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Problem Motivation: Fuel cells are a promising alternative energy conversion technology. Two types of fuel cells are explored in this module: 1) the Solid Oxide Fuel Cell (SOFC) and 2) the Proton Exchange Membrane Fuel Cell (PEMFC).

The SOFC typically uses hydrogen as a fuel. The reactions in a SOFC are electrochemical in nature and produce electricity. As shown in Figure 1, oxygen is reduced to O2‑ at the cathode, transported across the electrolyte, and reacted with H2 fuel at the anode releasing electrons. These electrons are transported through an external circuit where electrical power can be drawn. 
The SOFC reactions are:
Anode:

H2 + O-2
( H2O + 2 e-




Cathode:
½ O2 + 2 e- 
(  O-2




Overall:
H2 + ½ O2 
( H2O
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                 Figure 1. Reactions within SOFC

                     Figure 2. Flow Diagram for SOFC
Similar to SOFCs, PEMFCs use hydrogen as a fuel and utilize electrochemical reactions to produce electricity. However, the reactions in PEMFCs are fundamentally different. As shown in Figure 3, hydrogen is oxidized to H+ at the anode releasing electrons, transported across the electrolyte, and reacted with O2 at the cathode. The electrons produced at the anode are transported through an external circuit where electrical power can be drawn. 

The PEMFC reactions are:
Anode:

H2                         → 2H+ + 2e-




Cathode:
½ O2 + 2H+ + 2e- → H2O





Overall:
H2 + ½ O2            → H2O
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               Figure 3. Reactions within PEMFC                       Figure 4. Flow Diagram for PEMFC
Several characteristics that easily distinguish SOFCs and PEMFCs are shown in Table 1. 
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poisoned by sulfur

Fuel Specifications


While the operating temperatures and electrolyte charge carriers are starkly different, the difference in CO fuel specifications has a major impact on material balance considerations. For SOFCs, no CO fuel processing is needed; however, PEMFCs require extensive CO fuel processing in order to avoid poisoning of the fuel cell. It is important to note that both SOFCs and PEMFCs require sulfur removal. Sulfur as a fuel impurity is typically in the form of H2S. 
The following material balance problems will consider SOFC and PEMFC fuel cell systems, including the fuel processing steps.  

Problem Information

Example Problem Statement: The flow diagram shown in Figure 5 represents a SOFC system utilizing the effluent of a coal gasifier as the fuel source. 
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Note that the recuperator/fuel heater utilizes the high temperature stream exiting the SOFC to heat the input streams to the SOFC. This is possible because heat is generated from the exothermic oxidation reaction.
1. Considering Figure 5 and the information given below, calculate the following: F5, F7, F8, ξH2, and ξCO in kg-mol/h. ξH2 and ξCO are the extents of reaction for the oxidation of H2 and oxidation of CO.

Given:



Desulfurizer




F1 = 10,000 kg-mol/h


y1,H2 = 0.4

y1,H2O ​= 0.093

y1,CO = 0.4

y1,CO2 = 0.1

y1,H2S = 0.007

Assume the desulfurizer only removes H2S from the fuel stream and that all H2S is removed (y2,H2S = 1).
Solid Oxide Fuel Cell
F4 =  4,000 kg-mol/h

y4,O2 = 1

y5,O2 = 1

H2 oxidation reaction:   H2 + ½ O2 → H2O

CO oxidation reaction:   CO + ½ O2 → CO2


Water Separator
y7,H2 = 0.03

y7,CO = 0.08

y7,H2O = 0

y8,H2O = 1

Example Problem Solution
Part 1. Perform material balance around desulfurizer

Recall, assuming only H2S is removed from F1 and that all H2S is removed from F1.
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Step 1. Calculate F3.
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Step 2. Calculate mole fractions of F3. 
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Part 2. Perform material balance around the solid oxide fuel cell, recuperator, and water separator.
[image: image13.wmf]F4

F6

F7

x

H2

x

CO


Step 1. Write component balances for O2, H2, H2O, CO, and CO2.
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There are 5 independent equations and 5 unknowns.
Step 2. In order to solve the equations with matrices, rewrite the component balances such that all constants are on one side of the equations and the unknowns are on the other side of the equations.
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Note, y7,CO2 = 1 - y7,H2 - y7,CO - y7,H2O = 1 – 0.03 – 0.08 – 0 = 0.89
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Step 3. Write the component balances in the form of Ax = b, where A is a 5 by 5 matrix of the unknown variable coefficients, b is a 5 by 1 matrix of the constants, and x is a 5 by 1 matrix of the unknowns.
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b =                 
                        =
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x = 
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Step 4. Solve for x, where x = A-1b.
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Inverse[A].b =                   = 

F5 = 284 kg-mol/h

F7 = 5,155 kg-mol/h


F8 = 4,775 kg-mol/h


ξH2 = 3,845 kg-mol/h


ξCO = 3,588 kg-mol/h

Summary: A desulfurizer is the primary fuel processing unit required for the utilization of gasified coal effluent in SOFCs. As will be seen in the home problem, a desulfurizer, steam reformer, water gas shift reactor, and catalytic partial oxidation reactor are common fuel processing units for PEMFC. 
Home Problem Statement: The flow diagram shown in Figure 6 represents a PEMFC system utilizing a raw natural gas fuel source.
 


1. Considering Figure 6 and the information given below, calculate the following: F8, F9, ξPEMFC in kg-mol/h. ξPEMFC is the extent of reaction for the oxidation of H2 in the PEMFC.

Given:
Steam Reformer
F1 = 20,000 kg-mol/h



y1,CH4 = 0.95
F2 = 50,000 kg-mol/h

y2,H2O = 1
Steam reformer reaction: CH4 + H2O → 3H2 + CO

ξSR = extent of reaction for steam reformer reaction
Assume conversion of steam reforming reaction is 100%
Water Gas Shift




y4,H2O = 0.120
Water gas shift reaction: CO + H2O → H2 + CO2

ξWG = extent of reaction for water gas shift reaction
Catalytic Partial Oxidation



F5 = 1250 kg-mol/h




y5,O2 = 1

y6,H2 = 0.681

y6,O2 = 0.0001

y6,CO2 = 0.176

Catalytic partial oxidation reactions: 
CO + ½ O2 → CO2     assume 100% conversion
H2 + ½ O2 → H2O      assume 5% conversion

ξCP,CO = extent of reaction for catalytic partial oxidation reaction of CO
ξCP,H2 = extent of reaction for catalytic partial oxidation reaction of H2
PEM Fuel Cell
F7 = 460,000 kg-mol/h

y7,O2 = 0.21
y8,H2 = 0.160

y9,H2O = 0.136

y9,O2 = 0.128

PEMFC oxidation reaction: H2 + ½ O2 → H2O

ξPEMFC = extent of reaction for the PEMFC oxidation reaction
H+
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Figure 6. Flow diagram of a PEMFC system utilizing a raw natural gas fuel source.





Table 1. A comparison of SOFCs and PEMFCs.





Figure 5. Flow diagram of a SOFC system utilizing the effluent of a coal gasifier as the fuel source.
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