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Abstract The supercritical carbon dioxide cycle yields a superb performance for intermediate temperature power systems. This reference temperature is typically found halfway from the higher temperatures where conventional gas turbines achieve 40%+ efficiencies and the lower ones where steam turbines are usually employed. This work presents a system where the particular features of the SCO2 cycle can be fully exploited in conjunction with a high temperature fuel cell. Molten Carbonate Fuel Cells (MCFC) have been proposed for distributed generation given their very high efficiency and low environmental impact. These electrochemical devices operate at constant temperature (600-650 ºC) and generate electricity by oxidising hydrogen electrochemically. In other words, there is no combustion process and, therefore, no NOx emissions. Nevertheless, in spite of the very high chemical to electrical energy conversion (of around 50%), there is still a substantial amount of energy in the form hot exhaust gases that is not used. This is the underpinning idea of fuel cell hybrid systems: a further conversion of waste heat to mechanical energy by means of a gas turbine cycle. Numerous research works have been developed up to date in the topic of hybrid systems, the vast majority of which make use of conventional hot air turbines or conventional combustion turbines where the combustor is substituted for a fuel cell. In all cases, the rather low exhaust temperature of the cell, which is very similar to the temperature at turbine inlet, affects the bottoming system efficiency negatively (turbine work decreases rapidly whereas compressor work remains constant). This work presents the benefits of using a SCO2 bottoming cycle in lieu of a conventional hot air turbine. The better performance of the carbon dioxide cycle at lower maximum temperatures yields an upsurge in hybrid system efficiency of almost 10%, approaching the noteworthy 60% value. This proposal, which is based initially on Molten Carbonate Fuel Cells, is extendable to other high temperature fuel cells like Solid Oxide Fuel Cells (SOFC).



1. Introduction to the concept of hybrid system Hybrid systems are based on the combination of high temperature fuel cells and heat engines for efficient power generation. Different configurations can be adopted. For instance, the hot exhaust gases of a fuel cell can be used as the heat source to run an externally heated engine. Or conversely, the exhaust gases of a conventional gas turbine can be conducted to the cathode of a fuel cell for further utilization of its remaining oxygen content. In all cases, the bottom-line is that the smart integration of both systems yields a more efficient fuel to electricity energy conversion. These systems were originally developed in the 1970s with the aim of increasing the performance of fuel cells through turbocharging, though they later developed into more elaborate configurations. Two of them are the most
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commonly used layouts: direct and indirect, Figure 1, in both of which fuel cells constitute the topping system where fuel is added. The main differences between both configurations are: Fuel cell and heat engine exchange mass and heat in direct systems whereas only heat is exchanged in the indirect layout. The fuel cell is pressurized in direct systems. The working fluids of the bottoming systems in the direct and indirect configurations are a mixture of combustion gases and hot air respectively. These differences impact the performances of the fuel cell, the heat engine and, therefore, the hybrid system as a whole. To evaluate how performance is affected some elementary notions about fuel cells and their working principles are now provided. Work FUEL CELL Mass BOTTOMING



Work FUEL CELL



Heat Work



Heat BOTTOMING



Work



Figure 1. Direct (left) and Indirect (right) Hybrid Systems.



A fuel cell comprises three layers: cathode, anode and electrolyte, all of which conduct electric charges of different types. Cathode and anode are porous electrodes of less than one millimeter thickness and they are made of nickel based materials to promote the corresponding redox reactions. The electrolyte is a mixture of lithium, sodium and potassium carbonate salts whose final composition is a compromise between ionic conductivity and chemical stability. These salts, which are melted at the operating temperature of the cell, are retained by capillary forces within a LiAlO2 matrix which provides mechanical resistance to the assembly. Air is thus put in contact with the cathode where oxygen and carbon dioxide react to form carbonate ions, Eq. (1). Hydrogen is put in contact with the anode where it is reduced to protons H+. These protons then react with the carbonate ions that have migrated from the cathode through the electrolyte and produce water and carbon dioxide which are then released joining the bulk fuel flow. Oxidation reaction: Reduction reaction: Global reaction:



H2+CO3= → H2O + CO2 + 2e½O2 + CO2 + 2e- → CO3= H2 + ½O2 → H2O



(1) (2) (3)



The flow of electrons from anode to cathode through the external load yields useful electrical work, whose maximum value is given by the Gibbs free energy change of the global reaction [1]. This useful work can also be related with the voltage difference, or electromotive force E, between electrodes: (4) Equation (4) is used to calculate the theoretical (maximum) voltage difference between the electrodes of a fuel cell. Hence, making use of a reference standard condition denoted by the superscript 0 and considering that the actual operating conditions of the cell differ from it, one can arrive to the following equation: (5) E is termed Nernst voltage and stands for the maximum voltage difference should the fuel cell work ideally. In practice, the operating voltage of the cell is lower than E due to a number of irreversibilities (polarizations), the most relevant of which are: 1. Activation losses, deriving from the need to break the chemical bonds of hydrogen, oxygen and carbon dioxide molecules to initiate the redox half-reactions at anode and cathode.
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2.



Ohmic losses, deriving from the internal resistance of electrodes, electrolyte and interconnections to the flow of electric current, either electrons or ions. Ohmic losses are proportional to current density (Ohm’s law). 3. Concentration losses, deriving from the limited rate of mass diffusion through the porous electrodes which is not able to supply the reaction with enough reactants, especially at the cathode. All these losses are added up to yield a global equivalent resistance Req used to calculate the real operating voltage: (6) Details about how to calculate Req are out of the scope of this work and can be easily found elsewhere [2]. Nevertheless, the beneficial effects of pressure on the voltage, and therefore the efficiency, of a fuel cell are easily deduced from Eq. (5) and are illustrated in Fig. 2.



Figure 2. Performance Map of a Fuel Cell.



The visible gains in power density and efficiency brought about by pressurized operation have paved the way for direct systems in lieu of the indirect layout. However, despite the high efficiencies achieved by the former (55 to 60% LHV as reported in [3]), a number of operational problems have been repeatedly encountered preventing these systems from entering the demonstration/commercial phase: unmatching of compressor/turbine and fuel cell time constants (critical at transient operation), sealing of fuel cell channels, electrode degradation, capability of standalone operation of the fuel cell. These setbacks have encouraged the authors of this work to find alternative concepts of hybrid systems where fuel cell and bottoming system are less integrated. The following features are deemed essential: atmospheric operation of fuel cell and externally fired layout of heat engine (no fuel added to the bottoming system).



2. Layout of the MCFC & SCO2 hybrid system The elementary layout of the hybrid system proposed in this work is sketched in Fig. 3 along with a conventional hybrid system using a hot air turbine. The cell is fed with a mixture of water steam and natural gas which is internally reformed to hydrogen thanks to the surplus heat released within the stack (Eq. (3) is exothermic). Both fuel and air are preheated before entering the cell, after which a catalytic combustor oxidizes the excess fuel to carbon dioxide and water. The highest temperature of the system is found at the exit of this device, where the heat exchange between topping and bottoming system takes place (HX4). The (CO2 rich) exhaust gases leaving the high temperature heat exchanger HX4 are partly recirculated to the cathode inlet to provide this electrode with the necessary amount of carbon dioxide and, at the same time, preheat both fuel (indirectly) and air (directly) before entering the cell. Finally, the not-recirculated fraction of fuel cell exhaust gases are used to generate steam in a heat recovery steam generator which is later used to reform the hydrocarbon fuel.



Supercritical CO2 Power Cycle Symposium May 24-25, 2011 Boulder, Colorado



Figure 3. Layout of Reference Hybrid Systems: hot air turbine (left) and SCO2 system (right).



The bottoming SCO2 system adopts a simple recuperative configuration even though the efficiency achieved is lower than with other complex layouts like re-compression. This decision is based on the low power output of typical hybrid systems (hundred of kilowatts) and on the need to facilitate part load operation (i.e. flexibility). Figure 3 shows the by-pass and inventory tank used to run the system at part load.



3. Performance comparison of MCFC-GT and MCFC-SCO2 systems The systems shown in Fig.3 have been compared by the authors exhaustively in references [4-6], from which the information in Table 1 has been excerpted. Two hybrid systems have been constructed from a stand-alone atmospheric fuel cell whose operating parameters are reported in the Table and can be regarded as typical of state of the art Molten Carbonate Fuel Cells. From this common core, two bottoming systems have been incorporated, Fig. 3, both of which are recuperative and adopt a 3:1 pressure ratio. The integration layout is similar and the only difference between both cases is that the air cycle is of the open type whereas the carbon dioxide turbine is closed. Parameter MCFC Current density Temperature Fuel utilization Carbon utilization Efficiency Gross power Bottoming system Compressor inlet Turbine inlet Efficiency Power Hybrid system Net efficiency Net power GT contribution



Unit



Air



A m-2 K % % % kW



SCO2 1100 923 75 70 50.5 500



K/bar K/bar % kW



298/1.013 650/2.881 26.6 86.7



308/75 650/216.1 39.9 129.9



% kW %



55.0 540.4 14.8



59.4 583.6 20.6



Table 1 - On-Design Performance of MCFC-GT and MCFC-SCO2



The first aspect of Table 1 that deserves attention is the superior performance of the bottoming SCO2 cycle which achieves 50% higher efficiency/power than the reference hot air turbine for the same turbine inlet temperature. This impacts the performance of the hybrid system whose efficiency increases by almost 4.5 percentage points thanks to
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the higher contribution of the bottoming system to power generation. This last feature of the proposed MCFC-SCO2 system is fundamental inasmuch as it further confirms that an indirect hybrid system using this layout is able to yield the same power share as a conventional direct MCFC-GT. And this is achieved without the aforementioned disadvantages of this type of systems.



4. Further benefits of the MCFC-SCO2 system at part load operation The MCFC-SCO2 system proposed in this work has also been analyzed at part load since the poor performance at low loads is another weak feature of conventional MCFC-GT hybrids, which usually incorporate a load-control strategy based on variable speed operation and, if necessary, turbine inlet temperature reduction. Figure 3 illustrates the devices typically used to control part-load operation of closed gas turbines: inventory tank, turbine by-pass valve and turbine inlet temperature (this last one not plotted). Additionally, variable speed operation is considered in all cases. Two different cases of interest are studied here: constant and variable fuel utilization. The first condition is highly unusual but permits decoupling the oscillations of efficiency due to fuel utilization from the oscillations of global efficiency due to the control strategy. Variable fuel utilization is, on the contrary, typical of most fuel cells. Thus, U f decreases at low load settings, for which the absolute mass flow rate of unused fuel is low, and increases at higher power outputs to avoid high fuel concentrations in the exhaust fuel cell flow. The performance of the MCFC-SCO2 system for both situations is plotted in Fig. 4, excerpted from reference [7]. It is shown that thanks to the beneficial effect of reducing current density on fuel cell efficiency, the part load efficiency of the hybrid system tends to increase at part-load, especially for variable fuel utilization. Additionally, when this is combined with inventory control in the bottoming system, the enhancement of global efficiency is remarkable: four percentage points efficiency increase at 50% load. The effect of bottoming system part load performance is further illustrated in Fig. 4 right. This plot reports that the contribution of the SCO2 system to power generation remains at a very high value regardless of power output when the best control strategy is adopted (inventory control down to 650 A/m 2 and by-pass control for lower current densities). Other more disadvantageous part-load operations are plot in Fig. 4 for completeness.



Figure 4. Part-load Performance of the MCFC-SCO2 Hybrid System with variable (Uf,v) and constant (Uf,c) fuel utilization.



5. Summary & Conclusions A new application for the supercritical carbon dioxide cycle has been presented in this work. It is based on the combination of high temperature fuel cells and bottoming heat engines to yield very efficient power generators to be
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applied to distributed generation. This type of systems has already been proposed by numerous authors who, in the main, have made use of conventional hot air turbines or directly integrated combustion turbines where the combustor is substituted for the fuel cell. The main conclusions from the analysis presented in this work are: The efficiency achieved by indirect MCFC-SCO2 hybrid system is higher than for conventional indirect MCFC-GT systems and similar to directly integrated MCFC-GTs. The MCFC-SCO2 system outperforms other existing hybrid systems at part load, where the outstanding performance of the bottoming systems sets the proposed hybrid system apart. Additional benefits brought about by the smart integration of MCFC and SCO2 are found with regard to maintenance and degradation, mostly due to the fact that the fuel cell operates at atmospheric pressure.
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