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Abstract il

As fossil fuels become scarce, finding new sources of efficient, reliable, and
renewable power generation is critical. One device being given lots of attention for this
purpose is a fuel cell. Fuel cells not only produce electricity, but also heat which can be
recovered for residential use and increase the overall system efficiency. Test benches
were constructed to measure and record data from fuel cells under a range of electrical
loads. An energy balance was constructed to characterize the fuel cell system using
experimental data. The energy balance resulted in a first law gross electrical efficiency
of over 44 percent and a second law efficiency greater then 52 percent for the operating

range of the fuel cell system.




Table of Contents

Chapter
1 Introduction
1.1 General
1.2 Fuel cell history
1.3 Fuel cell basics
1.4 Types of fuel cells
1.5 The Remote Area Power Program (RAPP)
1.5.1 Rural electrification
1.6 UAF Energy Center
1.7 Initial work at Sandia National Laboratories
1.8 Industrial Partners
1.8.1 Schatz Energy Research Center
1.8.2 Northwest Power Systems
2 Methods
2.1 Fuel cell test bench
2.1.1 Control volume
2.1.2  Instrumentation
2.1.3 Calibration and Error Analysis
2.1.4 Sample MKS calibration
2.1.5 System control and Data acquisition
2.1.6 Visual interface
2.1.7 Convection and radiation losses
2.2 Experimental testing

2.2.1 Five-Power runs

2.2.2 Polarization curves

iv

Page




Table of Contents

2.2.3 Polarization types

2.2.4 Efficiency curves

23 Energy balance
2.3.1 System boundaries
2.3.2 First law analysis
2.3.3 First law efficiency
2.3.4 Second law analysis
2.3.5 Second law efficiency
2.3.6 Entropy of mixing
2.3.7 Availability analysis
2.3.8 Standard fuel cell example
2.3.9 The Carnot efficiency
3 Results
3.1 Energy balance
3.1.1 First law analysis
3.1.2 Second law analysis
3.1.3 Convection and radiation losses
3.2  Five-Power runs
33 Generating polarization curves
3.3.1 SERC fuel cell polarization curves
3.4  Efficiency curves
4 Discussion
4.1 Energy balance

4.1.1 First law analysis
4.1.2 Humidification and water recovery

413 Cooling

35
38
40
40
42
44
46
48
48
49
51
52
53
53
53
72
79
82
82
83
85
88
88
88
89
90




Table of Contents

4.1.4 Hydrogen purge and heat transfer to the 90

surroundings

4.1.5 Electrical power and the first law efficiencies 91
4.1.6 Second law analysis 92
4.1.7 Error analysis 98
42 Polarization curves 100
43 Efficiency curves 100
4.3.1 Parasitic loads 103
4.3.2 Reducing parasitic loads 104
44  Five-Power runs 106
4.4.1 Vibration effects 106
5 Conclusions 108
5.1 Energy balance 108
52 Availability 109
53 Polarization curves 109
5.4  Efficiency curves 109
5.5 Potential benefits 110
5.6 Independent testing 110
6 Recommendations for future research 111
6.1 Continued laboratory testing 111
6.2  Field tests 111
6.3 Training 112

6.4  Coupled renewable energy systems 112




Table of Contents

Appendix A
A.1  Kinetic and potential energy flux calculations 113
A2  Second law voltage potential for a fuel cell 115
Appendix B

B.1  Spreadsheet calculations for the energy balance 120



List of Figures

Figure #

1.1
1.2
1.3
1.4
1.5
1.6
1.7

1.8
1.9

2.1
22

23
24
25
2.6
2.7
2.8
2.9

3.1
3.2
33

Figure

Schematic of basic fuel cell

Schematic of a battery

PEMFC schematic

PAFC schematic

MCEC schematic

SOFC schematic

Fuel cell in a household producing both electricity and
Heat

Envisioned fuel cell micro-grid

Schematic of integrated fuel cell system

Fuel cell test bench schematic

Experimental linear relationship for hydrogen flow
versus current

Fuel cell VI system control screen

Generic polarization curve

Closed system piston undergoing change

Heat exchanger schematic to represent an open system
First Law of Thermodynamics schematic

Carnot Heat Engine

Carnot Refrigerator

Schematic of fuel cell used in the energy balance
Summary sheet for energy balance at 1000W
Summary sheet for energy balance at 2700W

Page

O 0 O W»n B~ W

13
15

19
28

32
36
41
42
43
53
53

55
59
60































































































































































































































































































































































































































