CACHE Modules on Energy in the Curriculum

Fuel Cells

Module 1 (Final Draft): Heat of Formation for Fuel Cell Applications
Module Author: Jason Keith

Author Affiliation: Michigan Technological University

Course: Material and Energy Balances (First chemical engineering course)

Text Reference: Felder and Rousseau, section 5.2, 9.3
Concepts: Gas law, formation reactions
Problem Motivation: Fuel cells are a promising alternative energy conversion technology. One type of fuel cell, a solid oxide fuel cell (SOFC) reacts hydrogen and carbon monoxide fuels with oxygen to produce electricity.  Fundamental to the design of fuel cells is an understanding of the heat of reaction of these different fuels. In this problem we will use the heat of reaction to determine how long a compressed cylinder of fuel can power a laptop computer.
When hydrogen is the fuel, the SOFC reactions are:

Anode:

           2 H2 + 2 O-2( 2 H2O + 4 e-




Cathode:
               O2 + 4 e- ( 2 O-2




Overall:
             2 H2 + O2 ( 2 H2O
When carbon monoxide is the fuel, the SOFC reactions are:


Anode:

          2 CO + 2 O-2( 2 CO2 + 4 e-




Cathode:
               O2 + 4 e- ( 2 O-2





Overall:
             2 CO + O2 ( 2 CO2
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Problem Information
Example Problem Statement: A gas cylinder is full of hydrogen gas at room temperature and 2000 psig pressure. This cylinder has been proposed as a fuel tank for a fuel cell powered laptop computer. Note that the volume of the cylinder is 49.9 L.

a. Determine the energy content in kJ within the cylinder when the hydrogen is combusted to make liquid water. Use the ideal gas law, PV = nRT.
b. The efficiency of a fuel cell is defined according to the equation, = electrical energy output / fuel thermal energy input ( = Eelectrical / Etotal), with the remaining thermal energy being converted into heat. If  = 0.6, how much of the combustion energy is converted into electricity? How much is converted into heat? 

c. The energy consumption Eelectrical of an electronic device is equal to the power consumption rate P multiplied by the operating time t. Suppose you have a 100 W fuel cell (which can power a laptop computer). How long can you operate the fuel cell with this gas cylinder?
Additional information: 
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= -241.83 kJ/mol (vapor water)
Example Problem Solution:

Part a. To begin we need to determine the heat of reaction when hydrogen and oxygen are reacted to form liquid water. Then we can use the ideal gas law to determine the number of moles of hydrogen in the cylinder. The number of moles multiplied by the heat of reaction will give a total energy content.

Step 1) The overall reaction stoichiometry is given (on a per mole of hydrogen basis) as:

H2 + ½ O2 → H2O

The heat of reaction is determined from the sum of the heats of formation of the products minus the sum of the heats of formation of the reactants. That is,
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Which is equation 9.3-1 on page 447 of the 3rd edition of Felder and Rousseau. In this equation, i is the stoichiometric coefficient of the reaction (1 for hydrogen and water and ½ for oxygen) and 
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is the heat of formation for chemical i.

For pure hydrogen and oxygen the heat of formation is zero, while for liquid water the heat of formation is –285.84 kJ/mol. Thus, 
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 = –285.84 kJ/mol of hydrogen fuel.

Step 2) The number of moles can be calculated from the ideal gas law as n = PV/RT. Noting that 2000 psig = 2014.7 psia, we have
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The number of moles of hydrogen in the cylinder is n = 280 mol.

Step 3) The energy contained in the tank of fuel is:

Etotal = n (-
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) = 280 mol (285.84 kJ/mol) = 80000 kJ.

Part b. Given the efficiency we can calculate the electricity generation and heat loss.

Step 1) With the efficiency  = 0.6 = electrical energy output / fuel thermal energy input, we can calculate the electrical energy output as 
Eelectrical = 80000 kJ (0.6) = 48000 kJ. 
Step 2) The remainder of the fuel thermal energy input is lost as heat. This amount is given as 
Eheat = Etotal – Eelectrical = 80000 – 48000 = 32000 kJ.

Part c. The time that the fuel cell can run is equal to the electrical energy divided by the power (t = Eelectrical/P). At a power level of 100 W, the 48000 kJ of electrical energy from part b can be used for a time of
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If the fuel cell is more efficient then this time can increase.
Summary. In this module, we have used the heat of reaction of hydrogen and oxygen and the ideal gas law to determine the energy content in a compressed cylinder of hydrogen. We then calculated electrical energy and heat energy within a fuel cell and determined the time a fuel cell can operate a laptop computer.

Home Problem Statement: A process stream contains 4.4 x 10-4 mol/s H2 and 2.1 x 10-4 mol/s CO.  
a. Determine the power released in W within the cylinder when this stream is combusted to make liquid water and gaseous carbon dioxide.
b. The efficiency of a fuel cell is defined according to the equation, = electrical energy output / fuel thermal energy input, with the remaining thermal energy being converted into heat. If  = 0.55, how much of the combustion energy is converted into electricity? How much is converted into heat? 

c. Keeping the carbon monoxide flowrate the same, how would you adjust the hydrogen flowrate to produce 200 W of power (required for an older desktop computer and monitor)? 
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Figure 1. Hydrogen reaction in 


the SOFC





Fuel Cell Process Diagram 





Figure 2. Diagram for Fueling a Laptop
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