CACHE Modules on Energy in the Curriculum

Fuel Cells

Module 11 (First Draft): Compressor Sizing and Fuel Cell Parasitic Losses
Module Author: Jason M. Keith
Module Affiliation: Department of Chemical Engineering
Michigan Technological University, Houghton, MI 49931
Course: 

Fluid Mechanics

Text Reference: 
Geankoplis (4th ed.), Section 3.3; 

McCabe, Smith, and Harriott (4th ed.), Section 8.2

Concept Illustrated:
Gas compression; parasitic losses in fuel cells 
Problem Motivation: 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 the design of an SOFC is an understanding of the power needed to compress the inlet air and the impact of operating the compressor on the fuel cell power output.  
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 (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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Problem Information

The power output from an adiabatic compressor is given by combining equations 3.3-15 and 3.3-17 in Geankoplis (4th edition):
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Where:

 is the heat capacity ratio (1.4 for air)

R is the gas constant (8.314 J/mol – K)

M is the gas molecular weight (kg/mol)

T1 is the temperature of the gas entering the compressor (K)

p1 is the compressor inlet pressure

p2 is the compressor exit pressure

m is the mass flow rate in kg/s

 is the compressor efficiency

Alternatively, the power output is given by equation 8.29a of McCabe, Smith, and Harriott (5th edition):
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Where:

PB is the power output (kW)

 is the heat capacity ratio (1.4 for air)

Ta is the temperature of the gas entering the compressor (K)

pa is the compressor inlet pressure

pb is the compressor exit pressure

qo is the volume of gas compressed (m3/s) evaluated at 0oC and 1 atm pressure

 is the compressor efficiency

The temperature of the gas exiting the compressor can be found from the power from the energy balance:
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Noting that the air heat capacity is 1 kJ/kg-K.

Example Problem Statement: A SOFC that produces 400 kW of electricity is operated with an inlet flow of 1000 g/s of air at 298 K at 1 atm pressure. This feed is to be compressed (at 80% efficiency) to 2 atm pressure within the fuel cell. Determine:


a) The compressor power 


b) The temperature of the air exiting the compressor 


c) The percent of the total fuel cell power needed to power the compressor

Example Problem Solution:
Part a) We will use the formulas from Geankoplis and McCabe et al to determine the compressor power. 
Step 1) The working formula from Geankoplis is:
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Where:

 is the heat capacity ratio (1.4 for air)

R is the gas constant (8.314 J/mol – K)

M is the gas molecular weight (0.029 kg/mol)

T1 is the temperature of the gas entering the compressor (298 K)

p1 is the compressor inlet pressure (1 atm)

p2 is the compressor exit pressure (2 atm)

m is the mass flow rate (1 kg/s)

 is the compressor efficiency (0.8)

1000 is a conversion factor (1000 J/s in one kW)

Substituting we have:
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Step 2) To use the formula in McCabe, Smith, and Harriott, we need to convert the air mass flow rate into m3/s at 0oC and 1 atm.
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Step 3) The working formula for McCabe, Smith, and Harriott is:
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Where:

PB is the power output (kW)

 is the heat capacity ratio (1.4 for air)

Ta is the temperature of the gas entering the compressor (298 K)

pa is the compressor inlet pressure (1 atm)

pb is the compressor exit pressure (2 atm)

 is the compressor efficiency (0.8)

qo is the volume of gas compressed evaluated at 0oC and 1 atm pressure (0.77 m3/s)
Thus, we have:
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This is the same as that obtained in step 1.

Part b)
Step 1) The energy balance can be solved for the temperature difference:


[image: image14.wmf]p

B

mC

P

T

=

D


Step 2) Plugging in values we have:
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Step 3) Thus the outlet temperature is calculated as:
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Part c)

Step 1) The percent of total power needed to power the compressor is given as 82 kW / 400 kW = 20%. This number is not uncommon for “parasitic losses” inside of a fuel cell system. 

Home Problem Statement: A SOFC that produces 1 MW of electricity is operated with an inlet flow of 3000 g/s of air at 298 K at 1 atm pressure. This feed is to be compressed (at 84% efficiency) to 2.5 atm pressure within the fuel cell. Use the Geankoplis formula to determine:


a) The compressor power 


b) The temperature of the air exiting the compressor 


c) The percent of the total fuel cell power needed to power the compressor













H2O





H2O





H2O





H2O





O2-





O2-





O2-





O2





O2





N2








O2





Cathode





Electrolyte





Anode





e-





e-





O2-








O2





O2





H2





H2








H2











H2





H2





N2








N2




















PAGE  
1st draft
J.M. Keith
May 9, 2008


[image: image1]_1269413908.unknown

_1271851939.unknown

_1271852099.unknown

_1271852132.unknown

_1271852220.unknown

_1271851985.unknown

_1271851053.unknown

_1271851877.unknown

_1271850096.unknown

_1271850547.unknown

_1246777826.vsd

_1269413883.unknown

_1245482273.unknown

