGE is only possible to achieve at dry biomass content lower than 10 wt.%. However, the SCWG-SOFC is not energetically suitable at this concentration. Furthermore, the product stream contains relatively high CO2 (>20 vol%). The generation of high amounts of water-soluble compounds (>40 wt%) at dry biomass higher than 10 wt.% is responsible for the significantly low system efficiencies.

However, this study reveals that the optimal combination of the operational conditions of the SCWG-SOFC system could make the integrated system more competitive. The process streams may combine thermal power plants. Besides, an advantage of the SCWG is the production of a stream rich in steam at high temperature and pressure; the energy of this stream can be recovered with more efficient methods. In the current system, this energy is not recovered entirely due to heat transfer limitations, which also influence the efficiency of the system. The products generated in the real SCWG gasifier, CO2, steam, and water-soluble compounds could be utilized in different processes, for example, the electrochemical reduction of CO2 and H2O into CO, H2, and O2 when excess electrical energy is available (Recalde et al., 2017). The reforming or partial oxidation of the water-soluble compounds is also a possibility to produce more useful products. Those are methods that may make both systems appear as appealing but face challenges.




CONCLUSIONS

A thermodynamic model is developed in Aspen PlusTM to evaluate the performance of the SCWG-SOFC combined system. The gasifier model is considered first at thermodynamic equilibrium and subsequently at non-equilibrium. The model assesses the effect of several gasifier operating parameters and the SOFC Uf on the net electrical and exergy efficiencies, as well as on the total and process unit wise exergy destruction.

The SCWG operating parameters varied are temperature, biomass moisture, residence time, and the percentage conversion of biomass in the gasifier. Thermodynamic equilibrium simulation of SCWG assuming a CGE is equal to 100% results in higher system efficiency. However, near 100% conversion of real biomass into a gas product in SCWG is only possible at solid contents lower than 10 wt.% at temperatures higher than 500°C and long residence times. However, due to the operating conditions, there are material limitations and difficulties in the reactor construction. Besides, at low solid content, the remarkably high energy needed to increase the temperature of the water reduces the energetic sustainability of the combined system. At 95 wt.% moisture, 600°C, 250 bar, Uf 0.85, the net electrical efficiency is 14% at thermodynamic equilibrium. Nevertheless, the almost full biomass conversion at these conditions make the SCWG product gas suitable for using in bottoming cycles as a way to increase the system efficiencies.

Dry biomass contents higher than 10 wt.% gives higher net electrical efficiency. However, near 100% biomass conversion into product gas is not found experimentally for higher dry biomass content in SCWG systems. At these conditions, the CGE is around 40%, the combined system net electrical efficiency reduces to 29 and 40% at SOFC fuel utilization of 0.65 and 0.95, respectively, fed with biomass, with a solid content of 15 wt.% at 600°C and 25 MPa. The low conversion of the solid biomass into product gas in a real SCWG and the low heating value of syngas (CO2 >20 vol%) are the main reasons for the low net electrical efficiency of the SCWG- SOFC systems. The product gas composition of the SCWG reactor is from reported experimental data, where the gasifier has not reached thermodynamic equilibrium. On the contrary, at thermodynamic equilibrium, the system reaches a higher net electrical and exergy efficiency of 63 and 52%, respectively, at Uf = 0.85 for the SOFC and 600°C and 25 MPa in the gasifier for a dry biomass content of 20 wt.%. The SOFC-air preheater causes the highest exergy destruction. The lower moisture results in excess thermochemical exergy available in the system for using in bottoming cycles, and this could improve the system efficiency.

A potential exists for improving the gasification process by employing a suitable catalyst and increasing the residence time and materials quality, and so on. Such improvements, though not easy to achieve, might lead to efficient gasifiers and efficient systems. On the other hand, the variation of operational parameters such as biomass moisture content, SCWG operating temperature, SOFC fuel utilization generates process stream. That has a high potential for its integration with other processes. Thus, in spite of the engineering limitations of the SCWG, the performance of the combined system can be improved. In this regard, the product gas rich in steam and CO2 obtained at high biomass moisture in the gasifier can be integrated with an electrochemical process to produce fuel. While at low biomass moisture, the high heat produced combined with bottoming cycles, such as thermal power plants, is a route to improve the system performance. The water-soluble compounds generated in the SCWG process, being useful by-products, might also increase the competitiveness of real SCWG systems.

It is also interesting to note that alternative approaches are being proposed for power generation from very wet biomass streams. For example, the previous paper from the authors of this manuscript describes a system based on plasma gasification (Recalde et al., 2017). However, such systems also need further technology development as it is the case with SCWG-based systems. Given the importance of the challenge, multiple technology lines should be pursued in parallel.
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