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Background/Introduction 
Fuel cells are a promising alternative energy conversion technology. One type of fuel cell, the Solid Oxide Fuel Cell (SOFC) uses hydrogen as a fuel. The fuel reacts with oxygen to produce electricity. Fundamental to SOFC design is an understanding of reaction kinetics and its impact on power output and cell efficiency. 
The SOFC reactions are:
Anode:

H2 + O-2 ( H2O + 2 e-




Cathode:
1/2O2 + 2 e- (  O-2




Overall:
H2 + 1/2O2 ( H2O
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      Figure 1: Reactions within SOFC

        Figure 2: Flow Diagram for SOFC
For each mole of hydrogen consumed, two moles of electrons are passed through the electric load. To convert electron flow, Faraday’s constant should be used (
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coulombs/mole of electrons). The objective of a fuel cell is to deliver power to the load: Power = Current · Voltage. (
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). The fuel cell obtains this power from the enthalpy released during the overall reaction H2 + 1/2O2 ( H2O; however, only a portion of this enthalpy can be converted to electric power, the remainder will appear as heat released by the reaction. This heat must be removed using the flowing gas streams. The performance of a fuel cell is typically communicated in terms of efficiency, defined as energy delivered to the load divided by the energy available from reaction.    
Problem Information

In many cases, one can think of a fuel cell as a chemical reactor. The primary difference is that the rate of reaction term will be a bit more complicated than the kinetic expressions usually encountered in the chemical engineering literature. In this module we will develop the rate expressions one should use in a solid oxide fuel cell reactor and illustrate how the external load plays a key role in this expression. 

As indicated in the background section above, there is a proportional relation between reaction rate and fuel cell current. If we define Ri as the total rate of species i generated in the fuel cell (typically with units of mole/s) then: 
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(1)
where Icell is the total current leaving the cell. Similarly, one could define the more localized rate as ri, the generation rate of species i per unit area of the cell (typically with units of mole / s cm2):
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(2)

where j = Icell / Acell is defined as current density. Thus, all that remains is to determine current (or more commonly current density). To do so we will need to consider the circuit perspective of the fuel cell. 
Let us begin by defining voltage from two perspectives (see Figure 3). From the external (or load) perspective, we have: Eload = Iload Rload (for the moment we will assume a purely resistive load). Then from the fuel cell perspective we have that the cell voltage is equal to the ideal (or Nernst voltage) minus a voltage loss: Ecell = Ener - Eloss. It is further noted that Ener is a constant with respect of current and Eloss should be an increasing function of current. In a solid oxide fuel cell, it is frequently sufficient to characterize this loss voltage as purely resistive, which gives: Eloss = Icell Rint, where Rint is denoted as the internal resistance. 
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Figure 3: Definition of Variables in the Fuel Cell / Load System. 

Once we connect the cell to the load, we will see that Eload must equal Ecell and Iload must equal Icell. Substituting these and the other identities in to the load and cell equations, we find the following system of two equations with two unknowns (Ecell and Icell):
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A simple rearranging of these equations yields
Icell = Ener / (Rint + Rload) 






(5)

which then can be used with equations 1 or 2 to determine the reaction rates. 
To see the impact of changing the circuit parameters (Ener, Rint and Rload), let us consider a graphical interpretation of Equations 3 and 4. As shown in Figure 4, the solution is found at the intersection of the two curves. The curve of equation 4 (usually denoted as the load line) will always be zero at zero current and its slope is defined by the load resistance. Increasing Rload will move the intersection point to a point of lower current and thus a smaller reaction rate. At the extreme of infinite load resistance, no reaction will take place (due to zero current) and the voltage will be Ener. (For this reason Ener is sometimes denoted as the open circuit voltage). Due to the predictable response to changes in Rload, one may decide to omit the load line equation and simply specify cell voltage. The idea is that for every voltage, Ecell, there will exist a resistance, Rload, that achieves that voltage (assuming of course Ecell < Ener). In practice, this mode of operation is achieved by an electronic load that will measure deviations from the desired voltage and automatically modify the load resistance. If one assumes the constant voltage mode of operation then the cell current is simply given by rearranging Equation 3:

Icell = (Ener - Ecell ) / Rint






(6)

A third mode of operation results from specifying the cell current, which would again be implemented by an electronic load. In this case the reaction rates can be determined directly from Equations 1 or 2. The caveat is that one needs to ensure that the cell voltage resulting from this current is at least positive, which would entail again the use of Equation 3. In subsequent modules, we will indicate additional cautions concerning the constant current mode. 
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Figure 4: Graphical Interpretation of the Load / Cell Relationship

In a solid oxide fuel cell the Nernst equation is 
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(7)
where Eo = -ΔGºrxn / 2F, where ΔGºrxn  is the Gibbs free energy of the reaction H2 + ½ O2  (  H2O (evaluated at standard pressures and the operating temperature of the cell) and the Pi’s are the partial pressures at the reaction sites.  By substituting Equation 7 into 5 or 6, we begin to see a partial pressure relationship similar to that of more traditional kinetics. Consider an increase in reactant pressures (PH2 or PO2), which will increase Ener. Then from Figure 4 we see that an increase in Ener will increase current and thus increase the reaction rates. Similarly, an increase in product pressures will decrease reaction rates. 
In a solid oxide fuel cell, the dominant internal resistance is typically due to the transport of ions through the electrolyte layer (recall Figure 1). If the ionic conductivity of an electrolyte material is given as , then the total resistance is given as Rint =  /Acell, where  is the thickness of the electrolyte layer. Looking again at Figure 4, we see an increase current (and thus reaction rate) will occur if Rint is decreased. Toward the effort of reducing Rint one usually looks at reducing electrolyte thickness or increases ionic conductivity, by increases the operating temperature. 
Example Problem Statement: 
An SOFC is operated at atmospheric pressure and 973K with the following mole fractions of the reactant and product species in the anode: xH2 = 0.9 and xH2O = 0.1 and xO2 = 0.21 in the cathode. At 973K, ΔGºrxn = -194 kJ /mole of H2, ΔHºrxn = -248 kJ / mole of H2 and  = 0.05 cm-1ohm-1. The total cell area is 2.5 cm2 and the electrolyte thickness is 200m. If the cell is operated at 0.75 volts, then determine the following:


1) The rates at which hydrogen and oxygen are consumed.


2) The load resistance required to maintain this voltage. 


3) The power delivered to the load and the fuel to power efficiency. 


4) If a power of 1.2 watts is desired determine the fuel to power efficiency.


5) Repeat part 4, assuming xH2=0.5 and xH2O=0.5.



6) Repeat part 4, assuming xH2=0.1 and xH2O=0.9.


Example Problem Solution:
Part 1): First, we calculate the Nernst voltage: 

Eo = -ΔGºrxn / 2F = 194000 / (2 x 96485) = 1.006 volts

PH2=xH2 P = 0.9 atm

PH2O=xH2O P = 0.1 atm
PO2=xO2 P = 0.21 atm
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Next, the internal resistance of the cell: 
Rint =  /Acell = 0.02 / (0.05 x 2.5) = 0.16 ohms
Then from Equation 6:


Icell = (Ener - Ecell ) / Rint =  (1.065 – 0.75) / 0.16 = 1.969 amps

Finally from Equation 1, the total consumption rates are:
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Part 2): Application of the resistive load equation Eload = Iload Rload, along with the fact that Eload = Ecell = 0.75 and Iload = Icell = 1.969, yields 


Rload = Ecell / Icell = 0.75 / 1.969 = 0.3809 ohms

We can double check this result by applying this load resistance to Equation 5

Icell = Ener / (Rint + Rload) = 1.065 / (0.16 + 0.3809) = 1.969 amps



which is equal to that of part 1. 

Part 3): Application of the power equation for the load Pload = Eload x Iload, along with the fact that Eload = Ecell = 0.75 and Iload = Icell = 1.969, yields 

Pload = Ecell  Icell = 0.75 x 1.969 = 1.477 watts

Alternatively, we could have started with the power equation for the cell Pcell = Ecell  Icell, and arrived at the same result. This is due to the fact that power from the cell must be equal to power to the load. 

To calculate fuel to power efficiency, we must first determine the rate of energy being released from the fuel, which is given by ΔHºrxn x RH2. Then the fraction of this energy that shows up as power to the load is the fuel to power efficiency: 


 = Pload / ΔHºrxn  RH2 = 1.477 / (248000 x 10.2 x 10-6) = 0.58
An alternative view of efficiency can be seen substituting the previous equations for power and reaction rate into this efficiency expression:
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where max = ΔGºrxn / ΔHºrxn = 0.782. This result indicates that our efficiency of 58% was actually determined by our selection of the cell voltage. As we will see in the remaining parts of the problem, the more interesting question is efficiency as a function of power output. 
Part 4): If we multiply Icell on both sides of Equation 3 we arrive at the following power equation:
Pcell = Icell Ecell = Icell Ener - Icell2 Rint





(8)
Substitution of the previous values yields a quadratic equation with respect to Icell:

0  =  Rint  Icell2 - Ener  Icell  + Pcell  =  0.16  Icell2 – 1.065 Icell  + 1.2
which has the following two solutions: Icell = 1.437 and 5.219 amps. Using Matlab the roots of this quadratic are found with the following two commands: 

coeff = [0.16 -1.065 1.2]


roots(coeff)
From these current values we can calculate the corresponding hydrogen consumption rates: -RH2 = 7.447 x 10-6 and 27.045 x 10-6 moles / s. While both of these conditions are physically possible, the lower current case is definitely preferred, since the same amount of power is delivered at a fraction of the fuel consumption rate. These sentiments are echoed when we look at the resulting voltage and efficiency numbers, summarized in the following table:

Solution 
Icell (amps)
-RH2(moles/s)

Ecell (volts)
       
------------------------------------------------------------------------------------------------------------

1

1.437

7.447x10-6

0.8351

0.649  
2

5.219

27.05x10-6

0.2299

0.179
Part 5): The suggested changed in mole fractions will appear only in the Nernst voltage: 
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Then re-application of Equation 8, with Ener = 0.9733, yields the following two possible current values: Icell = 1.702 and 4.406 amps. Taking the lower value, we find the resulting voltage to be 0.7051 volts with an efficiency of 0.548.
Part 6): A repetition of the part 5 steps is straightforward. The following table summarizes the results of parts 4-6. 

Part 
xH2
Ener (volts)
Icell (amps)
-RH2(moles/s)
Ecell (volts)
       

------------------------------------------------------------------------------------------------------------

4
0.9
1.065

1.437

7.447x10-6
0.8351

0.649  
5
0.5
0.9773

1.702

8.820x10-6
0.7051

0.548
6
0.1
0.8812

2.465

12.77x10-6
0.4868

0.378
This table indicates that as we strive to utilize more of the fuel (where part 6 would correspond to a 90% utilization of hydrogen), the efficiency of the cell will decrease. It is also noted that one would not be able to achieve the desired power of 1.2 watts if the hydrogen mole fraction were equal to 0.005. This is due to the fact that Equation 8 will not have any real solutions, if Ener = 0.7533 volts.
One way to improve the situation is to reduce the internal resistance of the cell, the impact of which will be investigated in the home problem below. In fact, one could go as far as saying that most of the current fuel cell research is looking for cost effective ways to reduce this internal resistance. 
Home Problem Statement:
An SOFC is operated at atmospheric pressure and 973K with the following mole fractions of the reactant and product species: xO2 = 0.21 and xH2O = 1- xH2. At 973K, ΔGºrxn = -194 kJ /mole of H2, ΔHºrxn = -248 kJ / mole of H2 and  = 0.05 cm-1 ohm-1. The total cell area is 2.5 cm2 and the electrolyte thickness is now 20m (in the example problem it was 200m). 

1)  For a desired power output of 1.2 watts, fill in the following table:
Case 
xH2
Ener (volts)
Icell (amps)
-RH2(moles/s)
Ecell (volts)
       

---------------------------------------------------------------------------------------------------

1
0.9
1.065
2
0.25

3
0.1
0.8812



2) For the case of xH2=0.1 determine the maximum possible power output and the corresponding cell current voltage and efficiency. 
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