CACHE Modules on Energy in the Curriculum

Fuel Cells

Module Title: Equilibrium Simulation of a Methane Steam Reformer  
Module Author: Jason Keith

Author Affiliation: Michigan Technological University

Course: Kinetics and Reaction Engineering
Text Reference: Fogler (4th edition), Sections 8.5, Appendix C
Concepts: Determine the equilibrium conversion in a methane steam reformer as a function of temperature.  
Problem Motivation:

Fuel cells are a promising alternative energy conversion technology. One type of fuel cell, a proton exchange membrane fuel cell (PEMFC) reacts hydrogen with oxygen to produce electricity (Figure 1). Fundamental to a hydrogen economy powered by fuel cells is the generation of high purity hydrogen.  
Consider the schematic of a compressed hydrogen tank (2000 psi, regulated to 10 psi) feeding a proton exchange membrane fuel cell, as seen in Figure 2 below. We will now focus on hydrogen generation by steam reforming of methane (to fill the compressed tank).
[image: image1]                                                          
[image: image15.bmp]


The PEMFC reactions are:
Anode:

H2                         → 2H+ + 2e-




Cathode:
½ O2 + 2H+ + 2e- → H2O





Overall:
H2 + ½ O2            → H2O
For each mole of hydrogen consumed, two moles of electrons are passed through the electric load. To convert electron flow (moles of electrons/s) to electrical current (coulombs/s or amps), one would use Faraday’s constant:
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coulombs / mole of electrons. The primary objective of a fuel cell is to deliver energy to the electric load. To calculate the energy delivery rate (also know as power) one would multiply the current times the cell voltage: Power = Current · Voltage. (Recall the unit conversions: 
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Background

Natural gas has been proposed as a source of hydrogen for fuel cell vehicle applications because of the existing infrastructure. Let us suppose that natural gas is “reformed” into hydrogen at a service station. The reforming reaction converts natural gas and steam into mostly carbon monoxide and hydrogen with some carbon dioxide also produced. There is also excess water in the reformate stream. 

The steam reforming reaction is given as:

CH4 + H2O ↔ 3 H2 + CO

The equilibrium constant is given in terms of mole fractions y or number of moles n of the individual components as a function of temperature in degrees Kelvin as:
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       (1)
In the steam reformer, the water gas shift reaction also takes place as: 
CO + H2O ↔ H2 + CO2
The equilibrium constant is given in terms of mole fractions y or number of moles n of the individual components as a function of temperature in degrees Kelvin as:
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       (2)
The following chemicals are present in the system: methane (CH4), carbon monoxide (CO), water (H2O), carbon dioxide (CO2), and hydrogen (H2).

Assuming we start with one mole of methane and one mole of water, and no other chemicals, and defining x1 as the steam reforming reaction conversion and x2 as the water-gas shift reaction conversion, the following information is available about each of the chemicals in the reactor:

	Chemical
	Initial (mol)
	Change (mol)
	Final (mol)

	CH4
	1
	–x1
	1–x1

	H2O
	1
	–x1–x2
	1–x1–x2

	CO2
	0
	x2
	x2

	CO
	0
	x1–x2
	x1–x2

	H2
	0
	3x1+x2
	3x1+x2

	Total Moles
	2
	2x1
	2+2x1


With the final number of moles from this table, Equations 1 and 2 become at 1 atm total pressure:
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We will use this information to determine the equilibrium composition at different temperatures.

Example Problem Statement: Consider a feed of 1 mole CH4 and 1 mole H2O to a steam reforming reactor that operates at 750 K and 1 atm total pressure. Determine the equilibrium number of moles of CH4, H2O, CO2, CO, and H2.
Example Problem Solution: 
Step 1) The equilibrium constants can be determined from Equations 3 and 4 at T = 750 K as: 
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Step 2) Equations 3 and 4 can theoretically be solved for the two unknowns x1 and x2. This can be a somewhat difficult calculation, as there are multiple solutions.
One approach to solving this is a successive substitution method. The method begins by assuming x2 = 0 and then solving Equation 3 for x1. Then, Equation 4 is used with the calculated value of x1 to compute a new value of x2. The process can be repeated until the x1 and x2 values do not change. 

For example, with x2 = 0, the value of x1 = 0.147. After several iterations, the final values are x1 = 0.183 and x2 = 0.154.

Step 3) A MATLAB program can be written to perform the calculations outlined in Step 2. To do this we need to create two functions. The first function is generated from Equation 3 as:
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The second function is generated from Equation 4 as:
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Step 3A) Create a program called srzero.m with the following text.

function f=srzero(x1,x2)
T=750;
Ksteamreforming=exp(30.42-27106/T);
f=Ksteamreforming*(1-x1)*(1-x1-x2)*(2+2*x1)^2-(3*x1+x2)^3*(x1-x2);

Step 3B) Create a program called wgszero.m with the following text.

function f=wgszero(x1,x2)
T=750;
Kwgs=exp(-3.798+4160/T); 
f=Kwgs*(x1-x2)*(1-x1-x2)-x2*(3*x1+x2);
Step 3C) Launch the MATLAB command window, and type in the following text:

x2 = 0
for i = 1:100

x1=fzero(@(x1) srzero(x1,x2),0.5) 
x2=fzero(@(x2) wgszero(x1,x2),0.5) 

pause

end
After the values of x1 and x2 are calculated, hit the space bar to update the calculated values. The user can see the values of x1 and x2 converging to the final solution of x1 = 0.183 and x2 = 0.154. 
Note that you may have to enter a different value for x2 at the top of this program and guesses for x1 and x2 (currently both are 0.5) for very low or very high temperatures.

For high temperatures, x1 ~ 1 and x2 ~ 0. For low temperatures, a good guess is x1 ~ x2. 

Step 4) Now that the values of x1 and x2 are known, they can be used to determine the equilibrium compositions according to:

nCH4 = 1–x1 = 0.817
nH2O = 1–x1–x2 =  0.663

nCO2 = x2 = 0.154

nCO = x1–x2 = 0.029

nH2 =  3x1+x2 = 0.703

Step 5) Check your solution by inserting x1 and x2 into Equations 3 and 4 to give KSR = 0.033 and KWGS = 5.747 which matches the results from Equations 5 and 6.
List of Nomenclature

n
# of moles

T
Temperature, K

y
mole fraction

K
equilibrium constant

x
conversion (x1 = steam reforming conversion, x2 = water gas shift conversion)

Subscripts

CH4
Methane
CO
Carbon Monoxide

CO2
Carbon Dioxide
H2
Hydrogen
H2O
Water

SR
Steam Reforming

TOT
Total

WGS
Water-Gas Shift

Home Problem Statement: Develop a graph which shows the equilibrium compositions of CH4, H2O, CO2, CO, and H2 over a range of temperatures from 300 K to 1300 K in increments of 100 K. Assume a total system pressure of 1 atm.
To solve this problem, consider a feed of 1 mole CH4 and 1 mole H2O to a steam reforming reactor that operates at the given temperatures.  

Hints for Low Temperature Cases: For low temperatures (600 K and lower), KSR << 1 and KWGS > 1 which suggests x1 << 1 and also x2 ~ x1. 

With this in mind, one can look at the table of chemicals and see that the model predicts no carbon monoxide. This impacts calculating the values of the equilibrium constants. But if we multiply the equilibrium constants together, the number of moles of carbon monoxide cancels out. If we do this and let x2 = x1 we obtain:
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If we let x1 << 1 then we obtain:
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which can be solved to give an estimate to use for x1 and x2 in the code at the top of the page (replace x2 = 0 and the guesses of 0.5 with the value you calculate with the shortcut formula).
Hints for High Temperature Cases: For high temperatures (1200 K and higher), x1 ~ 1 and x2 ~ 0. 
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Figure 1. Reactions in the PEMFC














Air / H2O out 





Air in





H2 out











Computer


(Electric Load)








H2 feed line





Fuel Cell











H2 tank





H2





H2





H2





H2





H+





H+





H+





O2





H2O





H2O





O2





Cathode





Electrolyte





Anode





e-





e-





H+





O2





O2





H2





H2





H2














H2








Figure 2. Diagram for fueling a laptop. 
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