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 We investigate the electrochemical settling time of an SOFC stack model.  The settling time is on the order of milliseconds under normal operation.  Increasing the polarizations increases the settling time to nearly 1 s.  Increasing the capacitance increases the settling time to multiple seconds.  PI control appears to have little inﬂuence on the electrochemical settling time.
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While the charge double layer effect has traditionally been characterized as a millisecond phenomenon, longer timescales may be possible under certain operating conditions. This study simulates the dynamic response of a previously developed solid oxide fuel cell (SOFC) stack model that incorporates the charge double layer via an equivalent circuit. The model is simulated under step load changes. Baseline conditions are ﬁrst deﬁned, followed by consideration of minor and major deviations from the baseline case. This study also investigates the behavior of the SOFC stack with a relatively large double layer capacitance value, as well as operation of the SOFC stack under proportional-integral (PI) control. Results indicate that the presence of the charge double layer inﬂuences the SOFC stack's settling time signiﬁcantly under the following conditions: (i) activation and concentration polarizations are signiﬁcantly increased, or (ii) a large value of the double layer capacitance is assumed. Under normal (baseline) operation, on the other hand, the charge double layer effect diminishes within milliseconds, as expected. It seems reasonable, then, to neglect the charge double layer under normal operation. However, careful consideration should be given to potential variations in operation or material properties that may give rise to longer electrochemical settling times. © 2015 Elsevier B.V. All rights reserved.
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1. Introduction
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Developing a solid oxide fuel cell (SOFC) model that is both accurate and computationally efﬁcient is important, especially when incorporating the fuel cell model into a larger system. Various approaches have been taken to meet this objective,
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including one-dimensional fuel cell models [1e3], lumped parameter models [4e7], hierarchical modeling [8], and even a lookup table [9]. Many fuel cell models do not include processes on the millisecond timescale, particularly the charge double layer effect [1,2,4,7e21]. The charge double layer is a build-up of charge along the electrode-electrolyte interfaces, giving rise to capacitorlike behavior that smooths the fuel cell's output voltage over a short timespan [22,23]. While neglecting the charge double layer simpliﬁes the fuel cell model, it may also detract from the model's accuracy. The extent to which the charge double layer inﬂuences the fuel cell model's accuracy is an open question. The answer depends largely on the double layer polarization's settling time, as well as the timescale of interest. That is, if the charge double layer effect does not extend beyond the millisecond timescale, then it is reasonable to neglect this phenomenon in stationary power applications, as load data in stationary power applications is often provided (and simulated) over the course of an entire day, or even longer [24e28]. On the other hand, if the charge double layer effect creeps into the second timescale, and a simulation time step on the order of 1 sec. or less is employed, then consideration should be given to the charge double layer when modeling the fuel cell in order to accurately capture electrochemical processes that occur on the second timescale, or shorter [29]. SOFCs designed to loadfollow, for instance, would likely be impacted by electrochemical settling times on the second timescale, as such systems require control on multiple timescales (including seconds) [1,2,30]. Backup fuel cell generators and fuel cell-powered data centers may also experience signiﬁcant power changes in short time periods. A backup generator must respond within seconds of a grid failure [31,32], and data centers can experience a signiﬁcant power increase in a short timespan due to increased CPU usage (milliseconds) or increased power during reboot (seconds) [33]. The present study investigates the inﬂuence of the charge double layer on the dynamic behavior of an SOFC stack. This study employs a previously developed SOFC stack model [34], which includes an equivalent circuit that combines the double layer polarization with the other irreversibilities in the fuel cell (namely, the activation, concentration, and ohmic polarizations), as well as species mass, energy, and momentum balances. The dynamic response of the SOFC stack to changes in load, represented by changes in current density or power demand, is investigated under different operating conditions. Speciﬁcally, three different sets of operating conditions are considered: baseline, minor deviations from baseline, and major deviations from baseline. This study also investigates the effect of a relatively large value of the double layer capacitance on SOFC stack behavior. Lastly, this study considers operation of the SOFC stack under proportional-integral (PI) control. It is found that under certain operating conditions, the charge double layer effect signiﬁcantly inﬂuences the SOFC stack's behavior. It is also found that larger values of the charge double layer capacitance signiﬁcantly inﬂuence the SOFC stack's behavior. Finally, while PI control exhibits a non-instantaneous change in current density (and power generation), its behavior is otherwise very similar to the baseline case. Few previous studies have investigated the charge double layer using a complete SOFC stack model. Qi et al. [35] developed a statespace, dynamic model of an SOFC that incorporated the charge double layer capacitance via an equivalent circuit, and the model tracked changes in the current, operating voltage, and species consumption/production on the millisecond timescale in response to step changes in the load resistance. These authors found that the fuel cell exhibited different settling times depending on the resistance to diffusion through the electrodes and boundary layers. Qi et al. [36] used the same equivalent circuit model to investigate the



millisecond responses of the fuel cell's operating voltage and exit gas properties (e.g., temperature, pressure, and composition) to step changes in the load resistance and inlet gas properties. Wang and Nehrir [37] developed a lumped parameter model that tracked changes in operating voltage, temperature, and mass ﬂow on millisecond, second, and minute timescales in response to step changes in current, and this model used an equivalent circuit to account for the charge double layer. These authors found that the double layer polarization settled in a span of milliseconds following a step change in load for all capacitance values considered. Many other studies have investigated the dynamic response of an SOFC on longer timescales, but these studies have not modeled the charge double layer [8,10,12e21]. The present study builds upon previous studies by investigating the inﬂuence of the charge double layer on SOFC stack behavior under various operating conditions. Previous SOFC models (including component models) span a wide range of length scales; hence, the present model approximates certain processes. In particular, the present model is a macroscale model that incorporates the charge double layer (a microscale phenomenon) via an equivalent circuit (a macroscale representation). As such, the present model does not capture the same level of detail as a microscale model, particularly in terms of elementary reaction chemistry, mass transfer through the PEN structure, and electric potential distributions [38e42]. Nevertheless, use of an equivalent circuit permits (computationally) investigation into the dynamic behavior of the charge double layer under a wide range of operating conditions, involving not only dynamic electrochemistry but also dynamic mass ﬂow, energy, and momentum in the gas channels and solid components, and on longerthan-usual timescales (greater than milliseconds, which is the conventional characterization of the charge double layer). Use of an equivalent circuit to incorporate the charge double layer into a larger fuel cell model has been pursued in previous work, as described above. Microscale models, on the other hand, tend to be more focused on smaller-scale, more fundamental phenomena. The charge double layer model is explained in Section 2. This section also summarizes the remainder of the SOFC stack model. Section 3 investigates steady-state operation of the SOFC stack. Speciﬁcally, operating conditions that give rise to high activation and concentration polarizations are considered in this section. Section 4 investigates the dynamic response of the SOFC stack to step changes in current density under both baseline and off-design operating conditions. The dynamic response of the SOFC stack with a large capacitance value is also investigated in this section, and operation of the SOFC stack under PI control is demonstrated. Finally, the conclusions are presented in Section 5. 2. Charge double layer and fuel cell model 2.1. Charge double layer The charge double layer is a (dual) layer of positive and negative charge that accumulates along the electrode-electrolyte interfaces, giving rise to a capacitor-like effect. Charge may accumulate due to electrochemical reactions or diffusion of charge across the interfaces, or possibly another cause [22,45]. An example of such a charge conﬁguration is shown in Fig. 1a, where the negative charges represent oxygen ions being transported from the cathode to the anode through the electrolyte. Clearly, the charge double layer resembles an electric capacitor. Similar to an electric capacitor, the charge double layer may be charged or discharged, depending on the direction of current, or load, as shown in Fig. 1b. Furthermore, the voltage drop across the charge double layer is treated as an irreversibility in an SOFC, similar to the ohmic polarization. That is, the double layer polarization is subtracted from
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where Ract, Rconc, and Rohm are the activation, concentration, and ohmic equivalent resistances, respectively, hact, hconc, and hohm are the activation, concentration, and ohmic polarizations, respectively, and i is the electric current. In Fig. 2, the anodic and cathodic charge double layers are together modeled as a capacitor, and the Nernst potential is modeled as a voltage source. The fuel cell's operating voltage is determined by applying Kirchoff's Voltage Law to the outer loop of the equivalent circuit:



Vop ¼ EN  Vdbl  iRohm Fig. 1. Equivalent circuit representation of the charge double layer: (a) Charge double layer along the electrode-electrolyte interface (adapted from Refs. [22,23,45]), (b) Equivalent capacitor showing the charging and discharging of the charge double layer (adapted from Refs. [22,37,45,47]).



the Nernst potential when calculating the fuel cell's operating voltage [23]. In contrast to the ohmic polarization, however, charge along the electrode-electrolyte interfaces responds over time to changes in the current density. That is, the charge double layer smooths the output voltage of the fuel cell following a step change in the current density, whereas the ohmic polarization responds instantaneously [22]. Possible values for the double layer capacitance range widely, from hundreds of microFarads to a few Farads [22,23,46]. In the present model, the double layer polarization is combined with the activation, concentration, and ohmic polarizations using the equivalent circuit shown in Fig. 2, which is an RC circuit. A number of books and studies present equivalent circuit models that are useful for incorporating the charge double layer into larger fuel cell models [22,23,29,35e37,45,47]. The circuit models presented in Refs. [22,23], in particular, have been adapted for use in the present study. In the equivalent circuit shown in Fig. 2, the activation, concentration, and ohmic polarizations are each represented as an equivalent resistance, where equivalent resistance is deﬁned as the ratio of each polarization to the electric current [37]:



(4)



where Vop is the fuel cell's operating voltage, EN is the Nernst potential, and Vdbl is the double layer polarization [23,37,47]. Physically speaking, the double layer polarization is the voltage drop that occurs across the charge double layer. In terms of modeling, the charge double layer polarization is represented by the voltage drop across the capacitor in the equivalent circuit (Fig. 2). Applying Kirchoff's Voltage Law again, but this time to the smaller loop consisting of the activation and concentration equivalent resistances, and the double layer capacitance, results in the following expression for the time rate of change of the double layer polarization [23,37,47]:



  dVdbl 1 Vdbl ¼ i Cdbl dt Ract þ Rconc



(5)



where Cdbl is the double layer capacitance. During each time step, Eqn. (5) is used to update the value of the double layer polarization, and Eqn. (4) is used to calculate the fuel cell's operating voltage. Lastly, the activation polarization is modeled using the ButlerVolmer equation, and the concentration polarization is modeled using the Nernst potential evaluated at the triple phase boundary partial pressures. The present study is especially concerned with the time required for the charge double layer effect to settle following a load change. The time constant of the equivalent circuit described above is given by Ref. [23]:



tdbl ¼ ðRact þ Rconc Þ  Cdbl



(6)



It is evident from Eqn. (6) that increasing Ract, Rconc, or Cdbl slows the response of the operating voltage. Section 3 further explores operating conditions that give rise to high values of Ract and Rconc. A high value of the double layer capacitance is considered during dynamic simulations presented in Section 4. 2.2. Fuel cell model



Fig. 2. Equivalent circuit used to model the double layer polarization [34] (adapted from Refs. [22,23]).



The remaining SOFC stack model, including cell-to-cell and cellto-stack interactions, is presented in Ref. [34]. This model's main features are summarized here. The fuel cell is a 1-D, planar, co-ﬂow model that includes internal methane steam reforming and hydrogen electrochemical reactions. The oxidation reaction rate is calculated according to Faraday's law [45], and the reforming reaction rate is calculated using the Arrhenius-type equation in Achenbach and Riensche [48]. Carbon monoxide is water-gas shifted to hydrogen (under chemical equilibrium conditions),
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rather than electrochemically oxidized. The model is further subdivided into the fuel cell's main components, consisting of the fuel and air channels, the PEN (positive electrode-electrolyte-negative electrode) structure, and the fuel and air-side interconnects. The fuel cell's main components are spatially discretized along the ﬂow direction, and the balance equations are applied numerically to each control volume. The governing equations consist of the charge, species mass, energy, and momentum balances, each modeled dynamically. The charge balance yields the fuel cell's operating voltage, as described above. The species mass balance is applied to the gas channels to yield the composition. This equation accounts for bulk ﬂow entering and exiting each control volume, the net diffusive ﬂux, and the production and consumption of each species. Furthermore, the energy balance is applied to the ﬂow channels, PEN structure, and interconnects, yielding the temperature distribution in each of these components. Inside the ﬂow channels, the energy balance accounts for energy carried by mass entering and exiting the control volume, as well as convective heat transfer. The energy balance applied to the solid materials also accounts for axial conduction and cross-channel radiation. Lastly, the momentum balance yields the pressure drop along the fuel cell's length. This equation accounts for the axial change in momentum, as well as friction loss. It bears mentioning that the present model simpliﬁes species diffusion through the electrodes and reaction chemistry in the PEN structure. In particular, the present model accounts for species diffusion through the electrodes by treating each electrode as a single control volume and applying Fick's law normal to the axial direction of ﬂow. The triple phase boundary partial pressures are then calculated to determine the concentration polarization. Moreover, when modeling reaction chemistry, the entire PEN structure is treated as a lumped solid, and the reaction rate expressions are included in the ﬂow channel species mass balances. That is, the reactants and products are modeled as they enter and exit the PEN structure (exit and enter the ﬂow channels, respectively) due to the oxidation, reforming, and water-gas shift reactions, but no further reactions are considered (e.g., elementary reactions inside the PEN structure are not modeled). Considering the macroscale nature of the present model, these simpliﬁcations are deemed appropriate, and a number of authors adopt an approach similar to ours (modeling each electrode as a single control volume when considering diffusion (or neglecting diffusion altogether), and accounting for reaction chemistry by simply including rate expressions in the ﬂow channel species balances) [10e13,19,37,49]. More detailed models of diffusion and reaction chemistry, however, can be found in the literature [16e18,20]. The performance of a single fuel cell is obtained by linearly scaling the performance of a single channel by the number of channels in the fuel cell; similarly, the performance of the entire stack is obtained by linearly scaling the performance of a single fuel cell to the stack level. The governing equations are expressed in implicit, ﬁnite difference form [3,50,51], and they are entered into the iterative equation solver software, Engineering Equation Solver (EES) [52]. In dynamic simulations spanning a time horizon of 1 s, a time step of 1 ms is employed, as the charge double layer effect has traditionally been characterized as a millisecond phenomenon [11,37,43]. Due to convergence issues associated with such a small time step, constant temperature is assumed in these simulations. In dynamic simulations spanning a time horizon greater than 1 s, the energy balance is modeled explicitly using its full governing equation. Also, during dynamic simulations, either the average current density or the power output is altered to simulate a load change.



3. Steady-state behavior This section identiﬁes operating conditions that give rise to high values of the activation and concentration polarizations. Recall from Section 2 that higher values of the activation and concentration polarizations correspond to higher values of the equivalent resistances. Higher equivalent resistances, in turn, give rise to a larger electrochemical time constant (Eqn. (6)). In this section, a baseline case is ﬁrst deﬁned, followed by investigation into off-design operation. The baseline case is intended to reﬂect the operating conditions associated with an SOFC stack integrated into a larger system. The off-design conditions, on the other hand, are intended to reﬂect scenarios that give rise to higher values of the activation and concentration polarizations. Both minor and major deviations from the baseline case are considered. 3.1. Baseline case The baseline operating conditions are presented in Table 1. These conditions reﬂect typical operation of an SOFC stack in a hybrid SOFC-gas turbine (GT) system. Even though the balance of plant components are not modeled explicitly in this study, system context has been considered here for two reasons: (i) the authors eventually intend to integrate the present SOFC stack model into a larger system model, and (ii) integrating an SOFC stack into a gas turbine system is of high interest to the research community due to the system's potential for high electric efﬁciency, fuel ﬂexibility, enhanced fuel cell performance, and low environmental impact [1,2,4,7,9,30]. Thus, the SOFC is assumed to operate at a pressure ratio of 4:1 [53,54], and the stack is sized to meet a power demand of approximately 100 kW (assuming a typical power output of approximately 20 W per fuel cell [55]). The power rating of 100 kW is similar to that of a small microturbine [56]. Signiﬁcant consideration has also been given to the design speciﬁcations and operating conditions presented in the 1996 IEA benchmark study [55] (and accompanying report [57]), particularly those regarding cell geometry, material properties, inlet gas temperature, fuel composition, and mean current density. Because the balance of plant components are not modeled explicitly in this study, the operating parameters presented in Table 1 are assumed to remain constant (even during dynamic simulations), unless otherwise speciﬁed. The steady-state results from the baseline case are presented in Table 2, along with results from previous studies for comparison. Each of the previous studies simulated an electrolyte-supported, atmospheric, planar fuel cell model operating in co-ﬂow. Similar



Table 1 Baseline operating conditions. Parameter



Value



Flow conﬁguration Inlet gas pressure Inlet gas temperature Inlet fuel compositiona



Co-ﬂow 4 bar 1173 K CH4 ¼ 17.07% H2 ¼ 26.31% H2O ¼ 49.30% CO ¼ 2.96% CO2 ¼ 4.36% O2 ¼ 21% N2 ¼ 79% 2.978  106 kg s1 8.874  105 kg s1 3000 A m2 5000



Inlet air composition Inlet fuel ﬂow rate (single cell) Inlet air ﬂow rate (single cell) Mean current density Number of fuel cells



a The composition of the pre-reformed fuel mixture is determined using a prereformer model based on that presented in Braun [3] (assuming.30% conversion of a steam-methane mixture with a steam-to-carbon ratio of 2.5).
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Table 2 Steady-state results from the baseline case. Variable



Previous studies [3,8,55]



This study



SOFC voltage (V) SOFC power (W) PEN temperature (K) Min. Max. Mean activation pol. (V) Mean ohmic pol. (V) Mean concentration pol. (V)



0.633e0.650 18.99e19.49



0.661 19.33



1100.15e1135.15 1294.15e1307.15 e e e



1032.04 1225.06 0.068 0.189 0.001



to the present study, these studies adopted the design and operating conditions speciﬁed in the IEA benchmark study [55]. As seen in Table 2, results from the present study compare favorably with those from previous studies, except for minor differences. In particular, the voltage generated by a single fuel cell is slightly higher in the present study compared to previous studies. This discrepancy is likely due to the enhanced Nernst potential at higher pressures in the present study [58]. The power output of the present model also compares favorably with the results of previous studies, falling well within the range of expected values. The minimum and maximum PEN temperatures, however, are both found to be slightly lower in the present study compared to previous studies. This discrepancy is likely due to the inclusion of thermal radiation exchange between the SOFC stack and the stack's container in the present model. That is, thermal energy radiation exchange is treated as a boundary condition between the solid material of the fuel cell and the stack's container, thereby reducing the thermal energy being transferred to the PEN structure [34]. The axially averaged activation, ohmic, and concentration polarizations are also presented in Table 2. 3.2. Off-design operation This section investigates operating conditions that give rise to higher values of the activation and concentration polarizations. Minor deviations from the baseline case are considered ﬁrst, followed by more severe deviations from the baseline case. 3.2.1. Minor deviation During normal operation of an SOFC stack, minor changes in the average PEN temperature and inlet fuel ﬂow rate are to be expected as the system responds to changes in load. Martinez et al. [1,2] and Stiller et al. [30] simulated the controlled, dynamic behavior of SOFC-GT systems intended for use in locomotives and stationary power applications, respectively. In both studies, the systems exhibited variations in the average fuel cell temperature and inlet fuel ﬂow rate during normal operation. In particular, the controllers manipulated the inlet air ﬂow rate to control the average fuel cell temperature, and they manipulated the inlet fuel ﬂow rate to control either the power or fuel utilization. Such control is essential to maintaining safe and efﬁcient operation of the system, as too high fuel utilization could lead to deleterious redox cycling of the anode [59e61], and too low temperature could signiﬁcantly increase the ohmic resistance of the electrolyte [45], thereby reducing the SOFC's operating voltage. Therefore, variations in the average PEN temperature and inlet fuel ﬂow rate are to be expected during normal operation of the SOFC stack. Fig. 3a presents the axially averaged activation and concentration polarizations in the present model as the inlet gas temperature is varied between 1173 K (baseline conditions) and 1073 K (considered to be the lower bound of the high-temperature regime [12]). The values associated with the baseline case are indicated by



Fig. 3. Sensitivity of the axially averaged activation and concentration polarizations to minor deviations from baseline: (a) Polarizations and average PEN temperature as a function of the inlet gas temperature, (b) Polarizations and fuel utilization as a function of the inlet fuel ﬂow rate into a single cell (black dots indicate values associated with the baseline case).



black dots. Evidently, as the inlet gas temperature is lowered, the activation polarization increases signiﬁcantly. This result likely stems from the temperature dependence of the exchange current density, as lowering the average PEN temperature is known to reduce the exchange current density [22,45], thus increasing the activation polarization. The concentration polarization, on the other hand, is found to decrease slightly with decreasing temperature, as the concentration polarization is directly proportional to the average PEN temperature. It should also be noted that Fig. 3 scales the activation polarization by a factor of 102 in order to ﬁt the plot. Hence, the activation polarization dominates the concentration polarization by a large margin. Fig. 3b presents the axially averaged activation and concentration polarizations as the inlet fuel ﬂow rate is varied between 2.98  106 kg s1 (baseline) and 2.59  106 kg s1 (87% of baseline). Again, the values associated with the baseline case are indicated by black dots. Evidently, lowering the inlet fuel ﬂow rate (i.e., increasing the fuel utilization) increases the concentration polarization signiﬁcantly. This result likely stems from the relatively low reactant partial pressures at the triple phase boundary resulting from the high fuel utilization. After all, SOFCs are known to exhibit higher concentration losses with increasing fuel utilization, particularly as
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they enter the high current (concentration-loss dominated) regime [22,37]. Fig. 3b shows that the activation polarization, on the other hand, decreases slightly with decreasing inlet fuel ﬂow rate. 3.2.2. Major deviation In addition to considering minor deviations from the baseline case, major deviations have also been investigated. It is supposed that such deviations may result from fuel cell degradation processes, such as redox cycling [59e61], thermal stress [62], or secondary phase formation [63e65]. Major deviations could conceivably also result from equipment failure, such as sensor malfunction [30]. In the present work, severe changes in operation are modeled by simply assuming a ﬁve-fold increase in the activation and concentration polarizations. A factor of ﬁve has been chosen somewhat arbitrarily, representing a signiﬁcant increase in the activation and concentration polarizations without causing the fuel cell to stall (i.e., reach zero voltage). After modifying the model to include a ﬁve-fold increase in the activation and concentration polarizations, the voltage distribution in Fig. 4b is obtained. The baseline case in Fig. 4a is shown for comparison. As expected, the operating voltage drops signiﬁcantly with such a large increase in the activation and concentration polarizations, and the activation polarization remains much more prominent than the concentration polarization. Notice, also, that the shapes of the polarization distributions change slightly. 4. Dynamic response This section investigates the dynamic response of the SOFC stack to step changes in current density. In each simulation, the SOFC stack is initialized to one of the following aforementioned sets of



Fig. 4. Voltage distribution under major deviations from baseline: (a) Baseline operation, (b) Five-fold increase in activation and concentration polarizations.



conditions: (i) baseline, (ii) minor deviations from baseline, or (iii) major deviations from baseline. During each simulation, a step change of 500 A m2 is introduced after 50 time steps, and the operating fuel cell voltage is monitored. The double layer capacitance is varied between 1  109 mF and 10 mF in most simulations in order to investigate the inﬂuence of the charge double layer on the SOFC stack's behavior. That is, the small value of the double layer capacitance represents the case where virtually no charge double layer effect is present, while the larger value of the double layer capacitance represents a more typical value [22,23,46]. In addition, as part of each simulation, the axially averaged double layer polarization is monitored. The double layer polarization represents the charging and discharging of the charge double layer, providing a physical representation of the SOFC stack's behavior. That is, when the current density is stepped up or down, the charge transfer reactions at the triple phase boundaries (which are represented globally by the oxidation rate in the present study) respond instantaneously, speeding up or slowing down depending on whether the current density is increased or decreased, respectively. The charge storage along the electrode-electrolyte interfaces, on the other hand, responds more gradually when the current is changed. That is, the oxygen anion and electron concentrations along the interfaces change relatively slowly, as modeled by the capacitor in the equivalent circuit (Fig. 2) (see also Zhu and Kee [38] for a detailed schematic of the charge transfer reactions and charge storage). Later in this section, a relatively large value of the double layer capacitance is considered, as a larger capacitance value is expected to slow the SOFC stack's electrochemical settling time (Eqn. (6)). Lastly, operation under PI control is investigated to simulate the SOFC stack's behavior under more realistic operating conditions. 4.1. Baseline case The dynamic response of the SOFC stack initialized to the baseline conditions (Table 1) is presented in Fig. 5. In Fig. 5a, the current density is increased from 3000 A m2 to 3500 A m2 (stepwise) at 50 ms, while in Fig. 5b, the current density is decreased from 3000 A m2 to 2500 A m2 (step-wise) at 50 ms. (It should be noted that the operating voltage is plotted for a single fuel cell, although the entire stack has been simulated). In both simulations, the settling time is found to be approximately 75e100 ms, where settling time is deﬁned here as the time required for the charge double layer effect to diminish following a step change in current density (i.e., where the operating voltage at Cdbl ¼ 10 mF meets the curve at Cdbl ¼ 1  109 mF). A settling time of 75e100 ms is consistent with the traditional characterization of the charge double layer effect as a millisecond phenomenon [11,37,43]. Moreover, Fig. 5 shows that the fuel cell's operating voltage follows the same qualitative trend as the double layer polarization (in terms of time response) for a given capacitance value. That is, when the current density is increased, the double layer polarization increases within milliseconds for Cdbl ¼ 10 mF (meaning that the capacitor is charging), whereas the double layer polarization increases instantaneously for Cdbl ¼ 1  109 mF (meaning that the charging time is negligible). Similarly, when the current density decreases, the double layer polarization decreases within milliseconds for Cdbl ¼ 10 mF (meaning that the capacitor is discharging), whereas the double layer polarization decreases instantaneously for Cdbl ¼ 1  109 mF (meaning that the discharging time is negligible). Notice, also, that slight differences exist between the settling times of the operating voltages and the double layer polarizations. These differences likely stem from the relative insensitivity of the ohmicdominated operating voltage to the activation and concentration polarizations, making any further changes in the operating voltage more difﬁcult to see. All settling times stated hereafter refer to the
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Fig. 6. Dynamic response of the SOFC stack initialized to minor deviations from baseline.



Fig. 5. Dynamic response of the SOFC stack initialized to baseline conditions: (a) Dynamic response to a step increase in current density, (b) Dynamic response to a step decrease in current density.



operating voltage (rather than the double layer polarization), as the operating voltage is directly measurable in an actual system. It can furthermore be seen that the charge double layer polarization continues to increase (or decrease) even after settling has occurred. This longer transient behavior likely demarcates the beginning of the mass ﬂow dynamic response, which characteristically occurs on the second timescale [29,37,49]. Lastly, it should be noted that the non-zero steady-state double layer polarization seen in Fig. 5 (and subsequent ﬁgures) is actually the sum of the activation and concentration polarizations during steady-state operation. That is, during steady-state operation, the time derivative of the double layer polarization equals zero (Eqn. (5)), and the double layer polarization simply reduces to the sum of the concentration and activation polarizations. 4.2. Minor deviation Fig. 6 presents the dynamic response of the SOFC stack initialized to operating conditions that deviate slightly from the baseline case. That is, at the simulation's outset, the inlet gas temperature is initialized to 1073 K (reduced by 100 K from the baseline value of 1173 K), and the inlet fuel ﬂow rate is 2.59  106 kg s1 (87% of the baseline value). At 50 ms, a change in load is introduced by



decreasing the current density from 3000 A m2 to 2500 A m2 (step-wise). It is found that the charge double layer effect diminishes, again, within milliseconds, where the precise settling time is found to be approximately 150 ms. Notice that this settling time is very close to that obtained previously under baseline conditions (75e100 ms). Thus, minor deviations from baseline appear to have minimal inﬂuence on the SOFC stack's electrochemical setting time. Furthermore, Fig. 5 shows that, again, the fuel cell's operating voltage follows the same qualitative trend (in terms of time response) as the double layer polarization, with slight differences, as explained before. Also, as before, the charge double layer polarization continues to vary even after settling has occurred, which likely demarcates the beginning of the mass ﬂow dynamic response. As a ﬁnal note, it was found that increasing the current density from 3000 A m2 to 3500 A m2 caused the equations in the model to become constrained, and thus, a solution could not be obtained. This error likely stems from the excessively high fuel utilization that results from increasing current density while holding the inlet fuel ﬂow rate constant.



4.3. Major deviation Fig. 7 presents the dynamic response of the SOFC stack initialized to operating conditions that deviate signiﬁcantly from the baseline case. That is, a ﬁve-fold increase in the activation and concentration polarizations has been imposed, as discussed in Section 3.2.2. In Fig. 7a, the current density is increased from 3000 A m2 to 3500 A m2 (step-wise) at 50 ms, while in Fig. 7b, the current density is decreased from 3000 A m2 to 2500A m2 (step-wise) at 50 ms. When current density increases under the present conditions (Fig. 7a), it can be seen that the charge double layer effect creeps into the second timescale. In fact, the operating voltage appears to exhibit a settling time of approximately 750 ms. Such a settling time could become inﬂuential during shorter simulations, particularly those on the second timescale (i.e., simulations with a time horizon of 100 sec. or less). Any additional changes in the operating conditions may cause even longer electrochemical settling times, potentially spanning multiple seconds. When the current density is decreased (Fig. 7b), on the other hand, the settling time is not quite as large, but it is still signiﬁcant compared to the baseline value (75e100 ms), exhibiting a settling time of approximately 450 ms. Thus, signiﬁcantly increasing the activation and concentration polarizations appears to give rise to correspondingly signiﬁcant changes in the electrochemical settling time.
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Fig. 7. Dynamic response of the SOFC stack initialized to major deviations from baseline: (a) Dynamic response to a step increase in current density, (b) Dynamic response to a step decrease in current density.



4.4. Large capacitance As discussed previously, possible values for the double layer capacitance range widely, from very small (hundreds of microFarads) to very large (a few Farads) [22,23,46]. This study has so far assumed a balanced value of 10 mF. The actual value of the double layer capacitance, however, depends largely on the electrode's porosity, as the capacitance is directly proportional to the electrode's real surface area [22]. Consequently, the double layer capacitance could change over time, as the porosity of the anode material (Ni-YSZ) is apt to change if redox cycling occurs [59]. For comparison purposes, a large capacitance value of 1 F is considered in the simulations to follow. Fig. 8 presents the dynamic response of the SOFC stack to step changes in current density, assuming that Cdbl ¼ 1 F. In these simulations, the SOFC stack is initialized to the baseline conditions (Table 1). In Fig. 8a, the current density is increased from 3000 A m2 to 3500 A m2 (step-wise) at 5 sec., while in Fig. 8b, the current density is decreased from 3000 A m2 to 2500 A m2 (step-wise) at 5 sec. As before, a very small value of the double layer capacitance (Cdbl ¼ 1  109 mF) is shown for comparison, representing the case where virtually no charge double layer effect is present. Also, as before, the double layer polarization is plotted, and the qualitative



Fig. 8. Dynamic response of the SOFC stack initialized to baseline conditions, and Cdbl ¼ 1F: (a) Dynamic response to a step increase in current density, (b) Dynamic response to a step decrease in current density.



time response of the double layer polarization is found to agree with that of the operating voltage (for a given capacitance value), with slight differences explained as before. In both simulations, the settling time of the charge double layer effect is found to be on the order of seconds (between 6 and 7 sec.). Such a settling time is much longer than that previously seen for the baseline case (milliseconds), as well as that for minor deviations from baseline (milliseconds) and major deviations from baseline (milliseconds to seconds). In fact, the electrochemical dynamic response shown in Fig. 8 overlaps with the mass ﬂow dynamic response. That is, the species mass ﬂow (e.g., the H2 mole fraction shown in Fig. 9) responds over the course of seconds following a load change. In Fig. 8, it can be seen that the mass ﬂow dynamic response gives rise to a correspondingly gradual change in the fuel cell's operating voltage (over seconds), regardless of the capacitance value, or whether the current density increases or decreases. The shape of each voltage curve, on the other hand, depends signiﬁcantly on the capacitance value. That is, the larger capacitance curve tends to lag behind the near-zero capacitance curve, giving rise to a smoother (ﬂatter) proﬁle for the larger capacitance curve. In the context of a larger system, an operating voltage settling time on the order of seconds could inﬂuence the system's response
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Fig. 9. Axially averaged H2 mole fraction following a step change in load (either a current density increase or decrease). Results are shown for both Cdbl ¼ 1F and Cdbl ¼ 1  109 mF, although these results are nearly indistinguishable.



to load changes substantially. In particular, SOFC-GT systems often implement multiple controllers that operate on different timescales. Mueller et al. [4], for instance, controlled the fuel cell stack power by manipulating the fuel ﬂow, and they controlled the combustor temperature (or the amount of fuel leaving the fuel cell stack) relatively quickly by manipulating the current density. Stiller et al. [30] took a different approach, choosing instead to manipulate the current density to control the system power nearly instantaneously, while manipulating the system fuel ﬂow to control the fuel utilization in a few seconds time. In both of these studies, at least one control loop operated on the second timescaledcontrol of the fuel utilization in Stiller et al.'s study, and control of the fuel cell stack power in Mueller et al.'s studydwhile a different control loop operated on a shorter timescale. If the charge double layer effect does, indeed, extend into the second timescale, then it will likely inﬂuence control loops on the second timescale, as well as interactions between control loops on different timescales. 4.5. PI control Finally, this study investigates the SOFC stack's dynamic response to changes in load under PI control. In an actual loadfollowing scenario, the current density is likely to exhibit patterns other than step changes, which has been assumed in this study all along. Stiller et al. [30], for instance, showed that an SOFCGT system gradually (rather than abruptly) met demand. In particular, these authors imposed a 47% step change in power demand and found that the SOFC-GT system met the demand in a span of seconds (11 sec. during a power demand decrease and 57 sec. during a power demand increase). Increasing the SOFC stack's power too rapidly could also lead to unfavorable operating characteristics, such as excessively high fuel utilization [4]. Thus, the SOFC stack is expected to meet demand gradually, rather than abruptly, in an actual load-following scenario. Correspondingly, the current density will likely exhibit a non-instantaneous proﬁle as well, qualitatively following the SOFC stack's power output as it approaches demand. In this study, a PI controller is implemented to control the SOFC stack's power in response to a step change in power demand [30]. The PI controller is based on the discrete controller presented in Ref. [66]. The proportional and integral gains are based on trial-
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and-error tuning in order to meet the new demand in a span of milliseconds to seconds [1,67]. In these simulations, the current density is the manipulated variable, and the SOFC stack power is the controlled variable. The operating conditions are similar to the baseline conditions presented in Table 1, except that the fuel utilization and air ratio are held constant, rather than the inlet fuel ﬂow rate and inlet air ﬂow rate, respectively. That is, the fuel utilization is maintained at Uf ¼ 85%, and the air ratio is maintained at l ¼ 7. It should be noted that the fuel utilization used in this section differs from that appearing in Section 3.2.1 (used to investigate operating conditions that deviate slightly from the baseline case). The fuel utilization used in this section is deﬁned as the ratio of hydrogen consumed (expressed in terms of electric current) to the inlet ﬂow rate of combustible species [3,57]. The fuel utilization appearing in Fig. 3b, on the other hand, is deﬁned as the difference between the inlet and exit ﬂow rates of the combustible species divided by the inlet ﬂow rate of the combustible species [3,4]. The latter deﬁnition has been chosen here for better convergence. The controlled response of the SOFC stack to a step change in power demand is shown in Fig. 10. In Fig. 10a, the power demand is increased by 50% from 64.1 kW to 96.2 kW (where 96.2 kW is the power generated by the SOFC stack under baseline operation) at 50 ms, while in Fig. 10b, the power demand is decreased from 96.2 kW to 64.1 kW at 50 ms. In both simulations, it can be seen that the current density exhibits a non-instantaneous proﬁle. That is, the current density increases (or decreases) relatively quickly initially, causing the stack power to correspondingly increase (or decrease) quickly. Shortly thereafter, however, the current density proﬁle ﬂattens and smoothly reaches the new demand. Furthermore, it can be seen that the dynamic response of the SOFC stack with a small value of the double layer capacitance is nearly identical to that with a regular capacitance value, indicating that the controlled system's behavior is nearly independent of the charge double layer. In Fig. 10, a small difference is perhaps discernible during the ﬁrst half of the simulations, as shown in the insets. However, this difference lasts for only milliseconds, and such an effect is not considered signiﬁcant. It should be kept in mind, however, that the response of the SOFC stack in an actual system depends on a number of factors, including controller design, partload operation of the balance of plant components, and the actual power demand proﬁle imposed. In fact, SOFCs are likely to experience changes in power not only over the course of milliseconds and seconds but over longer timescales (minutes and hours) due to slower thermal effects and unpredictable loads [12,24e26]. Thus, different power demand proﬁles deserve consideration in future work. 5. Summary and conclusions This study has investigated the inﬂuence of the charge double layer effect on the dynamic response of an SOFC stack to step changes in load using an equivalent circuit to capture the charge double layer. Baseline operating conditions have been deﬁned based on previous studes in the literature, and results from the baseline case have been compared to previous studies for veriﬁcation. Off-design conditions have also been considered, including minor variations in the inlet fuel ﬂow rate and inlet gas temperatures, as well as major variations in the activation and concentration polarizations. A much larger value of the double layer capacitance has also been considered. Finally, this study has investigated the operation of the SOFC stack under PI control. In general, the charge double layer effect inﬂuenced the SOFC stack's behavior most signiﬁcantly under the following circumstances: (i) the SOFC stack experienced signiﬁcant excursions in operation, or (ii) a large double layer capacitance value was assumed. In particular, the charge double layer signiﬁcantly
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in current density under baseline conditions. The same held true for operating the SOFC stack under minor deviations from baseline; that is, reducing the inlet fuel ﬂow rate and inlet gas temperatures hardly inﬂuenced the SOFC stack's voltage settling time. Similarly, the PI-controlled system exhibited negligible differences between the low and regular capacitance curves, where both cases met a step change in power demand within milliseconds. It seems reasonable, then, to exclude the charge double layer under normal operating conditions (assuming a sufﬁciently low value of the charge double layer capacitance). Before neglecting the charge double layer, however, careful consideration should be given to possible deviations in operation and material properties, as such changes could give rise to longer electrochemical settling times during operation. The present study considered only a subset of possible operating conditions, leaving other scenarios to future work. Acknowledgment This material is based upon work supported by the National Science Foundation under grant no. EFRI-1038139. References



Fig. 10. Dynamic response of the SOFC stack initialized to baseline conditions and operating under PI control: (a) Dynamic response to a step increase in load, (b) Dynamic response to a step decrease in load.



inﬂuenced the SOFC stack's behavior when the activation and concentration polarizations were increased ﬁve-fold, representing the potential outcome of fuel cell degradation processes or equipment failure. Under such conditions, the voltage settling time reached approximately 750 ms, suggesting that the charge double layer could be inﬂuential in simulations performed on the second timescale. It has also been found that increasing the charge double layer capacitance to Cdbl ¼ 1 F signiﬁcantly lengthened the electrochemical settling time. In fact, the voltage settling time spanned multiple seconds. When developing a dynamic SOFC model, therefore, the charge double layer capacitance should be considered carefully, particularly if an equivalent circuit model is used. It is recommended that future studies further investigate the double layer capacitance, perhaps validating and improving macroscopic modeling techniques, such as the equivalent circuit model used herein. Electrochemical impedance spectroscopy, for instance, is a suitable tool for further investigating the double layer capacitance [45]. Under normal (baseline) operation, on the other hand, the charge double layer effect was found to be far less inﬂuential in terms of the SOFC stack's dynamic behavior. That is, the charge double layer effect diminished within milliseconds of a step change



[1] A.S. Martinez, J. Brouwer, G.S. Samuelsen, Feasibility study for SOFC-GT hybrid locomotive power: Part I. Development of a dynamic 3.5 MW SOFC-GT FORTRAN model, J. Power Sources 213 (2012) 203e217. [2] A.S. Martinez, J. Brouwer, G.S. Samuelsen, Feasibility study for SOFC-GT hybrid locomotive power part II. System packaging and operating route simulation, J. Power Sources 213 (2012) 358e374. [3] R.J. Braun, Optimal Design and Operation of Solid Oxide Fuel Cell Systems for Small-scale Stationary Applications, Ph.D. thesis, University of WisconsinMadison, Madison, Wisconsin, 2002. [4] F. Mueller, R. Gaynor, A.E. Auld, J. Brouwer, F. Jabbari, G.S. Samuelsen, Synergistic integration of a gas turbine and solid oxide fuel cell for improved transient capability, J. Power Sources 176 (1) (2008) 229e239. [5] W.J. Yang, S.K. Park, T.S. Kim, J.H. Kim, J.L. Sohn, S.T. Ro, Design performance analysis of pressurized solid oxide fuel cell/gas turbine hybrid systems considering temperature constraints, J. Power Sources 160 (1) (2006) 462e473. [6] P. Costamagna, L. Magistri, A.F. Massardo, Design and part-load performance of a hybrid system based on a solid oxide fuel cell reactor and a micro gas turbine, J. Power Sources 96 (2) (2001) 352e368. [7] R.A. Roberts, J. Brouwer, Dynamic Simulation of a Pressurized 220 kW Solid Oxide Fuel-Cell-Gas-Turbine Hybrid System: Modeled Performance Compared to Measured Results, J. Fuel Cell Sci. Technol. 3 (1) (2006) 18e25. [8] M. Sorrentino, C. Pianese, Y.G. Guezennec, A hierarchical modeling approach to the simulation and control of planar solid oxide fuel cells, J. Power Sources 180 (1) (2008) 380e392. [9] F. Leucht, W.G. Bessler, J. Kallo, K.A. Friedrich, H. Müller-Steinhagen, Fuel cell system modeling for solid oxide fuel cell/gas turbine hybrid power plants, Part I: modeling and simulation framework, J. Power Sources 196 (3) (2011) 1205e1215. [10] L. Wang, H. Zhang, S. Weng, Modeling and simulation of solid oxide fuel cell based on the volume-resistance characteristic modeling technique, J. Power Sources 177 (2) (2008) 579e589. [11] D. Bhattacharyya, R. Rengaswamy, C. Finnerty, Dynamic modeling and validation studies of a tubular solid oxide fuel cell, Chem. Eng. Sci. 64 (9) (2009) 2158e2172. [12] P. Aguiar, C.S. Adjiman, N.P. Brandon, Anode-supported intermediate temperature direct internal reforming solid oxide fuel cell. I: model-based steadystate performance, J. Power Sources 138 (1e2) (2004) 120e136. [13] P. Aguiar, C.S. Adjiman, N.P. Brandon, Anode-supported intermediatetemperature direct internal reforming solid oxide fuel cell II. Model-based dynamic performance and control, J. Power Sources 147 (1e2) (2005) 136e147. [14] J. Jia, R. Jiang, S. Shen, A. Abudula, Effect of operation parameters on performance of tubular solid oxide fuel cell, AIChE J. 54 (2) (2008) 554e564. [15] Y.M. Barzi, M. Ghassemi, M.H. Hamedi, A 2D transient numerical model combining heat/mass transport effects in a tubular solid oxide fuel cell, J. Power Sources 192 (1) (2009) 200e207. [16] A. Chaisantikulwat, C. Diaz-Goano, E.S. Meadows, Dynamic modelling and control of planar anode-supported solid oxide fuel cell, Comput. Chem. Eng. 32 (10) (2008) 2365e2381. [17] A.M. Colclasure, B.M. Sanandaji, T.L. Vincent, R.J. Kee, Modeling and control of tubular solid-oxide fuel cell systems. I: physical models and linear model reduction, J. Power Sources 196 (1) (2011) 196e207.



M.M. Whiston et al. / Journal of Power Sources 293 (2015) 767e777 [18] B.M. Sanandaji, T.L. Vincent, A.M. Colclasure, R.J. Kee, Modeling and control of tubular solid-oxide fuel cell systems: II. Nonlinear model reduction and model predictive control, J. Power Sources 196 (1) (2011) 208e217. [19] P. Iora, P. Aguiar, C.S. Adjiman, N.P. Brandon, Comparison of two IT DIR-SOFC models: Impact of variable thermodynamic, physical, and ﬂow properties Steady-state and dynamic analysis, Chem. Eng. Sci. 60 (11) (2005) 2963e2975. [20] V. Menon, V.M. Janardhanan, S. Tischer, O. Deutschmann, A novel approach to model the transient behavior of solid-oxide fuel cell stacks, J. Power Sources 214 (2012) 227e238. [21] P. Kazempoor, F. Ommi, V. Dorer, Response of a planar solid oxide fuel cell to step load and inlet ﬂow temperature changes, J. Power Sources 196 (21) (2011) 8948e8954. [22] J. Larminie, A. Dicks, Fuel Cell Systems Explained, second ed., John Wiley & Sons, Ltd, Chichester, England, 2003. [23] M.H. Nehrir, C. Wang, Modeling and Control of Fuel Cells: Distributed Generation Applications, John Wiley & Sons, Inc., Hoboken, New Jersey, 2009, pp. 53e55. Chap. 2. [24] Personal communication with William O. Collinge, Postdoctoral Researcher at the University of Pittsburgh (December, 2013 and January, 2014). [25] D.S. Parker, Research highlights from a large scale residential monitoring study in a hot climate, Energy Build. 35 (9) (2003) 863e876. [26] Tech. rep, National Action Plan for Energy Efﬁciency, Sector Collaborative on Energy Efﬁciency Accomplishments and Next Steps (Chapter 3: Energy Use and Savings Proﬁles), ICF International, 2008. [27] A. Hawkes, M. Leach, Impacts of temporal precision in optimisation modelling of micro-Combined Heat and Power, Energy 30 (10) (2005) 1759e1779. [28] Tech. rep, I. Beausoleil-Morrison (Ed.), An Experimental and Simulation-based Investigation of the Performance of Small-scale Fuel Cell and Combustionbased Cogeneration Devices Serving Residential Buildings, International Energy Agency, Canada, 2008. [29] R.S. Gemmen, Dynamic modeling of fuel cells, in: R. Bove, S. Ubertini (Eds.), Modeling Solid Oxide Fuel Cells: Methods, Procedures and Techniques, vol. 1, Springer ScienceþBusiness Media, B.V, Dordrecht, Netherlands, 2008, pp. 269e322. [30] C. Stiller, B. Thorud, O. Bolland, R. Kandepu, L. Imsland, Control strategy for a solid oxide fuel cell and gas turbine hybrid system, J. Power Sources 158 (1) (2006) 303e315. [31] S&C Electric Company, The Role of Energy Storage in Smart Microrids, Online at http://www.sandc.com/news/index.php/2013/07/white-paper-the-roleof-energy-storage-in-smart-microgrids/ (see white paper). Accessed on December 6, 2014 (Copyright 2014). [32] E. Bompard, R. Napoli, G. Orsello, D. Roiu, A. Tenconi, B. Wan, Technical considerations of SOFCs for mixed DG/backup power applications, Int. J. Hyrdogen Energy 33 (2) (2008) 6743e6748. [33] A.C. Riekstin, S. James, A. Kansal, J. Liu, E. Peterson, No More Electrical Infrastructure: Towards Fuel Cell Powered Data Centers, in: 2013 Workshop on Power-Aware Computing and Systems, ACM, 2013. [34] M. M. Whiston, M. M. Bilec, L. A. Schaefer, SOFC stack model for integration into a hybrid system: stack response to control variables, J. Fuel Cell Sci. Technol., 12(3) (2015) 031006e1e031006e11. [35] Y. Qi, B. Huang, K.T. Chuang, Dynamic modeling of solid oxide fuel cell: the effect of diffusion and inherent impedance, J. Power Sources 150 (2005) 32e47. [36] Y. Qi, B. Huang, J. Luo, Dynamic modeling of a ﬁnite volume of solid oxide fuel cell: the effect of transport dynamics, Chem. Eng. Sci. 61 (18) (2006) 6057e6076. [37] C. Wang, M.H. Nehrir, A physically based dynamic model for solid oxide fuel cells, IEEE Trans. Energy Convers. 22 (4) (2007) 887e897. [38] H. Zhu, R.J. Kee, Modeling distributed charge-transfer processes in SOFC membrane electrode assemblies, J. Electrochem. Soc. 155 (7) (2008) B715eB729. [39] H. Zhu, R.J. Kee, V.M. Janardhanan, O. Deutschmann, D.G. Goodwin, Modeling elementary heterogeneous chemistry and electrochemistry in solid-oxide fuel cells, J. Electrochem. Soc. 152 (12) (2005) A2427eA2440. [40] J. Golbert, C.S. Adjiman, N.P. Brandon, Microstructural modeling of solid oxide fuel cell anodes, Ind. Eng. Chem. Res. 47 (20) (2008) 7693e7699. [41] S.H. Chan, Z.T. Xia, Anode micro model of solid oxide fuel cell, J. Electrochem. Soc. 148 (4) (2001) A388eA394. [42] E.S. Hecht, G.K. Gupta, H. Zhu, A.M. Dean, R.J. Kee, L. Maier, O. Deutschmann,



[43] [45] [46]



[47]



[48] [49]



[50] [51]



[52] [53]



[54]



[55]



[56]



[57] [58]



[59]



[60]



[61] [62]



[63]



[64]



[65]



[66] [67]



777



Methane reforming kinetics within a Ni-YSZ SOFC anode support, Appl. Catal. A: General 295 (1) (2005) 40e51. D. Bhattacharyya, R. Rengaswamy, A review of Solid Oxide Fuel Cell (SOFC) dynamic models, Ind. Eng. Chem. Res. 48 (13) (2009) 6068e6086. R.P. O'Hayre, S.-W. Cha, W.G. Colella, F.B. Prinz, Fuel Cell Fundamentals, John Wiley & Sons, Inc., Hoboken, New Jersey, 2009. M.G.H.M. Hendriks, J.E. ten Elshof, H.J.M. Bouwmeester, H. Verweij, The electrochemical double-layer capacitance of yttria-stabilised zirconia, Solid State Ionics 146 (3e4) (2002) 211e217. C. Wang, M.H. Nehrir, S.R. Shaw, Dynamic models and model validation for PEM fuel cells Using electrical circuits, IEEE Trans. Energy Convers. 20 (2) (2005) 442e451. E. Achenbach, E. Riensche, Methane/steam reforming kinetics for solid oxide fuel cells, J. Power Sources 52 (2) (1994) 283e288. R.S. Gemmen, C.D. Johnson, Effect of load transients on SOFC operationdcurrent reversal on loss of load, J. Power Sources 144 (1) (2005) 152e164. S.C. Chapra, R.P. Canale, Numerical Methods for Engineers, sixth ed., The McGraw-Hill Companies, Inc., New York, New York, 2010. F.P. Incropera, D.P. DeWitt, T.L. Bergman, A.S. Lavine, Fundamentals of Heat and Mass Transfer, sixth ed., John Wiley & Sons, Inc., Hoboken, New Jersey, 2007. S. A. Klein, Engineering Equation Solver (EES). V9.715 (Copyright 2014). S.H. Chan, H.K. Ho, Y. Tian, Modelling for part-load operation of solid oxide fuel cell-gas turbine hybrid power plant, J. Power Sources 114 (2) (2003) 213e227. S. Campanari, Full load and part-load performance prediction for integrated SOFC and microturbine systems, J. Eng. Gas Turbines Power 122 (2) (2000) 239e246. E. Achenbach, Annex II: Modelling and Evaluation of Advanced Solid Oxide Fuel Cells: SOFC Stack Modelling (Final Report of Activity A2), Tech. rep, International Energy Agency, Germany, 1996. L. Goldstein, B. Hedman, D. Knowles, S.I. Freedman, R. Woods, T. Schweizer, Gas-Fired Distributed Energy Resource Technology Characterizations (Microturbine Systems), Tech. rep, Gas Research Institute and the National Renewable Energy Laboratory, USA, 2003. U.G. Bossel, FACTS & FIGURES: Final report on SOFC data, Tech. rep, International Energy Agency and Swiss Federal Ofﬁce of Energy, Switzerland, 1992. E.A. Liese, M.L. Ferrari, J. VanOsdol, D. Tucker, R.S. Gemmen, Modeling of combined SOFC and turbine power systems, in: R. Bove, S. Ubertini (Eds.), Modeling Solid Oxide Fuel Cells: Methods, Procedures and Techniques, vol. 1, Springer ScienceþBusiness Media, B.V, Dordrecht, Netherlands, 2008, pp. 239e268. D. Waldbillig, A. Wood, D.G. Ivey, Electrochemical and microstructural characterization of the redox tolerance of solid oxide fuel cell anodes, J. Power Sources 145 (2) (2005) 206e215. J. Pusz, A. Smirnova, A. Mohammadi, N.M. Sammes, Fracture strength of micro-tubular solid oxide fuel cell anode in redox cycling experiments, J. Power Sources 163 (2) (2007) 900e906. e, Kinetics of oxidation and D. Fouquet, A.C. Müller, A. Weber, E. Ivers-Tiffe reduction of Ni/YSZ cermets, Ionics 9 (1e2) (2003) 103e108. A. Selimovic, M. Kemm, T. Torisson, M. Assadi, Steady state and transient thermal stress analysis in planar solid oxide fuel cells, J. Power Sources 145 (2) (2005) 463e469. A. Hagen, R. Barfod, P.V. Hendriksen, Y.-L. Liu, S. Ramousse, Degradation of anode supported SOFCs as a function of temperature and current load, J. Electrochem. Soc. 153 (6) (2006) A1165eA1171. A. Hagen, Y.L. Liu, R. Barfod, P.V. Hendriksen, Assessment of the cathode contribution to the degradation of anode-supported solid oxide fuel cells, J. Electrochem. Soc. 155 (10) (2008) B1047eB1052. Y.L. Liu, A. Hagen, R. Barfod, M. Chen, H.J. Wang, F.W. Poulsen, P.V. Hendriksen, Microstructural studies on degradation of interface between LSM-YSZ cathode and YSZ electrolyte in SOFCs, Solid State Ionics 180 (23e25) (2009) 1298e1304. G.F. Franklin, J.D. Powell, M.L. Workman, Digital Control of Dynamic Systems, Addison Wesley Longman, Inc., Menlo Park, California, 1998. R.S. Esfandiari, B. Lu, Modeling and Analysis of Dynamic Systems, Taylor and Francis Group, LLC, Boca Raton, Florida, 2010.



























[image: Studies of Solid Oxide Fuel Cell Electrode Evolution ...]
Studies of Solid Oxide Fuel Cell Electrode Evolution ...












[image: discrete numerical simulations of solid oxide fuel cell ...]
discrete numerical simulations of solid oxide fuel cell ...












[image: Multiple Transport Processes in Solid Oxide Fuel Cells]
Multiple Transport Processes in Solid Oxide Fuel Cells












[image: A solid oxide fuel cell system for buildings]
A solid oxide fuel cell system for buildings












[image: A solid oxide fuel cell system for buildings - Semantic Scholar]
A solid oxide fuel cell system for buildings - Semantic Scholar












[image: The influence of charge detection on counting statistics]
The influence of charge detection on counting statistics












[image: Oxidation states study of nickel in solid oxide fuel cell ...]
Oxidation states study of nickel in solid oxide fuel cell ...












[image: A solid oxide fuel cell system fed with hydrogen sulfide ...]
A solid oxide fuel cell system fed with hydrogen sulfide ...












[image: A solid oxide fuel cell system fed with hydrogen sulfide ...]
A solid oxide fuel cell system fed with hydrogen sulfide ...












[image: Influence of high channel doping on the inversion layer ...]
Influence of high channel doping on the inversion layer ...












[image: Influence of oxide hard mask on profiles of sub-100 nm ...]
Influence of oxide hard mask on profiles of sub-100 nm ...












[image: Influence of micro-environmental pH on the gel layer behavior and ...]
Influence of micro-environmental pH on the gel layer behavior and ...












[image: THE STEWARTSON LAYER UNDER THE INFLUENCE ...]
THE STEWARTSON LAYER UNDER THE INFLUENCE ...












[image: Influence of solid-state effects on the K -to-K x-ray ...]
Influence of solid-state effects on the K -to-K x-ray ...












[image: On the Influence of Sensor Morphology on Vergence]
On the Influence of Sensor Morphology on Vergence












[image: Effect of Carbon on the Compound Layer ... - Wiley Online Library]
Effect of Carbon on the Compound Layer ... - Wiley Online Library












[image: Study on the influence of dryland technologies on ...]
Study on the influence of dryland technologies on ...












[image: Effect of electron transport layer crystallinity on the ...]
Effect of electron transport layer crystallinity on the ...












[image: Contrasting Effects of Sulfur Dioxide on Cupric Oxide and Chloride ...]
Contrasting Effects of Sulfur Dioxide on Cupric Oxide and Chloride ...












[image: The Role of Azopolymer/Dendrimer Layer-by-Layer Film Architecture ...]
The Role of Azopolymer/Dendrimer Layer-by-Layer Film Architecture ...












[image: Mendelian Randomisation study of the influence of eGFR on coronary ...]
Mendelian Randomisation study of the influence of eGFR on coronary ...












[image: The Influence of Admixed Micelles on Corrosion Performance of ...]
The Influence of Admixed Micelles on Corrosion Performance of ...















Influence of the charge double layer on solid oxide fuel ...






increased, or (ii) a large value of the double layer capacitance is assumed. ... Journal of Power Sources 293 (2015) 767e777 .... electrochemistry but also dynamic mass flow, energy, and mo- ...... Renewable Energy Laboratory, USA, 2003. 






 Download PDF 



















 2MB Sizes
 5 Downloads
 197 Views








 Report























Recommend Documents







[image: alt]





Studies of Solid Oxide Fuel Cell Electrode Evolution ... 

imaging contributes to development of mechanistic evolu- tion models needed to ... scanning electron microscopy (FIB-SEM) and transmission X- ray microscopy ...














[image: alt]





discrete numerical simulations of solid oxide fuel cell ... 

18 Comparison of nonstoichiometry data sets . ... 19 Fits of a random defect model to LSM20 nonstoichiometry data . . . . . . . 42 ...... Community Activism.














[image: alt]





Multiple Transport Processes in Solid Oxide Fuel Cells 

In the state-of-the-art SOFC technology, lanthanum manganite suitably doped with alkaline and rare earth ...... help it to cool the fuel cell tube. From this airflow ...














[image: alt]





A solid oxide fuel cell system for buildings 

and the heat and mass balance and system performance are obtained through numerical ... Energy Conversion and Management 48 (2007) 809â€“818 ...














[image: alt]





A solid oxide fuel cell system for buildings - Semantic Scholar 

Fuel cells are a clean, quiet and efficient energy conversion technology and have ... that extracts heat from low temperature sources, upgrades .... 2. System configuration and description. The basic system configuration of the combined system.














[image: alt]





The influence of charge detection on counting statistics 

Published 8 January 2009. Online at stacks.iop.org/JSTAT/2009/P01048 ... processes is generally of broad relevance for a wide class of problems. For example,.














[image: alt]





Oxidation states study of nickel in solid oxide fuel cell ... 

J. Renewable Sustainable Energy 4, 023106 (2012). Electric-field-induced ... structure.2 Also, Ni oxidation may occur undesirably during operation to reform NiO. ... National Synchrotron Light Source (NSLS), Brookhaven. National Laboratory ...














[image: alt]





A solid oxide fuel cell system fed with hydrogen sulfide ... 

[6] E. Luinstra, in: The GRI Sulfur Recovery Conference, Austin, TX,. USA, 24â€“27 ... [17] U.G. Bossel, Final report on SOFC data facts and figures, Swiss. Federal ...














[image: alt]





A solid oxide fuel cell system fed with hydrogen sulfide ... 

C [5]. To circumvent some of these issues, an H2S decomposi- tion reactor (DR) integrated with an SOFC system ... metal-membrane reactor can drive the decomposition of H2S ..... pacity to recover the heat from SOFC power generation sys-.














[image: alt]





Influence of high channel doping on the inversion layer ... 

creases toward the unstrained Si data due to Coulomb scattering by channel dopants. .... is shown in Fig. 3. Analytical universal mobility expressions for strained ...














[image: alt]





Influence of oxide hard mask on profiles of sub-100 nm ... 

the pattering process. Not only development of appropriate recipes ... highly anisotropic, whereas the electron angular distribution is nearly isotropic. As a result ...














[image: alt]





Influence of micro-environmental pH on the gel layer behavior and ... 

pH on the gel layer dynamics and manipulating the micro-environmental pH provides efficient ... Present affiliation: School of Phar- .... compression force, 40 N; and auto trigger force 0.005 ... studies, to obtain near zero-order release however,.














[image: alt]





THE STEWARTSON LAYER UNDER THE INFLUENCE ... 

for any numerical process applied to solve the dynamo equation. This is particularly true for the Stewartson layer and, therefore, its behavior under di erent conditions has been examined in several studies. Hollerbach 9] assumed that the inner core 














[image: alt]





Influence of solid-state effects on the K -to-K x-ray ... 

cantly better agreement with high-accurate experimental data of Perujo et al.18 .... where hD(i) is the Dirac operator for ith electron and the terms Cij account for ...














[image: alt]





On the Influence of Sensor Morphology on Vergence 

present an information-theoretic analysis quantifying the statistical regu- .... the data. Originally, transfer entropy was introduced to identify the directed flow or.














[image: alt]





Effect of Carbon on the Compound Layer ... - Wiley Online Library 

the nitrocarburizing temperature (575 8C Ã† 5). The plasma nitro- carburizing process was performed at a constant pressure of 400. Pa during 5 h. For the study, different gaseous mixtures of N2, H2, and CH4 were used (0% f 4%, f Â¼ [CH4]/[N2 Ã¾ CH4 Ã














[image: alt]





Study on the influence of dryland technologies on ... 

Abstract : A field experiment was conducted during the North East monsoon season ... Keywords: Sowing time, Land management, Seed hardening and Maize ...














[image: alt]





Effect of electron transport layer crystallinity on the ... 

2Department of Nano Fusion Technology, Pusan National University, Busan 609-735, South Korea. 3National ... (Received 8 June 2011; accepted 31 July 2011; published online 19 August 2011) ... air-stable high work function metals such as Au for the top














[image: alt]





Contrasting Effects of Sulfur Dioxide on Cupric Oxide and Chloride ... 

Contrasting Effects of Sulfur Dioxide on Cupric Oxide and Chloride ...https://sites.google.com/site/fjmogomjf/publication/Fujimori2014EST_2.pdfSimilarby T Fujimori - â€Ž2014 - â€ŽCited by 5 - â€ŽRelated articlesNov 7, 2014 - ABSTRACT: Sulfur dioxide 














[image: alt]





The Role of Azopolymer/Dendrimer Layer-by-Layer Film Architecture ... 

The Role of Azopolymer/Dendrimer Layer-by-Layer Film Architecture in Photoinduced Birefringence and the Formation of Surface-Relief. Gratings. David S. dos Santos, Jr.,*,â€  Marcos R. Cardoso,â€¡ Fabio L. Leite,â€¡,Â§ Ricardo F. Aroca,â€ . Luiz H. C.














[image: alt]





Mendelian Randomisation study of the influence of eGFR on coronary ... 

24 Jun 2016 - 1Department of Non-communicable Disease Epidemiology, London School of Hygiene and Tropical Medicine,. UK. 2Department of Tropical Hygiene, Faculty of Tropical Medicine, Mahidol University, Thailand. 3Institute of. Cardiovascular Scienc














[image: alt]





The Influence of Admixed Micelles on Corrosion Performance of ... 

The Influence of Admixed Micelles on Corrosion Performance of reinforced mortar.pdf. The Influence of Admixed Micelles on Corrosion Performance of ...


























×
Report Influence of the charge double layer on solid oxide fuel ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















