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Solid oxide fuel cell (SOFC) stacks are at the core of complex and efficient energy conversion systems for distributed power generation. Such systems are currently in various stages of development. These power plants of the future feature complicated configurations, because the fuel cell demands for a complex balance of plant. Moreover, proposed SOFCbased systems for stationary applications are often connected to additional components and subsystems, such as a gasifier with its gas-cleaning section, a gas turbine, and a heat recovery system for thermal cogeneration or additional power production. For the simplest SOFC configurations, and more so for complex integrated systems, the dynamic operation of the power plant is challenging, especially because the fluctuating electrical load of distributed energy systems demand for reliable transient operation. Issues related to dynamic operation must be studied in the early design stage and simulation results can be used to optimize the system configuration, taking into account transient behavior. This paper presents the development and the validation of a non-linear dynamic lumped-parameters model of a SOFC stack suitable for integration into models of complex power plants. Particular emphasis is placed on the systematic approach to model development. The model is implemented using the open-source Modelica language, which allows for a high degree of flexibility and modularity, the main features of the model herein presented. The SOFC stack model will be incorporated into ThermoPower, a freely distributed library of reusable software components for the modeling of thermo-hydraulic processes and power plants.

In the last years, due to a greater concern about environmental aspects, considerable efforts have been dedicated to the limitation of pollutant emissions and to the improvement of conversion efficiency for both transport and stationary energy conversion systems. Among these devices, fuel cells exhibit many advantages with respect to conventional power plants in the small to medium power range. Fuel cells feature high efficiency, almost independently of the capacity, and very low emissions. These characteristics make this technology especially suitable for decentralized power generation and cogeneration [START_REF] Anon | Fuel Cell Handbook[END_REF][START_REF] Larminie | Fuel Cell System Explained[END_REF]. Among the various types of fuel cells, Solid Oxide Fuel Cells (SOFC) boast very high electrical efficiency, fuel flexibility and tolerance to fuel pollutants. In addition, because of the high operating temperature, they are suitable for cogeneration and combined or hybrid power plant configurations [START_REF] Stambouli | Solid oxide fuel cells: a review of an environmentally clean and efficient source of energy[END_REF][START_REF] Verda | Solid oxide fuel cell systems for distribted power generation and cogeneration[END_REF].

A SOFC (Figure 1) consists of A) a solid electrolyte layer, usually made up of Yttria Stabilized Zirconia (YSZ), which can conduct oxygen ions at sufficiently high temperatures (600-1000 • C), B) an anode electrode, where fuel oxidation takes place, C) a cathode electrode where the oxidant reduction occurs, and two channels, one for the fuel (D), and one for the oxidant (E). Electrons which are formed at the cathode as a result of the electrochemical reactions provide the current to connected electrical loads.

In most cases, fuel cells first convert a primary fuel (typically natural gas, or other gaseous hydrocarbons) into a gas containing a sufficiently high percentage of hy- drogen, suitable for the electrochemical oxidation at the anode. The thermal conversion of the feeding fuel can be obtained in a dedicated component, typically a catalytic steam reformer or a partial-oxidation reactor [START_REF] Dicks | Hydrogen generation from natural gas for the fuel cell systems of tomorrow[END_REF][START_REF] Dicks | Advances in catalyst for internal reforming in high temperature fuel cells[END_REF]. The thermal conversion can also occur in the stack, if the fuel cell is operated at high temperature [START_REF] Lee | Internal reforming development for solid oxide fuel cells[END_REF][START_REF] Sasaki | Multi-fuel capability of solid oxide fuel cells[END_REF][START_REF] Takeguchi | Study of steam reforming of CH 4 and C 2 hydrocarbons and carbon deposition on Ni-YSZ cermets[END_REF]. In this case the enthalpy of reaction for the endothermic reforming is provided by part of the thermal energy delivered by the electrochemical oxidation. Internal reforming is advantageous because it eliminates the need for an additional component, and also because it reduces the amount of heat that has to be removed by means of the excess of air fed to the cathode channel. Figure 2 shows two basic SOFC configurations: the first configuration, see fig. 2(a), also known as Indirect Internal Reforming SOFC (IIR-SOFC), is such that the reformer is in thermal contact with the anode channel, but separated from the cell; the other, see fig. 2(b), often referred to as Direct Internal Reforming (DIR-SOFC), performs the fuel reforming directly into the fuel channel, where the material of the anode electrode -a nickel-based compound -acts as a catalyst [START_REF] Clarke | Catalytic aspect of the steam reforming of hydrocarbons in internal reforming fuel cells[END_REF]).
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Operating a SOFC power plant requires, together with the stack, a number of integrated components. These are an air blower, heat exchangers, a fuel pre-processing unit, a power conditioning unit, etc. These components are usually referred to as Balance of Plant (Figure 3). Fuel cell systems consist, as far as stationary applications are considered, of the following five sections: fuel processing unit, air processing unit, heat recovery system, power generation in the fuel cell stack and power conditioning and control unit [START_REF] Anahara | Present status and future prospects for fuel cell power systems[END_REF][START_REF] Joon | Fuel cells -a 21st century power system[END_REF][START_REF] Dicks | A fuel cell balance of plant test facility[END_REF]. The fuel processing system is responsible Fig. 3. Process flow diagram of a fuel cell system and its Balance of Plant. The system consists of the fuel cell stack, the fuel and air processing units, a heat recovery system and the power conditioning and control unit.

for the cleaning of the natural gas fed to the stack and for its complete or partial reforming; the power conditioning system converts DC-current into AC-current at the grid frequency and heat produced within the stack is recovered by the fuel processing system and possibly for other thermal use.

In case of stationary applications, more complex plant configurations are often proposed to increase the overall system efficiency and environmental performance.

Increasing the complexity of the system can be economically attractive if the additional components reduce the specific cost of the power plant (cost per installed kW e ) and increase the overall conversion efficiency, thus reducing the payback time. This is the case, e.g., of cogeneration plants and hybrid fuel cell systems integrated with a gas turbine or a bottoming power cycle. Examples of these more complex systems (actual or proposed) are : small domestic units cogenerating heat and power [START_REF] Münch | Stationary fuel cell-results of 2 years of operation at EnBW[END_REF]; industrial power plants operated by combining biomass and coal gasification with a SOFC [START_REF] Hutton | Feasibility study of a thermally integrated SOFC-gasification system for biomass power generation[END_REF][START_REF] Kivisaari | The feasibility of a coal gasifier combined with a high-temperature fuel cell[END_REF][START_REF] Seitarides | Modular biomass gasification-based solid oxide fuel cells for sustainable development[END_REF][START_REF] Cordiner | Analysis of a SOFC energy generation system fuelled with biomass reformate[END_REF]; hybrid SOFC/gas turbine systems [START_REF] Anon | Fuel Cell Handbook[END_REF][START_REF] Hossein | Direct fuel cell-turbine hybrid system for ultra-high efficiency power generation[END_REF]; combined SOFC plants [START_REF] Kuchonthara | Combinations of solide oxide fuel cell and several enhanced gas turbine cycles[END_REF][START_REF] Onda | Cycle analysis of combined power generation by planar SOFC and gas turbine considering cell temperature and current density distributions[END_REF][START_REF] Inui | High performance SOFC/GT combined power generation system with CO 2 recovery by oxygen combustion method[END_REF][START_REF] Granovskii | Performance comparison of two combined SOFCgas turbine systems[END_REF]; fuel cells coupled with an organic Rankine cycle turbogenerator [START_REF] Angelino | Air cooled siloxane bottoming cycle for molten carbonate fuel cells[END_REF][START_REF] Angelino | Organic Rankine cycles for energy recovery from molten carbonate fuel cells[END_REF].

For the simplest SOFC configurations, and more so for more complex integrated systems, one of the most challenging technical aspects is related to the dynamic operation of the plant. The control system has to be designed to realize a stable working condition, dealing with complex, highly sensitive and interrelated phenomena, featuring time characteristics that can differ by orders of magnitude. In addition, the recent developments in the electricity market demand for a much more flexible operation of power plants, especially small units for distributed generation, while power electronics substantially decreased the energy accumulation on the utilization side.

For these reasons, dynamic models and simulations are becoming mandatory tools to study the dynamics of fuel cell power plants, and to design their control system, starting from the fuel cell stack up to the entire system, including the BOP and other integrated components. Moreover, on-line dynamic models can be integrated into model-based controllers for optimal performance [START_REF] Huo | Nonlinear model predictive control of SOFC based on a Hammerstein model[END_REF].

Several dynamic models dedicated to stand-alone fuel cells have been developed since 1994 [START_REF] Achenbach | Three-dimensional and time-dependent simulation of a planar solid oxide fuel cell stack[END_REF][START_REF] Ferguson | Three-dimensional numerical simulation for various geometries of solide oxide fuel cells[END_REF][START_REF] Aguiar | Anode-supported intermediate temperature direct internal reforming solid oxide fuel cell. I: Model-based steady-state performance[END_REF][START_REF] Xue | Dynamic modeling of single tubular SOFC combining heat and mass transfer and electrochemical reaction effects[END_REF], with the goal of limiting thermal and mechanical stresses and of improving cell availability and efficiency; these works document multidimensional (2D and 3D), physically-based models aimed describing the spatial distribution of the temperature, the current density and the chemical compositions within the cell structure.

Various studies have focused on the dynamic modeling of specific integrated systems for particular purposes. In all these models the SOFC stack is represented by a 0-dimensional dynamic lumped-parameter model. Ref. [START_REF] Saarinen | Dynamic model of 5 kW SOFC CHP test station[END_REF], for example, reports a modeling effort within a Finnish comprehensive project to develop a 5 kW e SOFC system for cogeneration applications. The simplified model is implemented in a commercial software and applied to a test station for phenomenological studies on transients and is capable of real-time execution. Several other works are dedicated to investigations on transient behavior of hybrid SOFC/gas turbine systems. The issue of controlling a system formed by a tubular SOFC stack integrated with a gas turbine and integrated into an electrical grid is documented in Ref. [START_REF] Kandepu | Modeling and control of a SOFC-GT based autonomous power system[END_REF]. The problem of controlling a SOFC system is addressed in many studies describing also simplified, often linearized, dynamic models, derived with various techniques from an higher-level and physically-based model, see, e.g., Ref. [START_REF] Sorrentino | A hierarchical modeling approach to the simulation and control of planar solid oxide fuel cells[END_REF]. Within this category, a certain wealth of literature is concerned with the dynamic modeling and control of fuel cells in automotive applications, with its peculiar demands (see, e.g., Ref. [START_REF] Varigonda | Control of stationary and transportation fuel cell systems: Progress and opportunities[END_REF] for a review). This work is aimed at the description of the development of a dynamic model of a SOFC stack, suitable for integration into models of complex SOFC-based stationary power systems. Its main distinguishing features are flexibility and modularity, which are achieved through the implementation in an acausal modeling language. Flexibility and modularity are referred both to the possibility of increasing the accuracy of the model by seamlessly connecting multiple cell sub-models to obtain the model of the stack, and also to the possibility of incorporating a stack model into the complex model of a hybrid or combined power plant. The model fulfills therefore the prerequisites of a software object which can be incorporated in a library of components for energy conversion systems [START_REF] Treffinger | Development of fuel cell powered drive trains with Modelica[END_REF][START_REF] Ungethum | Fuel cell system modeling for real-time simulation[END_REF][START_REF] Rubio | FuelCell lib -a Modelica library for modeling of fuel cells[END_REF][START_REF] Casella | Modelica open library for power plant simulation: Design and experimental validation[END_REF][START_REF] Gnutek | Modular lumped-parameters dynamic model for gas turbines: Validation and application to a small scale externally fired gas turbine[END_REF][START_REF] Varigonda | Control of stationary and transportation fuel cell systems: Progress and opportunities[END_REF][START_REF] Casella | Modelling of thermo-hydraulic power generation processes using Modelica[END_REF][START_REF] Colonna | Dynamic modeling of steam power cycles. Part Imodeling paradigm and validation[END_REF][START_REF] Van Putten | Dynamic modeling of steam power cycles. Part IIsimulation of a small simple Rankine cycle system[END_REF], suitable to build the complex models needed to simulate the power plants of the future. The use of dynamic simulations to solve major issues related to dynamic performance since the early design stages, instead of resorting to troubleshooting in the commissioning phase, is one of the recent developments regarding the design of energy systems. For example, this model will be used to study and improve the dynamic performance of a system formed by a circulating fluidized-bed biomass gasifier combined with a SOFC, which has been recently tested at the Delft University of Technology [START_REF] Aravind | Studies on high efficiency energy systems based on biomass gasifiers and solid oxide fuel cells with Ni/GDC anodes[END_REF]. In addition, it is worthwhile noting that, thanks to the implementation in an object-oriented acausal modeling language, the dynamic model presented herein could be easily reduced in order to obtain a model suitable for implementation into model-predictive controllers, see, e.g., Ref. [START_REF] Casella | Model order reduction for object-oriented models: a control system perspective[END_REF].

In the first part of this article the modeling approach is briefly summarized and the model structure is presented in detail. Model validation (Sec. 3) is based on reference steady-state simulation data obtained from the literature and on the comparison of transient simulations with published results obtained with a different 1-D model. Section 4 highlights concluding remarks and summarizes the findings and future plans.

Modeling paradigm, model structure and submodels

The modeling procedure followed in this work is a systematic method based on the following criteria [START_REF] Colonna | Dynamic modeling of steam power cycles. Part Imodeling paradigm and validation[END_REF]:

• In order to overcome the difficulties of model complexity, a modular approach based on the assessment of relevant phenomena is used to subdivide the system into components and modules; the variables defining the state of each module are calculated within the module itself; • a causal approach is followed in order to develop the conceptual model and derive the model equations. This assures that causal interactions among modules are correctly defined. The bilateral coupling principle among input/output variables associated with power transfer is also applied. • an acausal software [START_REF] Dynasim | Dynamic Modelling Laboratory[END_REF] based on the open-source Modelica language [START_REF] Mattsson | Physical system modeling with Modelica[END_REF][START_REF] Fritzson | Principles of Object-Oriented Modeling and Simulation with Modelica 2[END_REF] is used to implement the model equations, thus guaranteeing maximum modularity and flexibility. The acausal model implementation [START_REF] Casella | Dynamic simulation of a biomass-fired steam power plant: a comparison between causal and a-causal modular modeling[END_REF][START_REF] Casella | Dynamic modeling of IGCC power plants[END_REF] gives the possibility of changing the causality of the system, the components, and the modules, without the need of developing multiple versions of the same model. In addition, such implementation allows for the easy reuse of each module or component in any other model of energy conversion system.

This procedure results in a mixed approach where causality is an aid in developing a well-posed system of model equations and it avoids missing or doubling equations.

The acausal implementation relaxes any restriction on the connection of modules and components in a large power plant model, thus favors the quick development of multiple plant configurations and model reduction [START_REF] Casella | Dynamic simulation of a biomass-fired steam power plant: a comparison between causal and a-causal modular modeling[END_REF].

In the case considered here, the main model refers to a single cell composed by the parts shown in Figure 4(a). The parts are the anode, the electrolyte, the cathode, and two interconnecting plates which divide one cell from the adjacent ones and separate the channels for the fuel and the oxidant flows. Anode, electrolyte and cathode are assembled in a triple layer often referred to as Positive-Electrolyte-Negative structure (PEN). The obtained model is assumed to be representative of a single fuel cell located in the middle of a SOFC stack, see Figure 4(b), provided that the boundary conditions for each cell are independent [START_REF] Aguiar | Anode-supported intermediate temperature direct internal reforming solid oxide fuel cell. I: Model-based steady-state performance[END_REF]. The overall causality diagram of a single cell developed to obtain the model equations is shown in Figure 4(a): entering and leaving flow ports (for the anode and the cathode channels) describe mass flow interactions between the cell and its surroundings, while an electrical port (for the PEN structure) describes electrical interactions. Elements of this model are treated also in Refs. [START_REF] Achenbach | Three-dimensional and time-dependent simulation of a planar solid oxide fuel cell stack[END_REF][START_REF] Ferguson | Three-dimensional numerical simulation for various geometries of solide oxide fuel cells[END_REF][START_REF] Aguiar | Anode-supported intermediate temperature direct internal reforming solid oxide fuel cell. I: Model-based steady-state performance[END_REF][START_REF] Xue | Dynamic modeling of single tubular SOFC combining heat and mass transfer and electrochemical reaction effects[END_REF].

The relevant phenomena that are accounted for are:

1. mass storage and pressure losses in the anode and the cathode gas channels; 2. energy accumulation in the gas flows and in solid parts; 3. diffusion of oxygen ions through the porous electrolyte; 4. convective heat transfer between gas flows and solid elements; 5. radiative heat transfer between the anode and the cathode and the interconnecting plates; 6. hydrogen oxidation within the PEN structure, steam reforming of methane and water-shift of carbon monoxide within the fuel channel; 7. non equilibrium reactions associated with the methane-steam reforming.
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The model is developed under the following working hypothesis:

1. carbon monoxide is not directly oxidized and methane is only converted into hydrogen by the steam reforming reaction [START_REF] Aguiar | Anode-supported intermediate temperature direct internal reforming solid oxide fuel cell. I: Model-based steady-state performance[END_REF]; 2. the ideal gas model applies to air and fuel flows; 3. the temperature gradient across the PEN structure can be neglected.

In addition, the following assumptions are introduced:

1. heat transfer between the cell structure and its surroundings is not included; the model is therefore strictly applicable only to the cells that are in the middle of the stack; 2. the chemical components of the gas mixtures behave as transparent media and radiative heat transfer between the solid structure and the gas flow can be neglected; 3. the anode and cathode channels behave as a well-stirred reactor; 4. the oxidation of the hydrogen occurs within the three-phase region whilst the methane reforming and the carbon monoxide shift occur in the anode channel. Therefore, the enthalpy of reaction for the oxidation of hydrogen is released into the PEN structure, while the enthalpies of reaction of the methane reforming and of the water-gas shift reaction are released into the fuel gas flow;

The system is subdivided into modules and these are 1) the PEN module for the electrochemically active solid structure, 2) the anode channel module for the fuel flow, 3) the cathode channel module for the oxidant flow and 4) the interconnecting modules for the solid plates delimiting a single cell. Figure 5 displays the detailed causality diagram used to develop the cell model, together with its modules: thermal interactions occur between the interconnecting plates and the PEN structure, between the gas flows and the channels surface and between the interconnecting plates themselves (this is due to the assumption that the single cell is considered as a part of a stack).

A description of the model of the interconnecting plate module, treated as a solid energy-storage control volume, and of the fluid thermal resistive module is given in Ref. [START_REF] Colonna | Dynamic modeling of steam power cycles. Part Imodeling paradigm and validation[END_REF].

Gas channel modules

The gas channel modules are used here to model gas flows of fuel through the anode channel and of oxidant through the cathode channel; they are resistive-storage flow modules (see Ref. [START_REF] Colonna | Dynamic modeling of steam power cycles. Part Imodeling paradigm and validation[END_REF]) where mass and energy accumulation, pressure losses and chemical reactions are modeled. Their causality diagrams are depicted in Figure 6.

The mass conservation equation for each module is

dM dt = f E ± f O 2 -f L , (1) 
where the mass flux of oxygen is positive for the anode channel and negative for the cathode channel, due to the ions transfer through the solid electrolyte.

The momentum conservation equation is derived as a particular solution of the Navier-Stokes' equation for a laminar flow of an ideal gas mixture through an infinitely long flat channel, bounded by one interconnecting plate and one electrode, driven by the pressure gradient. The momentum balance is therefore with reactions for the anode and the cathode channels, respectively; CR is a thermal resistive module for the laminar convective heat transfer; RR is a thermal resistive module for radiative heat transfer between parallel planes; RC is a resistive module for conductive heat transfer in a flat plate. The conservation equation for the chemical species is written in terms of the mass fraction of each species in the mixture; for the purpose of this model, seven chemical components are included, and they are listed in Table 2. Three chemical reaction mechanisms are considered to be active and they are listed in Table 3. As for the mass conservation equation, the mass flux of oxygen is considered as positive at the anode channel and negative at the cathode channel. A set of seven mass balance equations, one for each chemical component, can therefore be written as
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where the i-th mass fraction is given by:

M i = M • x i i=1,7 . (4) 
The Faraday's law, relating the flux of the reactants to the electric current driven through the fuel cell, allows for the calculation of the rate of the hydrogen electrochemical reaction, r 1 as

r 1 = j 2F . (5) 
Several authors have investigated the kinetics of the methane reforming reaction and its catalytic aspect [START_REF] Horita | Electrode reaction of La 1-x Sr x CoO 3-d cathodes on La 0.8 Sr 0.2 Ga 0.8 Mg 0.2 O 3-y electrolyte in solid oxidefuel cells[END_REF][START_REF] Achenbach | Methane/steam reforming kinetics for solid oxide fuel cells[END_REF][START_REF] Belyaev | Internal steam reforming of methane over Ni-based electrode in solide oxide fuel cells[END_REF], but there is only a small amount of data available for the kinetics of the reforming reaction in SOFC anodes. Here, the first order kinetic expression derived by Achenbach and Riensche [START_REF] Achenbach | Methane/steam reforming kinetics for solid oxide fuel cells[END_REF],

r 2 = k 0 • p CH 4 • exp E a RT , (6) 
is adopted. The activation energy is E a = 82 kJ mol -1 and the pre-exponential factor is k 0 = 4.274 • 10 -2 mol s -1 m -2 Pa -1 . The expression documented in Ref. [START_REF] Aguiar | Anode-supported intermediate temperature direct internal reforming solid oxide fuel cell. I: Model-based steady-state performance[END_REF] for the rate of reaction of the water-gas shift,

r 3 = k WGSR • p CO 1 - p CO 2 p H 2 p CO p H 2 O • K eq,3 , (7) 
is employed in this model.

The energy conservation equation is written in terms of the mass specific enthalpy of the gas mixtures, which includes the enthalpy of formation of each component. The enthalpy of reaction of the hydrogen electrochemical oxidation is subtracted at the anode channel because it is considered to be released within the PEN structure. The mass flux of oxygen is treated as for the previous mass conservation equations.

At the anode channel, the energy conservation equation is written as

dU dt = f E h E + f O 2 h O 2 -f L h L + QAF-PEN + QAF-AI -(-Δh 1 ) • r 1 , (8) 
where

QAF-PEN = α AF • W • l • T PEN -T AF , (9) 
and

QAF-AI = α AF • W • l • T AI -T AF . (10) 
At the cathode channel, the energy conservation equation gives

dU dt = f E h E -f O 2 h O 2 -f L h L + QCF-PEN + QCF-CI , (11) 
where

QCF-PEN = α CF • W • l • T PEN -T CF , (12) 
and

QCF-CI = α CF • W • l • T CI -T CF . (13) 
Finally, the convective heat transfer coefficient, α, is calculated within the gas channel module under the hypothesis that the flow regime is laminar and it can be treated as flow through two infinite flat plates. The constant value of the Nusselt's number can be found Ref. [START_REF] Rohsenow | Handbook of heat transfer, 3rd Edition[END_REF].

PEN structure module

The PEN module represents the electro-active triple layer, composed by the anode electrode, the cathode electrode and the solid electrolyte. These three layers are lumped into one module, which accounts for pure accumulation with respect to heat and for a pure flow resistance with respect to the flux of oxygen ions. Within the PEN structure, the enthalpy of the hydrogen oxidation reaction (Table 3) is released and it is converted into electrical work, delivered by the electrical connections, and heat, transferred to the fuel and the oxidant gases. The causality diagram of this module is depicted in Figure 7, where it should be noted that pressures and mass flows at the ions flow ports are vector variables containing the partial pressure and the mass fraction of each chemical component at each port.

The mass conservation equation for the oxygen ions transferred through the porous electrolyte is

f E = f L . (14) 
The entering mass flow vector is calculated considering that the solid electrolyte, under particular conditions, allows only oxygen ions to be carried from the cathode to the anode channel, and that the the electrical current is directly related to the charge flux by the Faraday's law as 

f E,1 = MM 1 • i 4F , (15) 
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The energy conservation equation is written considering that the enthalpy of reaction for the hydrogen oxidation is released within the PEN and that heat transfer occurs between the PEN, the channels (convective heat transfer) and the interconnecting plates (radiative heat transfer). The energy balance is therefore

(ρ • c • W • l • τ) PEN • dT PEN dt =f E,1 • (h E -h L ) + (Δh 1 ) • i 2F + QAF-PEN + QAI-PEN + QCF-PEN + QCI-PEN -V cell • i cell , (17) 
where the radiative heat transfer between the PEN and the interconnecting plates is calculated as

QAI-PEN = σ • ε AI • ε PEN • W • l • T 4 AI -T 4 PEN ε AI + ε PEN -ε AI • ε PEN (18) 
and

QCI-PEN = σ • ε AI • ε PEN • W • l • T 4 CI -T 4 PEN ε CI + ε PEN -ε CI • ε PEN . ( 19 
)
The reversible cell potential (or open circuit potential -ocp) is determined by the Gibbs' free energy of the reaction (1) and it is related to operating temperature and pressure by means of the Nernst's equation [START_REF] Larminie | Fuel Cell System Explained[END_REF]; when the only electrochemical mechanism contributing to the cell potential is the hydrogen oxidation, this becomes

V ocp = - Δg 1 RT PEN - RT PEN 2F • ln ⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ p AF,4 p AF,3 • p 0.5 CF,1 ⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ . ( 20 
)
The reversible potential, also known as Nernst's potential, is the maximum voltage that an ideal cell could deliver under specific operating conditions; however, there are several sources of irreversibility that reduce the ideal potential to the actual cell voltage, when an electric load is applied. These losses can be summarized as

• ohmic losses at the electrodes;

• ohmic losses at the solid electrolyte;

• concentration losses due to mass transport phenomena;

• activation losses due to kinetics of reactions occurring at the electrodes surfaces.

The cell voltage is calculated as

V cell = V ocp -(v ohm + v conc + v act ) . ( 21 
)
The Ohmic losses are due to ohmic resistance to conduction of electrons (through the electrodes) and ions (through the electrolyte) and they obey the Ohm's law

v ohm = j • R Ohm ( 22 
)
where the ohmic overall resistance, R Ohm , is calculated from the conductivity of each layer, neglecting contact resistance between layers and interconnections [START_REF] Petruzzi | A global thermo-electrochemical model for SOFC systems design and engineering[END_REF] as

R Ohm = τ AE σ AE + τ CE σ CE + τ SE σ SE . ( 23 
)
Concentration losses arise when mass transport phenomena affects the electrode reactions, i.e., when the velocity of reaction and the rate of reactants and products diffusion through the porous site of reaction becomes comparable. When this occurs, the concentration of the species at the reaction site, often referred to as the Three Phase Boundary (TPB), differ from the bulk concentration in the gas channels, leading to a lower cell potential, namely,

V TPB = - Δg 1 RT PEN - RT PEN 2F • ln ⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ p TPB,4 p TPB,3 • p 0.5 TPB,1 ⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ . ( 24 
)
The concentration overpotentials are then calculated as the difference between the open circuit potential and the TPB potential as

v conc = RT PEN 2F • ln p TPB,4 p AF,3 p AF,4 p TPB,3 + 0.5 • ln p CF,1 p TPB,1 . (25) 
The partial pressures of the species at the TPB are calculated from the Stefan-Maxwell's equation for the diffusion of a species under the simplifying hypothesis that in the porous structure of the anode the gas is a mixture of H 2 and H 2 O undergoing a one-dimensional transport process and in the cathode only O 2 diffuses through the pores [START_REF] Wang | A physically based dynamic model for solid oxide fuel cells[END_REF]. The partial pressures are therefore give by

p TPB,3 = p AF,3 - RT PEN • τ AE 2FD eff,AE • j (26) p TPB,4 = p AF,4 + RT PEN • τ AE 2FD eff,AE • j (27) p TPB,1 = p CF -(p CF -p CF,1 ) • exp RT PEN • τ CE 4FD eff,CE • p • j ( 28 
)
where

p CF = i=1,7 p CF,i . (29) 
The effective diffusivities, D eff,AE and D eff,CE , differ from the molecular diffusivities because the diffusion path-length through a porous media is greater than the media's thickness. As proposed in Ref. [START_REF] Chan | Complete polarization model of a solid oxide fuel cell and its sensitivity to the change of cell component thickness[END_REF], they are derived from the latter as

D eff,i = π tc • D mol,i i ∈ {H 2 , H 2 O, O 2 , N 2 } . (30) 
The energy barriers which must be overcome by the chemical species to perform a chemical reaction are responsible for activation losses at the electrodes, and they are normally expressed by the Butler-Volmer equation [START_REF] Atkins | Atkins' Physical Chemistry[END_REF] as

j = j 0 exp β • 2F RT PEN v act -exp - (1 -β) • 2F RT PEN v act , ( 31 
)
where β is the transfer coefficient, usually taken equal to 0.5. The exchange current density, j 0 , is expressed as

j 0,elec = RT PEN 2F k elec exp E elec RT PEN elec ∈ {AE, CE} . (32) 
In order to complete the system of equations representing the PEN, the model of the activation losses requires data on the pre-exponential factor, k elec , and the energy of activation, E elec , for both the anode and cathode electrodes. In this work, the data provided in Ref. [START_REF] Horita | Electrode reaction of La 1-x Sr x CoO 3-d cathodes on La 0.8 Sr 0.2 Ga 0.8 Mg 0.2 O 3-y electrolyte in solid oxidefuel cells[END_REF] are used for the cathode electrode's parameters, whilst for the anode channel figures given in Ref. [START_REF] Aguiar | Anode-supported intermediate temperature direct internal reforming solid oxide fuel cell. I: Model-based steady-state performance[END_REF] are adopted.

Model implementation

As mentioned, the SOFC model is implemented using a commercial object-oriented modeling environment [START_REF] Dynasim | Dynamic Modelling Laboratory[END_REF], based on the open-source Modelica language [START_REF] Mattsson | Physical system modeling with Modelica[END_REF][START_REF] Fritzson | Principles of Object-Oriented Modeling and Simulation with Modelica 2[END_REF], Fig. 8. The adopted software allows for the effective graphical representation of energy conversion systems and of the software-objects and interactions composing the models and sub-models. The graphical user interface allows for the browsing of the model structure starting from the representation of the process flow diagram of the system (a), to its components (b), down to the basic modules forming components (see Fig. 5).
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thus taking advantage of the features of the acausal implementation as briefly explained in Sec.2. The implementation complies with the standards and the interfaces of the open-source ThermoPower library [START_REF] Casella | Modelica open library for power plant simulation: Design and experimental validation[END_REF][START_REF] Casella | Modelling of thermo-hydraulic power generation processes using Modelica[END_REF][START_REF] Casella | Dynamic simulation of a biomass-fired steam power plant: a comparison between causal and a-causal modular modeling[END_REF], a library of reusable components for the dynamic modeling of thermo-hydraulic processes and energy conversion systems. Such software allows for the graphical representation of the SOFC model by means of a standard symbol for process flow diagrams, thus easing the understanding of model implementations of complex energy conversion systems, in which the SOFC is one of the components, see, e.g. Figure 8(a). By clicking on the SOFC icon, it is possible to browse the model's hierarchical structure from the highest to the lowest level, where the submodel interactions of the causality diagram depicted in Figure 5 can be identified.

Preliminary results obtained from the lumped parameters model documented in this paper show that a greater discretization along the gas flow direction is needed in order to correctly model those phenomena which are intrinsically distributed, such as the electrochemical oxidation and the reforming reaction. For this reason, thanks to the adopted acausal software, a one-dimensional lumped parameters model is obtained by simply connecting several basic SOFC models (Figure 5), as it is shown in Figure 8(b). Each cell element is at the same voltage as the whole single cell and it is connected in series to the adjacent ones as far as the gas flows is concerned.

Although several publications on the dynamic modeling of planar SOFC's are available, complete sets of measured time-dependent data and parameters suitable for a thorough dynamic validation of the SOFC model at hand are not available.

Only the results of few numerical simulations have been published, together with all the necessary model parameters. One such simulation can be considered as a reference, as it was devised by the International Energy Agency as a benchmark for the models developed by eight research groups [START_REF] Achenbach | SOFC stack modeling, final report of Activity A2, Annex II: Modeling and evaluation of advanced solid oxide fuel cell[END_REF]. The published data collect steady-sate simulation results for a planar direct internal reforming (DIR) SOFC.

In addition, also the dynamic simulation results documented in Ref. [START_REF] Aguiar | Anode-supported intermediate temperature direct internal reforming solid oxide fuel cell. I: Model-based steady-state performance[END_REF][START_REF] Iora | Comparison of two IT-DIR-SOFC models: Impact of variable thermodynamic, physical, and flow properties. Steady-state and dynamic analysis[END_REF] and related to the model of an intermediate temperature, internal reforming, (IT-DIR) planar SOFC can be used for validation purposes of the model herein documented. Both references provide the values of all the necessary parameters characterizing the fuel cell, and clearly report the operating conditions (such as the fuel composition, the working temperature and pressure and the fuel utilization), together with some steady-state solutions of numerical simulations.

The validation procedure followed here consists of a preliminary steady-state validation by comparison with the data of the IEA benchmark cases and a validation of transients by comparison with the transients reported in Ref. [START_REF] Iora | Comparison of two IT-DIR-SOFC models: Impact of variable thermodynamic, physical, and flow properties. Steady-state and dynamic analysis[END_REF] and resulting from a 1-D distributed-parameters model.

The performance indicators representing the working conditions are the fuel cell voltage V cell , the fuel utilization factor U fuel , the air excess ratio λ air , the electric power output P el , and the fuel efficiency η fuel . These are defined as follows

U fuel = i cell • MM 2F • (4y E,CH 4 + y E,CO + y E,H 2 ) f E,AF , (33) 
λ air = 4F y O 2 • f CF E i cell , (34) 
η fuel = P el (x E,CH 4 LHV CH 4 + x E,CO LHV CO + x E,H 2 LHV H 2 ) f E,AF . (35) 

DIR-SOFC: steady-state validation based on a benchmark study of the IEA

In 1996 the International Energy Agency reported a steady-state modeling benchmark study about a direct internal reforming planar SOFC [START_REF] Achenbach | SOFC stack modeling, final report of Activity A2, Annex II: Modeling and evaluation of advanced solid oxide fuel cell[END_REF]. The document provides reference performance data which can be utilized to validate other models; the effort aimed at providing data otherwise often impossible to obtain from manufacturers.

Two different feeding conditions are considered: in one case the fuel is humidified hydrogen and in the other a partially pre-reformed methane-steam gas mixture; in order to avoid discrepancies caused by the different treatment of the electrochemical kinetics, the same value is imposed to the anodic/cathodic activation losses and to the ohmic loss of the electrolyte . All the parameters and operating conditions are reported in table A.1 of the Appendix.

Table 4 compares the results obtained with a model formed by different numbers of elemental cells connected in series (as far as for the flow is concerned) with those reported in the IEA reference case. The fuel is a mixture of methane and water with a steam-to-carbon ratio (STC) of 2.5 and 30% pre-reforming. Table 4 shows that results are satisfactory starting from a discretization of the SOFC model into at least two elemental cells. As expected, the results of the comparison improve as the level of discretization is increased. However, the CPU time required to reach the steady-state solution, starting from the same initial conditions, increases with the number of elemental cells joined in series, ranging from 7 sec for a single cell up to 300 sec for a model composed of 6 elemental cells. Calculations are performed with a laptop computer equipped with a Centrino 2Duo processor, featuring 2 GHz clock-speed and 2 GB RAM capacity.

A good compromise between accuracy and computational time is obtained starting from 3-4 elemental cells; in this case, the difference in the overall electric power P el is less then 1%. However, a model formed by a higher number of elemental cells allows to obtain meaningful temperature profiles along the channels, which are useful if one of the sought results is the evaluation of thermal stresses during transients. Another important result which is strongly dependent on the level of discretization is the distributions of chemical species along the flow direction. Figure 9 show the temperature and figure 10 display the species concentration profiles along the fuel cell. These results are obtained by simulating a model composed of 6 elemental cells.

Table 5 compares the reference data for the case in which the fuel cell is fed with humidified hydrogen (90 % H 2 and 10 % H 2 O) with results obtained from a 6-cell model. The results of the validation are equally satisfactory, and in both cases the agreement between the calculated and the reference values is within the uncertainty of online measurements typical of these power plants. after the variation of the current, leading to higher voltage losses than those in the final steady-state. The voltage transient following the change in current shows a trend similar to the thermal transient reported in Figure 13. This type of correlation between the voltage overshoot and the thermal dynamic response has been verified also by other authors [START_REF] Achenbach | Response of a solid oxide fuel cell to load change[END_REF][START_REF] Wang | A physically based dynamic model for solid oxide fuel cells[END_REF][START_REF] Sorrentino | A hierarchical modeling approach to the simulation and control of planar solid oxide fuel cells[END_REF][START_REF] Wang | Modeling and simulation of solid oxide fuel cell based on the volume-resistance characteristic modeling technique[END_REF]. It is worth noting that, for a symmetric input signal, an asymmetric response is obtained, being the modeled system non-linear.

Conclusions

Various highly efficient stationary energy conversion systems based on SOFC stacks are being developed all over the world. Most of these systems target distributed power applications and proposed configurations are invariably complex: small and Fig. 12. Fuel cell voltage responses to load changes, from j 1 = 500 mA/cm 2 to j 2 = 300 mA/cm 2 (dashed line) and to j 2 = 700 mA/cm 2 (solid line) compared with results reported in Ref. [START_REF] Iora | Comparison of two IT-DIR-SOFC models: Impact of variable thermodynamic, physical, and flow properties. Steady-state and dynamic analysis[END_REF] ( and respectively). T PEN [K] Fig. 13. PEN temperature at the exhaust discharge section after ramp load changes, from j 1 = 500 mA/cm 2 to j 2 = 300 mA/cm 2 (dashed line) and to j 2 = 700 mA/cm 2 (solid line). medium scale units cogenerating heat and power, hybrid SOFC and gas turbine systems, combined SOFC plants and large scale power plants combining biomass and coal gasification with a SOFC. These configurations exhibit high electrical efficiency, but they result in complex dynamic behavior, due to the tight interaction between components featuring time characteristics which can differ by orders of magnitudes. Dynamic simulations are mandatory for system design, and system optimization that takes into account re-quirements of dynamic performance, and for the design of the control system. In this work a flexible and modular dynamic model of a SOFC stack has been devel-oped which can be used as a building block for the modeling of integrated SOFC systems. Thanks to the modeling paradigm, well-posedness of the mathematical problem is assured, whilst the acausal software based on the open-source Modelica modeling language allows for high flexibility and reusability of the model in a wide variety of energy conversion systems. A validation procedure consisting in a steady-state and dynamic quantitative vali-dation has been performed. The former is made by comparison with reference data published by the International Energy Agency and the latter by comparison with data published in Ref. [START_REF] Iora | Comparison of two IT-DIR-SOFC models: Impact of variable thermodynamic, physical, and flow properties. Steady-state and dynamic analysis[END_REF]. The model herein discussed will be incorporated into ThermoPower, a library of reusable software components for the modeling of thermo-hydraulic processes and energy conversion systems. Future works will focus on the integration of the SOFC model into the model of a full-scale power plant as, for example, a combined plant or a SOFC system integrated with a gasifier. 
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 2 , (J kg -1 K -1 ) D eff effective diffusivity coefficient, (m 2 s -1 ) D mol molecular diffusivity coefficient, (m 2 s -1 ) U internal energy, (J) E a activation energy of methane reforming, (J mol -1 ) E elec electrode energy of activation, (J mol -1 ) f mass flow rate, (kg s -1 ) f mass flow rate vector, (kg s -1 ) F Faraday's constant, (C mol -1 ) h specific enthalpy, (J kg -1 ) i electrical current, (A) j current density, (A m -2 K eq equilibrium constant, (-) k elec electrode pre-exponential factor, (mol s -1 m -2 Pa -1 l length, (m) LHV lower heat value, (J kg -1 ) M mass, (kg) M vector of mass composition, (kg) MM vector of molar mass of the gas mixture components, (kg mol -1 ) MM molar mass of the gas mixture, (kg mol -1 , (W m -2 ) R Ohm ohmic resistance, (Ω m -2 ) R gas constant, (J mol -1 K -1 ) r rate of reaction, (mol s -1 m -2 ) fraction composition, (-) y gas mixture molar composition vector, (-) z channel height, (m) Greek letters α convective heat transfer coefficient, (W m -2 K -1 ) β transfer coefficient, (-) Δh enthalpy of reaction, (J mol -1 ) ε surface emissivity, (-) η efficiency, (-) λ thermal conductivity, (W m -1 K -1 ) μ dynamic viscosity, (kg m s -electrode porosity, (-) ρ density, (kg m -3 ) σ electronic (ionic) conductivity, (Ω -1 m -1 )

Fig. 1 .

 1 Fig. 1. A schematic representation of a SOFC. It basically consists of: A) a solid electrolyte layer, B) an anode, C) a cathode electrode, and two channels, one for the fuel (D), and one for the oxidant gas (E).

Fig. 2 .

 2 Fig. 2. A schematic representation of the two possible configurations of an internal reforming SOFC, the indirect internal reforming (IIR) and the direct internal reforming (DIR).

Fig. 4 .

 4 Fig.4. A schematic representation of a single cell (a) and of a SOFC stack (b), obtained by piling up several cells. Figure4(a) presents also the causality diagram adopted to develop model equations: f is the mass flow rate, P is the pressure, h is the specific enthalpy, x is the vector of the mole fraction of the species in the gas mixture, V cell is the single-cell potential and i cell is the single-cell current. Green arrows indicate inputs, or specified variables, while red arrows indicate outputs or calculated variables.

Fig. 5 .

 5 Fig.[START_REF] Dicks | Hydrogen generation from natural gas for the fuel cell systems of tomorrow[END_REF]. Causality diagram of the SOFC cell. The anode and the cathode interconnection are the thermal storage modules for the interconnecting plates; the PEN is the module for the Positive-Electrolyte-Negative structure; AF and CF are storage-resistive flow modules with reactions for the anode and the cathode channels, respectively; CR is a thermal resistive module for the laminar convective heat transfer; RR is a thermal resistive module for radiative heat transfer between parallel planes; RC is a resistive module for conductive heat transfer in a flat plate.

b)Fig. 6 .

 6 Fig. 6. Causality diagram for (a) the anode and (b) the cathode-channel module. They are both of the RS type.

Fig. 7 .

 7 Fig. 7. Causality diagram of the PEN module.

  a) The process flow diagram of a SOFC system. The subdivision of a single cell in elementary models.

Fig. 9 .Fig. 10 .

 910 Fig. 9. Temperatures profiles along the fuel cell channel of the DIR-SOFC operated with partially pre-reformed methane fuel, obtained from the simulation of a 6-cells model. ( ) is the temperature of the PEN, ( ) is the temperature of the air channel, ( ) is the temperature of the fuel channel and (•) is the temperature of the interconnecting plates.

Fig. 11 .

 11 Fig. 11. The closed-loop configuration considered for transient simulations of the SOFC model.

Table 2

 2 Chemical species accounted for in the conservation equations for the gas channel flow module.

	Comp. id Symbol Name
	1	O 2	Oxygen
	2	N 2	Nitrogen
	3	H 2	Hydrogen
	4	H 2 O	Water
	5	C H 4	Methane
	6	CO	Carbon monoxide
	7	C O 2	Carbon dioxide

Table 3

 3 Chemical reactions modeled in the gas channel flow module.

	Reac. id. nr. Reac. eq.		Name
	1	H 2 + 0.5 O 2	H 2 O	Hydrogen oxidation
	2	C H 4 + H 2 O	3 H 2 + CO Methane reforming
	3	C O+ H 2 O	H 2 + CO 2	Shift reaction

Table 4

 4 Validation of a DIR-SOFC model obtained with an increasing level of discretization from the elemental model documented in Sec. 2, by comparison with data published in Ref. [58]. The fuel composition is 26.3% CH 4 , 17.1% H 2 , 49.3% H 2 O, 2.9% CO and 4.4% CO 2 . The first column reports the reference data from the IEA benchmark study, while the following columns report the results obtained with 6, 4, 2 and 1 elemental cells, respectively, connected in series.

	IEA SOFC 6 SOFC 4 SOFC 2 SOFC 1

Table 5

 5 Validation of a DIR-SOFC model obtained with 6 elemental cells, see Sec. 2. Steady-state simulation results (SOFC 6 ) are compared with data published in Ref.[START_REF] Achenbach | SOFC stack modeling, final report of Activity A2, Annex II: Modeling and evaluation of advanced solid oxide fuel cell[END_REF] (IEA). In this case the fuel is humidified hydrogen.

	IEA SOFC 6

Table 6

 6 Validation of a IT-DIR-SOFC model obtained with 6 elemental cells, see Sec. 2. Steadystate simulation results (SOFC 6 )are compared with data from Ref. [29]. Fuel composition: 28.2% CH 4 , 12.1% H 2 , 56.6% H 2 O, 0.4% CO and 2.7% CO 2 .

			Aguiar et al. SOFC 6
	Inlet Temperature [K]	1023	
	Inlet Pressure	[bar]	1	
	U fuel	[%]	75	
	i	[A]	200	
	f fuel	[kg/s]	1.80 • 10 -5	
	λ air	[-]	8.5	
	V cell	[V]	0.663	0.667
	P el	[W]	132.6	133.2
	j min	[A/m 2 ]	2500	2653
	j max	[A/m 2 ]	9362	7231
	η fuel	[%]	46.8	47.1
	Exhaust comp.			
	H 2	[%]	15.0	15.3
	CH 4	[%]	0.0	0.0
	H 2 O	[%]	65.0	64.6
	CO	[%]	4.0	4.2
	CO 2	[%]	16.0	15.9

Table A .

 A 1: Values for the parameters of the DIR-SOFC model documented in Ref.[START_REF] Achenbach | SOFC stack modeling, final report of Activity A2, Annex II: Modeling and evaluation of advanced solid oxide fuel cell[END_REF]. AE 95• 10 6 /T PEN • exp (-1150/T PEN ) (Ω -1 m -1 ) σ CE 42 • 10 6 /T PEN • exp (-1200/T PEN ) (Ω -1 m -1 ) σ SE 3.34 • 10 4 • exp (-10300/T PEN ) (Ω -1 m -1 ) CH 4 • exp -8.2 • 10 4 /R/T PEN • W • l (mol s -1 )Table A.2: Values for the parameters of the IT-DIR-SOFC model documented in Ref. [29]. CH 4 • exp -8.2 • 10 4 /R/T PEN • W • l (mol s -1 )

	(continued) (continued)		
	Operating conditions Reactions	
	Inlet temperature 1173 Inlet pressure 1 r 3 4274 • p WGSR at equilibrium	(K) (bar)
	Physical properties λ air Electrode properties 7	(-)
	λ PEN λ I U fuel k AE c PEN j ave k CE c I E AE E CE ρ PEN Operating conditions 2 25 85 6.54•10 11 400 3000 2.35•10 11 500 140 6600 137 8000 ρ I Physical properties λ PEN 2 λ I 25 Inlet temperature 1023 Inlet pressure 1 λ air 8.5 σ D eff,AE 3.66 • 10 -5 c PEN 500 U fuel 75 D eff,CE c I 500 j ave 5000 1.37 • 10 -5 Geometrical properties ρ PEN 5900 Fuel, STC 2	( W m -1 K -1 ) (%) (Ω -1 m -2 ) (W m -1 K -1 ) (A m -2 ) (Ω -1 m -2 ) (J kg -1 K -1 ) (kJ mol -1 ) (J kg -1 K -1 ) (kJ mol -1 ) (kg m -3 ) (kg m -3 ) ( W m -1 K -1 ) (W m -1 K -1 ) (K) (bar) (-) (J kg -1 K -1 ) (%) (m 2 s -1 ) (m 2 s -1 ) (J kg -1 K -1 ) (A m -2 ) (kg m -3 ) (-)
	W ρ I	0.1 8000	(m) (kg m -3 )
	l σ AE	0.1 80 • 10 3	(m) (Ω -1 m -1 )
	τ AE σ CE	50 • 10 -6 8.4 • 10 3	(m) (Ω -1 m -1 )
	τ CE σ SE	50 • 10 -6 3.34 • 10 4 • exp (-10300/T PEN )	(m) (Ω -1 m -1 )
	τ SE D eff,AE	150 • 10 -6 3.66 • 10 -5	(m) (m 2 s -1 )
	τ I D eff,CE	710 • 10 -6 1.37 • 10 -5	(m) (m 2 s -1 )
	Reactions Geometrical properties	
	r 3 W 4274 • p WGSR 0.1 at equilibrium l 0.4	(m) (m)
	τ AE	500 • 10 -6	(m)
	τ CE	50 • 10 -6	(m)
	τ SE	20 • 10 -6	(m)
	τ I	500 • 10 -6	(m)

IT-DIR-SOFC: steady-state validation

In this case the steady state-solutions obtained by running the dynamic model reported herein are compared with simulation results related to a 1-D distributed parameters model developed by Aguiar et al. [29]. This case differs from those analyzed in Sec. 3.1 because of the lower operating temperature of the SOFC and of the values of the parameters characterizing the system. These parameters are summarized in table A.2 of the appendix. The fuel is a 10% pre-reformed methanesteam mixture, with a STC ratio of 2.0. The water-gas shift reaction is considered at equilibrium. Table 6 compares the results obtained with a 6-cells lumped parameters model with those given in Ref. [START_REF] Aguiar | Anode-supported intermediate temperature direct internal reforming solid oxide fuel cell. I: Model-based steady-state performance[END_REF]. In this case also the anode exhaust-gas composition predicted by both models are reported and they agree within the typical measurement uncertainty. Only the peak value of the current density does not match the reference value; this is due to the fact that this variable is computed as an average over a given electrode area, whilst simulations of a distributed parameter model can predict local values.

Dynamic simulations

In this section the validation of the dynamic response of the model developed here is performed by comparison with the results of the numerical simulation of a distributed-parameter dynamic model published in Ref. [START_REF] Iora | Comparison of two IT-DIR-SOFC models: Impact of variable thermodynamic, physical, and flow properties. Steady-state and dynamic analysis[END_REF]. Both models are referred to a planar IT-DIR-SOFC undergoing a ramp change in the average current density of ±200 mAcm -2 , starting from a steady-state current density of j cell,1 = 500 mAcm -2 . The closed-loop configuration represented in Figure 11 is implemented, where the control unit sets the opening of the anode and the cathode valves in order to keep constant fuel utilization and the excess of air by varying the fuel and the air mass flow rates. The fuel cell considered here is the same IT-DIR-SOFC discussed in Sec. 3.2 and whose parameters are reported in the appendix. Figure 12 shows the voltage response to a symmetric ramp load change when the fuel cell is operated at a fuel utilization of 75% and an air excess ratio of 8.5. The fuel composition derive from a 10% partially pre-reformed methane-steam gas mixture (STC=2.0). For t < 0 the cell voltage corresponds to the initial average current density j cell,1 while the asymptotic value for t → ∞ is the new steady-state cell voltage for the current density j cell,2 . A comparison between the voltage transients of the model discussed here and those published in Ref. [START_REF] Iora | Comparison of two IT-DIR-SOFC models: Impact of variable thermodynamic, physical, and flow properties. Steady-state and dynamic analysis[END_REF] is also reported in Figure 12: the overall dynamic behavior is recovered and the voltage error computed at the steady-state is less then 2%.

The simulated transient shows an overshoot of the cell voltage followed by a relaxation period, leading to the final steady-state voltage. The physical justification of such cell-voltage overshoot is that the fuel cell temperature is still low immediately