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Abstract iii

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.
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CHAPTER 1

1 INTRODUCTION

1.1 General

In the beginning of the twenty first century, we are beginning to realize that we 

will exhaust the readily available supply of fossil fuels. As fossil fuels become scarce and 

prices continue to rise, it is important to research and develop alternative energy sources 

for the future. The issue of affordable electrical power is critical in rural Alaska because 

the state legislature wants to end subsidies of rural electrical power.

Diesel electric generators (DEGs) are the main source of electrical power 

generation in rural Alaska. These generators produced more then 446 million kWh of 

electricity in 1999 (Alaska’s Draft Energy Plan, 1999). Rural villages usually have 200 to 

300% redundancy in their DEGs for routine maintenance and unexpected failure. In rural 

Alaska during the winter months, electricity is as important as heat. Most boilers require 

electrical power. The production of one unit of electricity in a diesel engine requires the 

input of three or more units of energy in the form of diesel fuel. Even with long days 

during the summer months, electricity is needed for refrigeration purposes to prevent 

spoiling of fish and meat.

Pollution is an issue in every rural Alaskan village. Satisfying the heating and 

electrical needs requires a large amount of diesel fuel. The only way to provide a typical 

rural village with enough fuel to get through the winter is to barge it to the site during the 

summer months before freeze up. This means long-term storage of fuel in villages. Many 

rural villages suffer from leaky storage tanks that lead to ground water contamination. 

DEGs also produce particulates, which can cause local air pollution when combined with 

cold, dense winter air standing over the village. Noise is another pollution concern. The 

DEGs often are located in the middle of town, so the roar of an internal combustion 

engine can be heard throughout the village.
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Villages must also deal with providing for clean water and waste disposal besides 

heat and power. The University of Alaska Fairbanks (UAF) Energy Center will address 

the issue of integrating village utilities. Consolidation is helpful in reducing the capital 

cost of bringing new technologies to rural Alaska. Current research at the Energy Center 

is beginning to address these issues via exploring the viability of fuel cells for rural Alaska.

1.2 Fuel cell history

The concept behind fuel cells has been around since 1839, when Sir William Grove 

experimented with the electrolysis of water (Appleby and Foulkes, 1989), (Fuel Cell 

Comm Group, 2000), (Electro-Chem-Technic, 2000). Grove believed that the process 

could be reversed by reacting hydrogen with oxygen to produce an electrical current 

(Appleby and Foulkes, 1989). In 1889, Ludwig Mond and Charles Langer set out to 

construct a device to prove Grove’s theory using industrial coal gas and air (Fuel Cell 

Comm Group, 2000). It was at this time that the term “fuel cell” was first used. In the 

early 20th century petroleum was readily available and the internal combustion engine was 

introduced and well understood (Fuel Cell Comm Group, 2000). These two factors 

quelled the research and development efforts in flxel cell technology for many years. The 

first successful demonstration of a practical fuel cell system was in 1959 by Francis Bacon 

(Fuel Cell Comm Group, 2000). Bacon constructed a 5 kW stack that powered a welding 

machine (Appleby and Foulkes, 1989), (Fuel Cell Comm Group, 2000). It was at this 

same time that the National Aeronautic and Space Administration (NASA) began 

investigating the possibilities of fuel cells providing power for manned space flights 

(Appleby and Foulkes, 1989). [See the Alkali Fuel Cell (AFC) Section 1.4 for more 

details] To date, over $1 billion have been spent on research and development efforts to 

use fuel cells as stationary power generators (Fuel Cell Comm Group, 2000).
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1.3 Fuel cell basics

A fuel cell is an electrochemical device that changes the chemical potential energy 

in a fuel into electrical energy without combustion. Fuel cells require fuel and an oxidant 

to complete the chemical reaction. Fuel cells consist of one, or many “cells” in which 

chemical reactions take place. Each cell has an anode and a cathode, which are separated 

by an electrolytic material (Appleby Foulkes, 1989). The fuel, normally hydrogen gas, is 

passed over the anode where it separates into FT ions and electrons. The FT ions diffuse 

through the electrolyte as H ,0 ions and travel to the cathode. Electrons travel through 

an external circuit where they can be used to power various types of equipment. The 

oxidant, which is usually the oxygen present in ambient air, passes over the cathode where 

it combines with the H ions and the electrons to generate water.

Figure 1.1: Schematic of a basic fuel cell 

Taken from Fuel Cells 2000: http ://www.fuelcells. ore/

Fuel cells can be compared with batteries. The comparison is made because of the 

similarity in structure and nomenclature (Jones and Dugan, 1996). Contrasting the two 

systems, fuel cells are open, steady flow systems, while batteries are closed, unsteady

http://www.fuelcells
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systems. Batteries are unsteady because the amount of energy stored within the cells 

decreases with time While fuel and oxidant are provided to the fuel cell to generate 

electrical energy, a battery stores its energy chemically (Jones and Dugan, 1996).

Figure 1.2: Schematic of a battery 

Taken for from Duracell: http://www.duracell.com/

1.4 Types of fuel cells

There are several types of fuel cells used throughout the world in many different 

power generation applications. The five major types of fuel cells on the market or under 

development today are: Proton Exchange Membrane Fuel Cells (PEMFC), Phosphoric 

Acid Fuel Cells (PAFC), Molten Carbonate Fuel Cells (MCFC), Solid Oxide Fuel Cells 

(SOFC), and Alkali Fuel Cells (AFC). Although the main focus of this thesis is the 

PEMFC, it is important to contrast these fuel cells.

The Proton Exchanger Membrane Fuel Cell (PEMFC) is also known as a Solid 

Polymer Fuel Cell or a Polymer Electrolyte Membrane Fuel Cell. This fuel cell uses a 

polymer material as an electrolyte. This polymer allows ions to pass through, while 

repelling liquids. This type of membrane is often compared to a Gore-Tex style rain 

jacket. PEM fuel cells are best suited for transportation applications in vehicles and small, 

decentralized power generation plants because of their flexible operating behavior and

http://www.duracell.com/
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relatively high power density (Srinivasan et al, 1999). PEM fuel cells are also known for 

their relatively quick start-up This was one reason that the PEM fuel cell technology was 

chosen to be tested for power generation applications in remote Alaska. Drawbacks to 

this technology include: the operating temperature is limited to 100°C to provide sufficient 

humidification on the membrane surface and the anodes have a low tolerance for carbon 

monoxide (CO) poisoning. The CO absorbs onto the surface of the catalyst and blocks 

the reaction site for the hydrogen gas reaction (Srinivasan et al, 1999).

The following chemical reactions occur at the anode and cathode respectively:

2 H2 -> 41-T + 4 e  (1.1)

0 2 + 4 e  + 4fT -» 2 H 20  (1.2)

Depie***
r o u t

to

Uoad

11 H*-$H
| |  
l l  
id

■

Osidant 
Product Gass* 

Out

Owdamtin

Artcs** Oatjjode

Figure 1.3: PEMFC schematic 

Taken from the Department of Defense: http://www. dodfuelcell. com/

Phosphoric Acid Fuel Cells (PAFCs) have been under development for more then 

20 years and have received more then $500 million in worldwide investments for research, 

development, and demonstrations (DOD, 2000). This investment was triggered due to the 

belief years ago that PAFC stacks would be the only “low temperature” fuel cells that 

would be reformate tolerant (DOD, 2000). The two main applications of PAFCs are for

http://www
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off-grid power generation and combined heat and electrical power generation (Jones and 

Dugan, 1996). Advantages of the PAFC systems include: a stable electrolyte, anode CO 

tolerance at levels of 1 to 2 percent, and a high enough operating temperature to allow for 

internal fuel reformation (Srinivasan et al, 1999).

The PAFC stack is commercially available today. The largest manufacturer in the 

United States of PAFC systems is a Connecticut based company named ONSI. ONSI is 

currently involved in a fuel cell testing program with the US Department of Defense 

(DOD, 2000). They are testing fuel cells at various military installations in the US 

including a 1 MW fuel cell power plant operated using natural gas at the Anchorage 

International Airport Post Office.

Despite the success of PAFCs there are two major drawbacks. These are the 

limited efficiency range of the PAFC and the corrosion problems associated with the 

phosphoric acid within the ftiel cell (Jones and Dugan, 1996). The governing chemical 

reactions for the PAFC are identical to those stated for the PEMFC in Equations 1.1 and 

1.2 .

^  ...v Load

Depleted
FudOvt*

Fud In  >

Depleted Oxidant 
> and Product Gases 
. (HjO) Out

Oxidant In

Anode Electrolyte Cathode

Figure 1.4: PAFC schematic 

Taken from the Department of Defense: http ://www. dodfuelcell. com/
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The Molten Carbonate Fuel Cell (MCFC) was developed with the idea of using 

coal as the fuel. However, the MCFC stack can use coal-derived fuel gases or natural gas 

(Srinivasan et al, 1999). The electrolyte used in a MCFC is a salt mixture that usually 

consists of lithium carbonate and potassium carbonate (Appleby and Foulkes, 1989). The 

MCFC stack is applicable for centralized power and combined heat and power generation 

due to its high operation temperature of 600° C (Jones and Dugan, 1996). The MCFC 

can consume carbon monoxide as a fuel, thus simplifying the system hardware with the 

elimination of the upstream catalytic converter for carbon monoxide removal (Appleby 

and Foulkes, 1989). However, these fuel cells are large in size and require a very complex 

control system to operate properly (Jones and Dugan, 1996). Other disadvantages of the 

MCFC include: corrosion of the nickel oxide cathode inside of the molten carbonate 

electrolyte and migration of the electrolyte (Srinivasan et al, 1999).

Equations describing the reactions at the anode and the cathode are notably more 

complex then those, which govern the PEMFC and the PAFC. The first set of equations 

is for the anode:

H2 + CCV -> H20  + C 02 + 2 e  (1.3)

CO + C 03= 2 C 0 2 + 2 e  (1.4)

The following equation represents the reaction occuring at the cathode:

0 2 2 C 02 + 4e' -» 2 C 0 3= (1.5)
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Figure 1.5: MCFC schematic 

Taken from the Department of Defense: http ://www. dodfiielcell. com/

Solid Oxide Fuel Cells (SOFCs) operate up to 1000°C using a solid ceramic as an 

electrolyte (Dicks, 1998). This ceramic normally is a dense yttria-stabilized zirconia, 

which is an excellent conductor of negatively charge oxygen ions at high temperatures 

(Appleby and Foulkes, 1989). This solid phase electrolyte reduces the corrosion problems 

that plague liquid electrolyte fuel cells (Srinivasan et al, 1999). Like the MCFC, the 

SOFC can use carbon monoxide as a fuel, so a catalytic converter is not required (Appleby 

and Foulkes, 1989). The high temperatures within this fuel cell are great for two reasons. 

The first is at temperatures above 800° C, a large number of fossil fuels can be reformed 

internally using the waste heat from the fuel cell (Lloyd, 1999). The other advantage of 

the high temperature is the SOFC is ideal for the combined production of heat and 

electrical power, or cogeneration.

There are several drawbacks to SOFC technology. Material concerns are the main 

problem with the SOFC system. Thermal shock and poor fracture toughness are just two 

of the problems. According to Appleby and Foulkes (1989) increasing material stability 

and conductivity are essential to boosting performance and reducing system cost. Finding
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new sealing materials that match the thermal expansion coefficient of other materials inside 

the SOFC is critical to system development (Srinivasan et al, 1999)

Recently the University of Pennsylvania announced the development of a SOFC 

operating at 700° that could utilize hydrocarbon fuels directly without coking the anode

(Science News, 2000).

The chemical equations used to describe the conventional SOFC are also complex 

in nature. The reactions that take place on the anode are:

H2 + 0 = -> 2 H20  + 2 e ' (16)

CO + O' -> C 02 + 2 e  (1.7)

CFL, + 40 -> 2 H20  + C 02 + 8 e ' (1.8)

Note that product water is formed on the anode of the SOFC. The reaction at the cathode 

is much simplier to represent in a single chemical reaction:

0 2 + 4e ' -> 2 0 '  (1.9)

-

H2CN

>

m

I

Dsptatod Oxkfant 
and Product Oases 
1M2O) Out

Oxidant in

Figure 1.6; SOFC schematic 

Taken from the Department of Defense: http://www.dodfuelcell.com/

The first uses of Alkali Fuel Cells (AFCs) were by National Aeronautics and Space 

Administration (NASA) in space flights during the Gemini and Apollo missions (Appleby,

http://www.dodfuelcell.com/
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1999). These fuel cells were used not only to generate electrical power for the spacecraft, 

but also to produce potable water for the astronauts onboard (Fuel Cells 2000, 2000). 

NASA chose fuel cells for space flight for several reasons: small size, high efficiency, low 

emissions, minimal water use or net water production (Fuel Cell Comm. Group, 2000). 

NASA continued to use AFCs for the Space Shuttle program. Another advantage of 

AFCs is that catalysts other then platinum can be used in an effort to reduce system costs 

(Srinivasan et al, 1999). The electrolyte commonly used in AFC is 35 percent potassium 

hydroxide (KOH) solution contained in a reconstituted asbestos matrix (Srinivasan et al, 

1999). The following equations represent the chemical reactions that occur at the anode

and cathode respectively:

2 H 2 + 4 OFT 4 H 20  + 4 e ‘ (1.10)

0 2 + 2 H20  + 4 e‘ -» 4 OFT (1.11)

In observing the chemical reaction it is seen that on the cathode, hydroxide ions are 

formed. These ions are then sent through the electrolyte to the anode were they react with 

hydrogen gas to form water and electrons. Note that the water is formed on the anode of 

the AFC as for the SOFC, which differs from the PEMFC. There are two main drawbacks 

to the AFC that revolve around the purity of the reactants. The first is that the stack 

requires an extremely pure source of hydrogen (Appleby and Foulkes, 1989). The purity 

requirement would rule out the use of reformated hydrogen in an AFC stack without 

additional purification. The second concern is the purity of the oxidant. Carbon dioxide 

(C02) levels in the ambient air (350 ppm) are too high for use in AFCs (Srinivasan et al, 

1999). C 02 removal is necessary prior to using ambient air as an oxidant in the AFC. The 

C 02 forms solid deposits, which block the flow channels and restrict reactant transport 

(Srinivasan et al, 1999). The Department of Defense (DOD) also has interest in AFCs for 

use in different defense systems for the battlefield (Jones and Dugan, 1996).
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1.5 The Remote Area Power Program (RAPP)

This program was created to address the electrical power needs for rural Alaskan 

villages as the world enters the 2 1st century. This program was a spin off of the Russian 

American Fuel Cell Consortium (RAFCO) program. It was envisioned that the RAFCO 

program would perform research and validate energy technologies for use in the arctic 

climates within Russia and Alaska.

The current RAPP helps move the state towards an environmentally benign, 

carbonless and sustainable society in three ways:

i. It accelerates the development of hydrogen end-use technologies, notably 

the integrated PEM fuel cell system for utility applications.

ii. It establishes integrated distribution power generation systems that increase 

overall efficiency of energy utilization and system reliability.

iii. It reduces the use of fossil fuels today, while positioning the systems for 

the eventual shift away from fossil fuels to renewables.
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Fuel cell units would be placed inside homes to provide electrical power. Since fuel cells 

produce waste heat, they can replace existing boilers used for space heating and domestic 

hot water. The figure below shows an integrated fuel cell system producing electricity and 

heat for an individual home.

Figure 1.7: Fuel cell in a household producing both electricity and heat 

Taken from Witmer et al (1999)

A distributed network of fuel cells in a rural village would allow engineers to recover a 

large amount of waste heat for space heating, or generating hot water. The same network 

would increase the redundancy of the power generation system allowing certain units to 

shutdown for routine maintenance, or in some cases failure.



Figure 1.8: Envisioned fuel cell micro-grid 

Taken from Witmer et al, (1999)

The distributed network of fuel cells in Figure 1.8 shows the elimination of a centralized 

power plant. Several fuel cell units would provide heat and power for multiple homes 

within a village.

1.5.1 Rural electrification

The electrification of villages began in the 1970’s when the state began to receive 

oil revenues from the newly constructed Trans-Alaska Pipeline. Diesel electric generators 

currently provide electrical power in remote villages (Johnson and Bubendorf, 1985), 

(Alaska’s Energy Plan, 1999). The state of Alaska created the Power Cost Equalization 

(PCE) program to help offset the higher costs of electrical power generation in rural
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communities. The PCE program allowed villagers to pay the same rate per kilowatt-hour 

as most urban cities throughout the state for the first 700 kilowatt-hours consumed. 

Declining oil revenues have forced the subsidy given to rural villagers by the PCE program 

to be reduced to the first 500 kilowatt-hours and placed the entire program’s future in 

jeopardy (Fairbanks Daily News Miner, 2000).

The RAPP program allowed for the creation of an Energy Center at the University 

of Alaska Fairbanks (UAF) to evaluate possible technologies to reduce the cost of power 

generation in remote villages (Witmer et al, 1999).

1.6 UAF Energy Center

The UAF Energy Center was created with the idea in mind of bringing 

renewable/alternative energy technologies to rural Alaska (Johnson, 2000). The Energy 

Center expanded its mission to include the following seven goals:

i. Develop sustainable energy systems for use in rural Alaska and other rural 

areas worldwide.

ii. Provide third party testing/evaluation of such systems.

iii. Develop ways to better link the electric with utilities.

iv. Improve the quality of life in villages.

v. Establish long-term operator training program.

vi. Provide technology for remote monitoring/operation.

vii. Foster deployment of appropriate sustainable, energy efficient, technologies 

worldwide.

The first task of the Energy Center was to evaluate fuel cells for use a stationary 

power generators in rural Alaska. UAF teamed up with the Sandia National Laboratories 

(SNL) to begin a three-phase project. In phase one, several companies were to deliver 

fuel cells to the SNL and prove that they could produce a nominal three kilowatts of 

electrical power. Energy and mass balances were performed for phase two. Phase three
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will consist of the delivery of an integrated unit to the SNL and the UAF Energy Center 

for extensive field-testing.

An integrated fuel cell system would consist of a diesel fuel reformer, a PEM fuel 

cell, and a power inverter. Figure 1.9 shows the envisioned system for rural Alaskan 

villages.

Grid quality AC power

Figure 1.9: Schematic of integrated fuel cell system 

Taken from Witmer et al (1999)

The integrated system requires the input of diesel fuel, air, and water to operate. 

Combustion exhaust, waste heat, oxygen depleted air and AC power are the products 

from such a system.



16

1.7 Initial work at Sandia National Laboratories

The first months of research on this project were critical to constructing test 

benches and obtaining clean data sets for analysis. UAF teamed up with SNL in order to 

make the transition of research much smoother from a national lab to a newly formed 

university lab. SNL technicians and engineers have a great deal of experience in 

conducting experiments and collecting useful data. These researchers were instrumental in 

the quick construction and calibration of the laboratory test benches.

1.8 Industrial Partners

Throughout the course of the DOE sponsored project, both the UAF Energy 

Center and SNL teamed up with several companies to collaborate on research efforts.

The industrial partners provided UAF and SNL with fuel cells and reformers for 

independent testing.

1.8.1 Schatz Energy Research Center

The Schatz Energy Research Center (SERC) is located in Areata, California on the 

campus of Humboldt State University. SERC is one of the companies that delivered a fuel 

cell to SNL and UAF for testing. Dr. Louis W. Schatz, president of General Plastics 

Manufacturing Company in Tacoma Washington, founded SERC in 1989 with a large 

endowment. Dr. Schatz wanted to accelerate the growth and development of alternative 

energies to help reduce our dependence on imported fossil fuels and to reduce emissions.

The SERC developed a PEM fuel cell that runs at atmospheric pressure. SERC 

obtained US patent number 5,879,826 for the PEM fuel cell design on March 9, 1999.

The fuel cell (pictured below) mainly consisted of graphite and plastic. The fuel cell that 

was delivered to the RAPP produced a nominal 3 kW of electrical power. This PEM fuel 

cell has the following dimensions: 0.572 m length, 0.254 m width, and 0.292 m height.

The fuel cell has a mass of approximately 40 kilograms. Additional information regarding
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the Schatz Energy Research Center is available on the World Wide Web at 

http://www.humboldt.edu/~serc/index.shtml.

1.8.2 Northwest Power Systems

Located in Bend, Oregon, Northwest Power Systems (NPS) was also a partner in 

the DOE sponsored project. NPS delivered the reformer used to create hydrogen gas 

from diesel fuel. Reforming diesel fuel is extremely important in rural Alaska because it 

enables the retention of the existing diesel fuel infrastructure. Diesel fuel is used not only 

in electrical power generation for the entire village, but it is also used in home heating. 

Retaining the diesel infrastructure minimizes the enormous capital cost of hydrogen gas 

storage. Storage is often regarded as the most expensive portion of any type of alternative 

energy project. More information about Northwest Power Systems can be found on the 

World Wide Web at http://www. northwestpower. com/.

http://www.humboldt.edu/~serc/index.shtml
http://www
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CHAPTER 2

2 METHODS

2.1 Fuel cell test bench

The measurement and documentation of system information is critical to any type 

of research and development work. Testing of equipment ranging from an internal 

combustion engine (ICE) to a household dishwasher requires the measurement of specified 

data such as temperature and flow rates. Fuel cells are no exception to this rule. In order 

to obtain strong, defensible values for cell efficiencies, data from every mass and energy 

stream within the system were independently measured and recorded.

A test bench was constructed in an effort to measure the energy fluxes associated 

with the fuel cell. Energy fluxes into and out of the fuel cell include that in the incoming 

hydrogen fuel, the electrical power generation, the purged hydrogen, the air for 

humidification and oxidation, and that in the de-ionized (DI) cooling loop. In addition, the 

DI water pump and the centrifugal air blower consume electrical power.

UAF and SNL researchers jointly constructed the test bench for the SERC fuel cell 

at the SNL in the Livermore, California. The fuel cell test bench is instrumented with 

many measurement devices. These devices include thermocouples, flow meters, pressure 

transducers, voltage sensors, and wattmeters. The fuel cell test bench measured 1.219 m 

length, 0.940 m width, and 0.787 m in height. After the completion of the UAF Energy 

Center Laboratory, this bench was moved to Fairbanks.

2.1.1 Control volume

A control volume is a fixed region in space in which mass and energy flows are 

allowed to enter and exit (Roberson and Crowe, 1993). The contents of the control 

volume are not analyzed, but the streams entering or exiting its boundaries are. The 

locations where mass and energy are transfer across the control volume are called control 

surfaces.
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The control volume for the energy balance discussed in Section 2.3 contained only 

the fuel cell stack. This is shown in Figure 2.1 with the dashed line surrounding the fuel 

cell stack. The control volume for the efficiency curves stated in Section 2.2.4 also 

includes the DI pump and the air blower. Figure 2.1 shows a schematic of the fuel cell 

test bench. The temperature and pressure measurements are denoted with a T or a P 

inside of a small oval attached to the system.

Figure 2.1: Fuel cell test bench schematic

An Ametek centrifugal air blower was used to provide oxidant (air) to the fuel cell. 

It was a three-stage blower with an input speed control of 0-10 volts. The DI pump 

circulated cooling water through the fuel cell stack, while the DI heat exchanger removed
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a portion of the heat generated inside the stack. The DI water is passed through a de

ionizer to maintain a low electrical conductivity. The de-ionizer removes free ions in the 

DI water loop in an ion exchange resin bed.

Air that exits the fuel cell is saturated at the operation temperature of the stack 

because the air stream is humidified as it enters the system. The air exhaust also carries 

the liquid product water that was generated by the chemical reaction. This exhaust stream 

is passed through a knockout box in an effort to cool the stream, condense some of the 

water vapor in the air. and to collect the liquid product water. The DI water loop also 

passes through the knockout box. This acts as a collection point for all of the liquid water 

inside the system.

2.1.2 Instrumentation

Multiple pieces of instrumentation were used on the fuel cell test bench to collect 

data. The mass flow rate of inlet air to the fuel cell was measured using a Hastings 

laminar flow meter. This flow meter induced a laminar flow inside of its stainless steel 

housing by passing the air stream through a series of very small diameter tubes. A small 

heating element inside of the flow meter warms the stream causing a temperature 

difference between the outlet and inlet streams. Knowing the exact amount of heat 

transferred to the stream, the specific heat of the stream, and the temperature difference of 

the stream, the mass flow rate can be calculated by the following equation:

An MKS mass flow meter was used measure the inlet flow of hydrogen fuel to the stack. 

Hydrogen was fed to the fuel cell stack at a constant pressure through the mass flow 

meter. Each flow meter is calibrated for a specific type of gas within a set temperature 

range. The same process as described above for the Hastings laminar flow meter also was 

used to determine the flow rate of hydrogen gas by the MKS mass flow meter.



21

A Proteus flow meter, which incorporated a paddle wheel, was used to measure 

the volumetric flow rate of DI water circulated through the fuel cell stack. A sensor inside 

of the Proteus counts the number of times that the paddle wheel rotates and was 

correlated to a flow rate. Pressure transducers were used to measure the absolute 

pressure in several streams. A small diaphragm strain gauge is located inside the pressure 

transducers. When the diaphragm is strained due to a system pressure, a small voltage 

difference is produced. This voltage difference is proportional to the actual pressure in the 

system. The temperature data collected in the experiment were measured with type K 

Omega thermocouples.

A computer controlled load bank was used to dissipate the electrical power 

produced by the fuel cell through a resistor bank. To double check the stack current read 

by the load bank, a shunt was used to measure the current from the fuel cell stack. The 

positive power cable from the fuel cell was connected to the shunt. The shunt was an 

excellent conductor with low resistance. An ammeter was connected in parallel with the 

shunt. Most of the current was diverted through the shunt away from the ammeter, 

protecting it from the high DC current that could destroy the meter. The ammeter 

measured the smaller current in the parallel circuit. From this measurement, the larger 

(total) current was calculated by current division. The voltage of the stack was measuring 

the voltage potential across the terminals on the fuel cell stack. A separate terminal block 

with built in resistors was used to attenuate the signal. These two different ways of 

measuring electrical power allowed for the verification of the load bank.

Omega wattmeters were used to measure the amount of parasitic power that the 

DI pump and the air blower consume for a given electrical power generation level of the 

fuel cell. Measuring the parasitic load on the system was important in optimizing the 

system.
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2.1.3 Calibrations and Error Analysis

Every piece of equipment used on the test bench came from the factory with a 

nominal error. In order to reduce this error and increase the precision of the test bench, 

each piece of measurement equipment was calibrated multiple times. When possible, each 

calibration was performed under operating conditions of the fuel cell system. The 

calibrations were an iterative process. They were repeated until we were completely 

satisfied with the results. .All of the measurements made on the test bench could be 

crosschecked with other measurement devices, or compared to the calculated values.

Table 2.1 shows the nominal factory calibrations along with the new calibrations 

performed in the lab while the unit was under normal operating conditions. It can be seen 

that the calibrations performed at UAF have an error range less then or equal to the 

factory calibrations.
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Table 2.1: Instrument Calibrations

Device Factory

Calibration

UAF

Calibration

Senses

MKS flow 

meter

2% 0.5% Mass flow of

h 2

Proteus flow 

meter

1% 1% Volumetric 

water flow in 

DI loop

Hastings flow 

meter

1% 1% Mass flow rate 

of inlet air

Thermocouples ± 0.5° C ±0.1° C Inlet and exit 

water and air 

temperatures

Current 1% 1% Current from 

the shunt

Voltage 1% 1% Voltage across 

fuel cell stack

There is a major difference in the thermocouples on the DI heat exchanger from the 

nominal factory calibration and the UAF calibration. These thermocouples were calibrated 

by circulating warm water through the fuel cell stack over a four-hour period. The 

temperature of the inlet and outlet DI water heat exchanger were plotted over the four- 

hour period. The difference between these thermocouples never differed by more then 

0.1°C over the operating temperature range of the fuel cell stack (40°C to 60°C).

The error associated with the voltage and current measurements were the same for 

the shunt and potential across the stack as for the computer controlled load bank. The 

load bank came from the factory with a certified calibration statement, which stated that
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the measurement of the current and voltage had an error less then one percent of full scale. 

The load bank was placed in the high voltage range and the medium current range for 

testing the SERC fuel cell. The high voltage range meant that the load bank had a 

maximum voltage of 75 volts, while the medium current measurement meant that the load 

bank could handle a maximum current of 150 amperes. The shunt used on the fuel cell 

test bench was rated for a 15 mV drop across the terminals at 100 amperes. The 

maximum stack potential that can be measured across the terminals is 500 volts.

Varying the DI flow rate and recording the output voltage allowed us to calibrate 

the Proteus flow meter. The flow rate was measured by using a stopwatch and a 

graduated cylinder. Plotting the voltage versus flow rate produced the calibration curve. 

The Proteus flow meter was sensitive to the type of fittings used to attach it on the test 

bench. The calibration was performed using the same fittings with the water at ambient

temperature and at 60° C.

The Hastings flow meter came from the factory with a National Institute of 

Standards (NIST) calibration, which gave the meter an accuracy of better then one 

percent. The Hastings flow meter was calibrated against an MKS mass flow meter and 

two other Hastings air flow meters. The MKS calibration showed that the two meters 

were within one percent of each other. When checked against other Hastings flow meters, 

the value was identical. The MKS flow meter was calibrated several ways. The first 

calibration recorded a flow rate through the meter and compared it to a pressure drop 

across a compressed hydrogen gas tank. The second method was to calibrate it against 

another MKS flow meter used in the lab and calibrated for an earlier experiment. The 

third calibration technique was to derive an equation that related hydrogen flow to the 

stack current. This calibration technique is described in section 2.1.4. The final 

calibration technique involved filling a balloon with hydrogen gas down stream of the 

MKS flow meter. The empty balloon was tied to a stack of quarters and placed on a scale 

and the mass was recorded. The balloon was then filled with gas and the mass was 

recorded again along with the time required to fill the balloon. The change in mass and
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time were used to calculate a mass flow rate of hydrogen gas. This value also verified the 

calibration of the MKS mass flow meter.

The pressure transducers were calibrated using a vacuum pump. All of the 

transducers were connected to a series of fittings and the pump. The pump was turned on 

and varied to different pressure settings. The readings of each transducer were compared 

to the actual reading on the pump. These values also agreed to within one percent. Each 

of the pressure readings was corrected in the Lab VIEW software discussed in Section 

(2.1.6). Calibrating the wattmeters involved using several different light bulbs: 15, 40, 60, 

and 100-watt light bulbs. The light bulb was attached to the wattmeter and the output 

value of the wattmeter was recorded.

2.1.4 Sample MKS calibration

A relationship of the mass flow rate of hydrogen gas and current was calculated to 

crosscheck the calibration on the MKS hydrogen mass flow meter. There are two 

separate equations for the first law efficiency of a PEM fuel cell, the voltage efficiency and 

the gross electrical power output versus total fuel input efficiency. These two efficiencies 

are equal, because they both measure the gross power of the fuel cell stack based on the 

higher heating value of hydrogen gas. The gross electrical efficiency is:

Power
n, = (2.2)

ĤHV '

The voltage efficiency is:

V

n- ~ - p
(2.3)

Where:

V

V,

Power

Actual stack voltage, V

Ideal stack voltage based on first law analysis, V 

Electrical power generated by the fuel cell stack calculated 

by using a shunt and a voltmeter, W
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hHHy = Higher heating value of hydrogen gas, 212.7 ——

Gross hydrogen flow rate from the MKS flow meter, slm

by definition (Appleby and Foulkes, 1989) (2.4)

7, (2.2) = 7 ;  (2-3)

Rearranging Equation 2.4 results in:

V • / (2.5)
HHV

Where:

/  = Stack current, amperes

The Vi term is the ideal first law stack voltage of a PEM fuel cell (Appleby and Foulkes, 

1989). The ideal first law stack voltage, 1.48 volts per cell, is based on the higher heating 

value of hydrogen gas. The ideal voltage value of 1.48 volts per cell states that all of the 

energy flux entering the fuel cell system in the form of hydrogen gas is turned into 

electrical power. This differs from the reversible, or the ideal second law stack voltage 

because the reversible stack voltage accounts for the entropy generated by the system. 

The second law ideal voltage is equal to 1.23 volts per cell. The first law value of 1.48 

volts per cell is multiplied by the number of cells in the fuel cell stack. In the case of the 

SERC fuel cell there are 60 cells in the stack, so 88.8 V. Substituting the given 

values for Vi and hm v yields the linear relationship for relating hydrogen flow to current:

m», = 0.417-/ (2.6)

In order to verify this theoretical relationship with experimental values, data was 

taken from a polarization curve performed on 6/4/1999. The hydrogen flow rate taken 

from the MKS mass flow meter was plotted against the stack current for the polarization

/

Therefore:
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curve. Inflated values of hydrogen flow due to system purges were eliminated from the 

plot to ensure a clean linear regression. Figure 2.2 shows the hydrogen gas flow plotted 

against the stack current for the SERC fuel cell. The slope of the linear regression line for 

Figure 2.2 should be close to the value of 0.417 for the theoretical relationship derived in 

Equation 2.6.
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Hydrogen Flow versus Current

Current (Amps)

♦  6/4/99
■ Linear (6/4/99)

Figure 2.2: Experimental linear relationship for hydrogen flow versus current

The slope of the fitted line in Figure 2.2 is 0.415. Compared to the theoretical value of 

0.417 an error of 0.5% exists. This is the error associated with the MKS hydrogen mass 

flow meter. This calibrated error is 1.5% lower then the standard factory calibration.
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2.1.5 System control and Data acquisition

Recent advances in hardware allowed the information collected by the instruments 

on the test bench to be stored by a data acquisition system for analysis. The project team 

purchased several chasses, terminal blocks, boards, data acquisition (DAQ) cards, and 

software from National Instruments (Nl). The software used to control the fuel cell and 

collect the data is called Lab VIEW. Lab VIEW is a graphical programming environment 

written by NI. The software, coupled with the hardware, allows the user to send signals 

to items such as pumps, blowers, solenoid valves, etc., to control a given system while at 

the same time collecting and recording data signals.

Two chassis were used for the SERC fuel cell test bench. Each chassis can hold 

up to 12 terminal blocks. Each terminal block was connected to the output signal from 

the instrumentation on the test bench, or it was connected to send a signal to the air 

blower, DI pump, or solenoid values. Most of the output signals from instrumentation on 

the bench had a range of 0 to 5 volts or 4 to 20 milliamps. The sensors producing 0 to 5 

volt signal outputs could be connected to the terminal blocks directly. The 

instrumentation using 4 to 20 milliamp output signals needed to be conditioned to read 

output voltages. This was accomplished by placing 249-ohm resistors between the 

terminals inside terminal blocks. The terminal block read the voltage drop across this 

resistor. Signal conditioning for the instrumentation outputs occurred inside the computer 

using a NI 12 bit analog to digital (A/D) converter card. In order for the computer to 

process the data collected from the test bench, all of the signals entering the computer 

must be in a digital format.

Voltages for each individual cell were measured and collected for each experiment. 

Spring clips were connected to each cell on the stack and a lead from each clip was run 

back to an NI board on the chassis. A total of eight boards were used to measure the 60 

cell voltages for the fuel cell stack. The output signal wire from each thermocouple was 

connected to a single NI board. The board had the potential to record 24 thermocouples.
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The Lab VIEW software performed the ice-point temperature correction for each 

thermocouple used.

The two solenoid valves and the DI water pump were connected to the same 

terminal block on the chassis. The centrifugal air blower was connected to a separate 

terminal block due to its 0 to 10 volt speed control signal. The flow meters on the test 

bench shared the same terminal block with the pressure tranducers.

The data collection rate for the fuel cell control system was variable. The default 

setting collected data every five seconds for a test run. Every time the computer recorded 

data, 83 data points were logged and written to a text file. These 83 points included: the 

date and time, run time, 60 individual cell voltages, stack voltage, conductivity of the DI 

water, DI flow rate, stack current, flow rate of air and hydrogen, parasitic load of the 

blower and the DI pump, 5 pressure measurements, and 8 temperature measurements 

throughout the system.

2.1.6 Visual interface

The Lab VIEW Virtual Instument (VI) for the SERC fuel cell stack was written by 

Thomas Johnson, a research engineer working for the Institute of Northern Engineering 

(INE) at UAF. The VI records the following signals from the SERC fuel cell test bench: 

time, date, 60 individual cell voltages, stack voltage and current, air mass flow rate, 

hydrogen mass flow rate, various system temperatures and pressures, and the parasitic 

power requirements of the blower and DI water pump. All of these signals were then 

gathered by the VI and placed in a text-based file. One can then use a spreadsheet to 

manipulate the data file. Through the VI, the user can run the fuel cell in two different 

modes. The first mode, manual mode, involves the operator for controlling the entire 

system. The second mode is the automatic operation mode, which controls the hydrogen 

purges required by the system and also adjusted the blower to ensure the proper airflow 

rate at various loads. The VI featured several set points that allowed for the hydrogen 

purge length and interval to be adjusted along with the stoichiometric amount of airflow to
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the fuel cell. The automatic operation mode has several safety limits built into the 

program.

When the VI was placed in automatic operation mode, the startup procedure 

remained the same for each fuel cell test run. The first step in the startup procedure was 

to turn on a relay that provided electrical power for the DI pump. The DI flow rate must 

exceed a minimum limit before the startup procedure can continue. The centrifugal air 

blower was turned on and air was fed to the fuel cell stack. Next, the hydrogen supply 

solenoid valve was opened and fuel was provided to the anodes of each cell. The load 

bank contactor was turned on and this completed the electrical circuit of the fuel cell. The 

final step in the startup procedure was to open the solenoid valve for one second. The 

fuel cell was now operating at “open circuit,” or zero current.

The display panel for the VI used to control the SERC fuel cell is shown in Figure 

2.3. This is the only screen required for operation of the cell. There are sixteen analog 

gauges on the VI control screen that provide temperatures, flow rates, voltages, currents, 

and efficiencies for the SERC fuel cell. A bar graph displays the individual cell voltages 

for all 60 cells in the fuel cell stack.



Figure 2.3: Fuel cell VI system control screen

The VI system control screen has three types of efficiency readings displayed in the analog 

gauges. The first efficiency gauge is the gross electrical efficiency. This value is the 

amount of electrical power that the stack is producing (stack voltage multiplied by stack 

current) divided by the total energy flux added to the fuel cell system by the hydrogen gas 

(mass flow rate of hydrogen multiplied by its higher heating value). The second efficiency 

reading is the net electrical efficiency. This efficiency removes the parasitic power 

required by the DI pump and the air blower from the gross power generated by the fuel 

cell stack. The last efficiency is the nominal second law efficiency. This efficiency takes
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the stack voltage divided by the ideal reversible stack voltage. According to Appleby and 

Foulkes (1989) the reversible stack voltage is 1.23 volts per cell.

The voltage bar graph on the right hand side of the VI shows a red bar running 

perpendicular to the voltage lines. This line represents a voltage safety cut-off. If the 

voltage of a certain cell drops below this setting, then the system will shut off The lower 

right corner of the VI displays a graph of the theoretical air flow rate required by the 

system operating at a given hydrogen flow rate and the actual air flow rate provided to the 

stack by the blower.

The blower control can be placed in manual or automatic mode with a switch in 

the upper middle of the VI. Below the switch is a display, which indicates the amount of 

theoretical air desired for operation. This value can be varied for each run depending on 

the operating parameters

2.1.7 Convection and radiation losses

An accurate energy balance requires the accounting of all energy entering or 

leaving a system. Convection and radiation losses from the stack to the surrounding were 

accounted for by modeling the fuel cell as a rectangular box with different surface 

temperatures. The model used standard convection and radiation correlations to calculate 

these system losses. The correlations used in the modeling were from Incropera and 

DeWitt (1996).
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2.2 Experimental testing

There were two main types of experiments performed at the UAF Energy Center 

on the fuel cell stack. These tests were five-power runs and polarization curves. Both of 

these tests are discussed in Sections 2.2.1 and 2.2.2. Both of these tests were repeated 

numerous times in the Energy Center over the course of a year. For the purposes of the 

thesis, only a few data sets will be discussed.

2.2.1 Five-Power runs

Five-power test runs were created to obtain steady state heat flux data for the fuel 

cell under various loads. A five-power run consisted of the following electrical power 

levels: 1000 W, 1470 W, 2150 W, 2700 W, and 3500 W. The test run started from the 

3500 W power level and then descended through each power level. The fuel cell was held 

at each power level for thirty minutes to ensure that a steady state heat flux condition was 

reached. The heat balance for the DI water heat exchanger took the longest to reach 

steady state. In general the fuel cell took about 10 minutes for temperature across the DI 

water heat exchanger to reach steady state. Obtaining accurate heat extraction values 

were important for the possible cogeneration aspects of the fuel cell system. Five-power 

test runs were performed over the course of eight months for the SERC fuel cell stack. 

This thesis will report data from five-power test runs completed on January 13, 1999.

2.2.2 Polarization curves

Engineers who evaluate electrical generators, batteries, and other equipment have 

long used polarization curves to measure performance. These curves plot voltage versus 

current for a particular system. According to Appleby and Foulkes (1989), a cell exhibits 

polarization “when a net current is drawn from a practical fuel cell, the terminal voltage of 

the cell, Eceii, drops from the open circuit voltage, E ^ , by an amount that increases with 

increasing cell current output.” Simply stated, as more current is drawn from a cell, the 

voltage of the cell decreases from the open circuit state to a state proportional to the
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current. The fuel cell output is limited by the rate at which the chemical reaction can 

occur. This means that fuel cell performance is limited by kinetics.

Appleby and Foulkes (1989) shows several typical polarization curves for fuel cells 

throughout the text. Polarization curves are plotted in two ways for an individual cell, or 

for the entire fuel cell system. The y-axis consists of voltage and the x-axis consists of 

current, which is typically the current density in amperes per square centimeter of 

membrane area. A fuel cell’s maximum power is obtained near 50 percent of the open 

circuit voltage when the polarization curve is linear (Appleby and Foulkes, 1989). 

Observing several sets of polarization curves could lead to discovery of a change in system 

performance.

Many polarization curves were produced for the SERC fuel cell throughout the 

course of testing. Polarization curves for the SERC fuel cell were first generated on June 

4, 1999 at UAF using a computer controlled load bank. This curve is presented in Figure

3.12.

2.2.3 Polarization types

A polarization curve can be separated into regions: activation polarization, 

concentration polarization, and ohmic polarization. Figure 2.4 shows the different 

polarization sections on a generic polarization curve.
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Figure 2.4: Generic Polarization Curve OS
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Activation polarization relates to the first section of a polarization curve. It is 

commonly associated with a sharp initial drop in voltage. The voltage drop is due to a 

slow charge transfer reaction at the union of the cathode and the electrolyte (Appleby and 

Foulkes, 1989). According to Appleby and Foulkes (1989) the activation polarization is 

most pronounced in PAFC stacks. They suggest raising the operating temperature of the 

fuel cell to mitigate the losses due to activation polarization in a system. Increasing the 

active surface area of the electrode, or increasing activity at the electrode by using an 

electrocatalyst are two ways that Appleby and Foulkes (1989) suggest to increase the 

operating temperature.

Ohmic polarization, or resistance polarization, is found in the middle of 

polarization curves This type of polarization occurs from the electrical resistance losses 

in the cell (Appleby and Foulkes, 1989). This type of polarization is linear via Ohm’s 

Law:

V = IR (2.7)

Where:

V = Voltage, volts, V

I  = Current, amps, I

R = Resistance, ohms, Q

Electrical resistance is associated with the ionic electrolyte, the electronic and ionic 

electrodes, and in the electronic terminal connections within the fuel cell (Appleby and 

Foulkes, 1989). Appleby and Foulkes (1989) states that choosing electrolytes of the 

highest possible conductivity and high electronic conductivity fuel cell electrodes can 

minimize the resistance losses. Closely spaced electrodes help to minimize electrolyte 

resistance. In PEM fuel cells, the polymer membrane is the electrolyte. Ohmic 

polarization is the portion of the polarization curve that is most often compared when 

analyzing systems due to its linearity.

Concentration polarization deals with the high current end of the polarization 

curve. This type of polarization is a function of mass transfer limitations to the system.
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Commonly, the cathode of the fuel cell experiences this mass transfer limitation 

phenomenon. Reactants are fed constantly to the fuel cell where they either accept or 

donate electrons in order to sustain the flow of electric current (Appleby and Foulkes, 

1989). When other factors such as diffusion, or convection limitations reduce the 

presence of the reactants, a voltage drop occurs (Appleby and Foulkes, 1989). The drop 

in potential is due to the concentration gradient formed from the diffusion, or convection 

limitations that reduce the electrode activity (Appleby and Foulkes, 1989).

2.2.4 Efficiency curves

Efficiency curves were generated using the same data set collected during the 

generation of polarization curves. The purpose of these curves were to find the optimal 

operating point for the fuel cell, i.e. the highest possible power output at the highest 

efficiency. The efficiency curves used during the course of the research were net electrical 

efficiency plotted against net electrical power of the fuel cell. The net power that the 

system generates is the difference between the gross power and the system’s parasitic 

load. Gross power is the stack voltage multiplied by current, while the parasitic system 

load is the sum of the power required by the centrifugal blower and the DI water pump. 

The net efficiency is the net power divided by the amount of power added to the system in 

the form of net hydrogen gas. Optimizing the fuel cell plant is critical to increasing system 

performance by decreasing parasitic loads and increasing fuel utilization (Monanteras and 

Frangopoulos, 1999)

This method of analyzing system efficiency is similar to methods used for 

conventional power systems such as diesel generators. The Alaska Village Electrical 

Cooperative (AVEC) has analyzed the electrical generators attached to their diesel engines 

in rural Alaska (AVEC, 1999). Their rated efficiency curves are similar in shape to the 

curves produced for the SERC fuel cell tested in the Energy Center laboratory.

A paper written by Swan et al was obtained from Dr. Peter Lehman at the Schatz 

Energy Research Center. The paper was of unknown origin, but it does show the tail end
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of the efficiency curve. The paper was believed to be the first publication of this type of 

efficiency curve for PEM fuel cells. We have been unable to find a source in the literature 

that incorporated and developed efficiency curves into a standard evaluation technique for 

fuel cells.
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2.3 Energy balance

The energy balance for the fuel cell was used to calculate both the first and second 

law of thermodynamic system efficiencies. The energy balance also provides information 

regarding the amount of heat rejected to the surroundings and the amount of water 

generated by the fuel cell system.

Accounting for all of the energy flows for a particular system requires a great deal 

of patience. There are several energy flows in the system that are difficult to precisely 

measure, for example radiation and convection losses, that tend to complicate calculations. 

Constructing an energy balance for a fuel cell was no different. There were several 

reasons for performing the energy balance on the system. The first was to take a set of 

empirical data from a fuel cell run and verify the amount of electrical power that was 

generated and to calculate a first law efficiency for the system. Other reasons for the 

energy balance were to calculate the second law efficiency and to locate the major sources 

of irreversibility within the system. The thermodynamic analysis involved both first and 

second law calculations. These two calculations are discussed in detail within Sections

2.3.2 and 2.3.4 respectively.

2.3.1 System boundaries

When performing an energy balance, it is important to define to the boundary of 

the system. The boundary is an imaginary line, which encloses the system components. 

The space inside this boundary is often referred to as the control volume. The location at 

which mass transfer occurs across this control volume is called the control surface. For a 

given system there may exist multiple control surfaces, but there is only one control 

volume for that given system.

In the field of Thermodynamics, engineers encounter many types of systems. For 

the purposes of system analysis, it is important to classify each system as either one of two 

types of systems; closed or open systems. In a closed system there is zero mass transfer 

across the system boundary while both work and heat can transfer across the boundary.
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An example of a closed system is a piston in an internal combustion engine during the 

power stroke. The valves are closed during this stroke and there is zero change in mass 

for the system; however, there is transfer of energy across the system boundary due to the 

combustion. Figure 2.5 shows a schematic of a piston that starts out at an initial volume 

of Vi. A heat source is then applied to the cylinder and the volume of the gas expands to a 

volume Vf. This expansion forces the piston to a new postion.

sim ple weight 
to provide 

constant pressure

higher temperature 
heat reservo ir

Figure 2.5 . Closed system piston undergoing change 

Taken from Eastern Illinois University: 

http://oldsci. eiu.edu/phvsics/DDavis/1150/14Thermo/first.html

An open system allows mass to enter and exit the control volume, while at the 

same time allowing energy transfer to occur across the same boundary. A heat exchanger 

is a good example of an open system. Fluids are permitted to cross the system boundary 

and energy is exchanged from fluid to fluid and from the fluid to the surroundings. An 

example of an open system is the heat exchanger shown below in Figure 2.6.

http://oldsci
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hot stream

heat exchanger

control volume

cold stream

Figure 2.6 Heat exchanger schematic to represent an open system 

Taken from: http://www chem. eng.usvd.edu.au/pgrad/bruce/hx-net/hx-net-03.html

2.3.2 First law analysis

The First Law of Thermodynamics states that energy must be conserved and can

be expressed in the following equation:

A E = Q-W(2.8)

Simply stated, the change in internal energy of a system is equal to the heat added to the 

system minus the work done by the system. For the purposes of this thesis the following 

sign convention will be used. The Q term is positive if it is heat added to the system and 

negative if it is removed from the system. The W term is positive if it is work done by the 

system and negative if it is done on the system. E  is the sum of the potential, kinetic, and 

internal energies of the molecules and atoms that make up the system (Moran and Shapiro, 

1995).

http://www
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Fuel cells are open systems since they require a continuous supply of fuel and 

oxidant to drive their chemical reaction to completion and produce electrical power. 

Throughout the course of this thesis, all of the energy calculations will be performed 

assuming steady state has already been achieved. For a one dimensional, steady flow 

problem, the First Law of Thermodynamics can be written as:

W = 0+ m[(h,-ht ) +    + g(z, -  )] (2.9)

Where:

W Power produced by the system, kilowatts, kW

Q Rate of heat transfer added to the system, kW

m Mass flow rate, —  
sec

Enthalpies of the inlet and outlet, respectively, —
kg

Velocity of inlet and outlet streams, respectively, —
S6C

g Gravitational constant, 9.81  —
sec*

Elevation from data of inlet and outlet, respectively, m

Heat transfer to system

Useful power generated
Energy flux in

Open System
Energy flux out 
 ►

Figure 2.7: First Law of Thermodynamics schematic
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The kinetic and potential energies were neglected for the purposes of this energy balance. 

Calculated values for these energies may be found in Appendix A. The first law equation 

can be simplified to the following form:

W = 0 +*»[(/»,,-/».)] (2 .1 0 )

2.3.3 First law efficiency

When a manufacturer of a particular item reports efficiency, it is always assumed 

to be the first law efficiency based on the lower heating value of the fuel. The most 

common way to report efficiency for a particular device is to divide the amount of useful 

work that is generated by the system by the total energy added to the system.

n, = (2 , i i )
Em

Where:

tj = First law efficiency, %

Eout -  Energy flux out of the system, (Watts)

Em = Energy flux into the system, W
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In engineering it is common to state the first law efficiency as “What you get 

divided by what you pay for.” For example, in gasoline powered automobile a person 

obtains useful power that turns the drive wheels and propels the vehicle. However, the 

person must pay for the energy added to the system in the form of gasoline. The 

following equation expresses the first law efficiency of a heat engine:

Workout 10,
7 / = —   (2 -1 2 )

Heat ̂

Where:

Work out = Power generated by the system, IT

Heat m -  Energy flux added to the system, W 

Fuel cells do not differ in first law analysis from basic heat engines driving electric 

generators. The output power of the fuel cell is the electrical power produced while the 

energy flux added to the system is in terms of the product of the heating value and mass 

flow rate of hydrogen gas.

There exist two values for the heating value of hydrogen gas: lower heating values 

and higher heating values. The lower heating value (LHV) assumes that any water that is 

generated during the chemical reaction remains in the vapor state. The higher heating 

value (HHV) states that all of the water generated by the chemical reaction is condensed 

to liquid water. The following table provides the heating values for hydrogen gas from 

Srinivasan et al (1999).

Table 2.2: Heating values for hydrogen gas

HHV LHV

285,830 kJ/kmol 241,820 kJ/kmol

142,915kJ/kg 120,910 kJ/kg
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These heating values can be manipulated to produce units of Watts per standard liter per 

minute (W/slm), which are units convenient for this experiment. These units allow for the 

hydrogen flow rate measured in slm to be multiplied directly to determine the total energy 

in the stream. The following example shows the conversion of the HHV of hydrogen gas 

in units of kJ/kg to W/slm:

142915&/ 1% 2g \mole lmin )(1000A _ (2.13)
kg 1 0 0 0 # \mole 22 AL 60sec \kJ slm

A similar calculation yields the LHV of hydrogen gas to be 179.9 W/slm.

2.3.4 Second law analysis

The Second Law of Thermodynamics deals with the concept of entropy. In a 

sense, entropy is the measure of the “randomness” of a system. Molecules tend to move 

from a more ordered state to a less ordered state. This increases the randomness of a 

system, hence increasing its entropy. Entropy is also defined as the amount of energy that 

is not available to produce work in a thermodynamic process (Cengel and Boles, 1998). 

An ideal, or reversible process is where a system and its surroundings can be restored to 

their original states after the process has taken place (Moran and Shapiro, 1995). It is 

important to note that not only the process must be returned to its original state, but the 

surroundings must also be returned to their original state. Irreversible processes create 

entropy. An irreversible process is any process that cannot be returned to its original 

state.



47

Identifying the major sources of irreversibility for a system is important for 

streamlining performance. Equation 2.14 is the basis for the second law analysis portion 

of the energy balance:

= me se - m r s , ( 214)

Where:

m
jhj

Mass flow rate, —— 
sec

kJEntropy,
kg-K

Q r = Reversible heat transfer, negative if lost to surroundings,

kW
K

T -  Boundary temperature at which heat transfer occurs, K
kW 
KEntropy generation rate within the control volume,

The entropy generation rate, CTcv, increases for the control volume as the entropy

difference between the exit and the inlet increases for a given Q and as more heat is 

rejected from the system to the surroundings. The entropy generation rate equals zero if:

m■ ■s . - m r s , = } h 2 «  (2.15)
TI

This means that the process is reversible from the definition of entropy:

■dqr (2.16)
J T
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2.3.5 Second law efficiency

Unlike the First Law of Thermodynamics efficiency, the Second Law of 

Thermodynamics efficiency compares the ratio of actual work done by a system to the 

reversible work done by the same system. It is in essence comparing to similar types of 

energies to one another, or apples to apples. The first law efficiency analysis, Equation 

2.14, compares work out to heat energy into the system, or apples to oranges. The 

following equation shows the relationship between actual and reversible work:

nu = —  (2.17)
I V  rev

Where:

rjn = Second law efficiency, %

W act = Actual rate of work of the system, kW

W m = Reversible rate of work of the system, kW

The actual work done by the system is the work that is measured by a device. The

reversible work is the sum of all of the losses in the system in addition to the actual work.

2.3.6 Entropy of Mixing

The energy balance for the SERC fuel cell involved calculating the second law 

efficiency that included the entropy of mixing. This is the entropy that is generated when 

two or more streams mix together. Moran and Shapiro (1995) states an equation for the 

individual component of an ideal gas mixture as:

Si (T, Pi)= s° i (T)-R\n̂-̂-(2.18)
P re f

Where:

kJ
Si (T, p t ) = Entropy of mixture,

kmol - K
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^ kJ
s° i (T) = Entropy at reference state,

R = Universal gas constant,

kmol - K  

kJ
kmol - K

y. = Mole fraction of the stream

p  = Pressure of the mixture, bars

p nf = Pressure at reference state, bars

The entropy of mixing is then incorporated into an expression for availability (exergy), or 

the total potential to do work. A more detailed discussion of availability is given in 

Section 2.3.7.

The reversible work is calculated from a difference in availabilities and is given in 

Equations 2.21 and 2.22.

2.3.7 Availability analysis

Availability is defined in Jones and Dugan (1996) as the “maximum useful work 

that can be obtained from the system-atmosphere combination as the system goes from a 

given state to the dead state while exchanging heat with only the atmosphere.” He states 

that it is important to realize that availability is a function of both the local atmospheric 

pressure and temperature as well as the properties of the system (Jones and Dugan, 1996). 

The dead state (properties that have a “o” in the subscript) that Jones and Dugan (1996) 

refers to is the state of the surroundings at standard atmospheric temperature, 25° C (77° 

F) and pressure, 101.3 kPa (14.7 psia).

Availability, also known as exergy, must be calculated for each stream entering, or 

exiting a system. The following equations show the availability for both inlet and outlet 

streams to a system, as well as the change in availability:

'P, = »,[/»,- h 0 - T 0( s , s oy\ (2-19)
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¥ ,  = m,[he - h a -  T0(se -s0)] (2 .2 0 )

A ¥  = ¥ , - ¥ .  (2 .2 1 )

Where:

XF ,, = Availability flux of a stream in the system, kW

kg
m = Mass flow rate of a stream in the system,-----

sec

hje0 = Enthalpy of a stream at the inlet, outlet, and reference state

kJ
in the system, —  

kg

To = Reference temperature of the surroundings, K

sjeo = Specific entropy of a stream at the inlet, outlet, and

• * kJreference in the system, --------
kg-K

The above availability equations take enthalpy and entropy into account for each energy 

stream in the system. The energy balance for the SERC fuel cell used the following 

equation to define the amount of reversible power generated by the system. All streams in 

the system must be summed to obtain the reversible work:

1T w = I ( vF i- 4 ' , )  + S(1- ^ - ) 0 r (2.22)

Where:

Wrev = Reversible power of the system, kW

VF,« = kJ
Availability of a stream in the system, —

kg

T. = Ambient temperature, K

Tk - Surface temperature at the heat transfer boundary, K

Qn = Heat transferred to the system, k W ,
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The second half of the equation that involves the summation of temperatures represents 

the total recoverable energy to the system if all of the heat transfers across the system 

boundary were recovered with a Carnot engine. Note that for the availability analysis, the 

kinetic and potential energy terms are neglected.

2 .3 .8  Standard fuel cell example

In some thermodynamics textbooks a basic fuel cell example problem is reviewed. 

The fuel cell has hydrogen and oxygen as reactants and liquid water as the product. Both 

the products and the reactants are at 25°C and 0.1 MPa (standard temperature and 

pressure). Under these conditions the enthalpy change in the system is the enthalpy of

formation of liquid water vapor, h° f  = -285,830 kJ/kmol. The reversible work of the 

system is defined as the change in Gibbs free energy between the reactants and the 

products, or the change in availability:

AG = A H -TA S  (2.23)

The entropy terms for oxygen and hydrogen is found in standard gas tables. The liquid 

product water entropy is calculated by using steam and gas tables. These values lead to a 

reversible work 237,200 kJ/kmol. Dividing the reversible work by the enthalpy of 

formation of liquid product water yields the second law efficiency of the standard fuel cell 

system of 83 percent (Appleby and Foulks, 1989).

This example problem has different conditions then those in our test because the 

product stream exited the SERC stack at 60°C, a DI cooling loop removed heat from the 

system, hydrogen was frequently purged, and nitrogen and water vapor were also present 

in the inlet oxidant stream.
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2.3.9 The Carnot Efficiency

An important fact about fuel cells is that they are not limited by the Carnot 

efficiency because they are not heat engines. A fuel cell converts fuel directly to electricity 

by an electrochemical reaction. The fuel cell skips the step taken by most electrical 

generation processes which convert the fuel into heat and mechanical energy and then into 

electrical energy. The elimination of the middle step means that fuel cells are not heat 

engines. The Carnot efficiency is based on heat engines absorbing heat from a high 

temperature source and rejecting it to a low temperature sink. The Carnot engine can also 

operate in a reversed fashion, acting like a refrigerator. Figures 2.8 and 2.9 show the 

Carnot cycle operating as a heat engine and a refrigerator:



Hot Reservoir

Oh

Cold Reservoir

Heat Engine
I

Qc

Work

Figure 2.8: Carnot Heat Engine

Hot Reservoir

:zr s :
Qh

Refrigerator
<

-----------

V

\ i

Work

Figure 2.9: Carnot Refrigerator
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CHAPTER 3

3 RESULTS

3.1 Energy balance

Every mass and energy stream for the fuel cell was dealt with individually, 

analyzing the characteristics and properties of each flow. The first step was to identify all 

streams entering or exiting the fuel cell system control volume. The control volume for 

the energy balance is drawn only around the fuel cell stack (Section 2.1.1). There are a 

total of three streams entering the control volume for the fuel cell system: hydrogen gas 

inlet, de-ionized water inlet, and air inlet. Conversely, there are five streams leaving the 

control volume: hydrogen purge, de-ionized water outlet, air outlet, liquid water, and 

electrical power out. There are also losses to the surroundings through radiation and 

convection. The energy balance calculations were first based on an experimental load of 

2700 W, which is one of the power ratings for a five-power run. The calculations were 

then expanded to include other loads. For the purposes of this thesis, the electrical 

efficiency of the fuel cell is the gross efficiency unless otherwise stated.

3.1.1 First law analysis

The first step of the energy balance was to perform a first law analysis of the fuel cell. 

This analysis was performed using experimental data for a known gross electrical power 

level to calculate the energy fluxes entering and exiting the fuel cell system. A more 

detailed description of the energy flows for the first law analysis is presented in Equation

3.1:

JV  elec H hz ~ H  p u r g e Dlloop“  motstatr convection radiation

It is common in thermodynamics to solve for the power generated by a system by using 

the known energy fluxes and heat transfers in and out of the system. In this case the 

electrical power generated by the system was twice measured independently to excellent
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accuracy (less then ±1 percent). Placing the experimental values of energy fluxes and the

electrical power into Equation 3 .1 verified the first law of thermodynamics. The H  terms

are enthalpy fluxes entering or exiting the system, the Q terms are heat transfers to the

surroundings, and the W term is the gross electrical power generated by the fuel cell. 

Figure 3.1 shows all of the energy fluxes associated with the SERC fuel cell energy 

balance. Note that the heat transfer to the surroundings by radiation and convection are 

shown entering the system, but their signs are corrected in Equation 3.1.

convection radiation

Figure 3 .1 : Schematic of the fuel cell system used in the energy balance

If for some reason it is impossible to measure the electrical power of the fuel cell 

system it could be calculated using known energy fluxes for electrical power generation 

levels.

The first calculation for the first law energy balance was to find the energy flux 

that was added to the fuel cell’s humidification section. Evaluating the humidification
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section is important even though the humidifier is located within the control volume in 

order to determine the heat flow. Determining the amount of water vapor exiting the fuel 

cell stack is critical for determining the mass balance of water in the system. DI water is 

evaporated from the cooling loop to humidify the inlet air to the fuel cell to 1 0 0  percent 

relative humidity. At 60°C the difference in the number of moles of water vapor entering 

the system in the ambient air and exiting the humidification section is equal to the number 

of moles of water that were removed from the DI water loop for the humidification.

The next calculation was to determine the amount of oxygen consumed in the 

chemical reaction to produce water and electricity. The amount of oxygen consumed in 

the reaction was determined from a balanced chemical equation. The underlying chemical 

equation for the SERC fuel cell using air as the oxidant states:

H 2 +0.5(0, +3.76AC) —» H 20 (l)  + 4.7N2(3.2)

And for a stoichiometric airflow rate of 2.5, or 250 percent theoretical air:

H 2+1.25(0, +3 76AC) —» H 20(l) + 0.75O2 +4.7 (3.3)

For every mole of hydrogen that enters the system, there must be 1.25 moles of oxygen 

entering to complete the reaction at 250 percent theoretical air. There are also 0.75 moles 

of oxygen leaving the system in the excess air meaning that 60 percent of the oxygen 

entering the system leaves without being reacted in the fuel cell. The total volume 

reduction of air flowing through the fuel cell was also calculated. According to Moran 

and Shapiro (1995) the earth’s atmosphere contains 21 percent oxygen on a molar basis. 

Hence, for every mole of hydrogen entering the system there are 5.95 moles of air entering 

the system. Equation 3.4 shows that 5.95 moles of air enter the system and 5.45 moles 

exit the system. Dividing these two numbers means that 92 percent of the total air volume 

entering the system exits the system.

The balanced chemical reactions were also used to find the amount of product 

water produced by the fuel cell. Since the incoming air is saturated in the humidifier, the 

water created in Equations 3.3 and 3.4 was a liquid product. Every mole of net hydrogen 

that entered the system (the purged hydrogen does not react) produced a mole of liquid
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water. The other liquid water exiting the fuel cell was from the volume reduction of air 

exiting the fuel cell due to the chemical reaction. The decrease in volume by 8 percent 

caused a reduction in the amount of water vapor that the outlet air could carry, therefore it 

was condensed and it exited the system as liquid water. This condensate stream also 

transferred heat out of the fuel cell system. The heat transfer was determined by 

multiplying the mass flow rate of the condensate liquid water exiting the system by the 

enthalpy of the liquid water at the exit temperature.

Heat transferred in the DI water heat exchanger was equal to the product of the 

mass flow rate of DI water through the fuel cell and the enthalpy difference across the 

exchanger. The energy flux that was removed from the system was a part of the amount 

of heat that was generated by the chemical reaction occurring within the fuel cell.

The energy flux added to the system was in the form of hydrogen gas. When 

hydrogen and oxygen react, energy is given off and liquid water is formed (using the 

higher heating value of hydrogen). The energy given offby the electrochemical reaction is 

the amount of energy that is supplied to the fuel cell stack by the incoming hydrogen gas. 

The energy term is multiplied by the mass flow rate of hydrogen to determine the amount 

of energy flux present in this stream. Hydrogen gas also exited the system during purges. 

The amount of energy flux leaving the system was calculated by multiplying the mass flow 

rate of the hydrogen purge by the higher heating value of hydrogen gas. The product 

water that is formed by the reaction also leaved the control volume of the fuel cell. The 

amount of energy flux carried away by the product water is accounted for in the 

electrochemical reaction, so it is not accounted for twice in the energy balance. Energy 

flux was also lost to the surroundings in the form of radiation and convection. This 

amount of energy flux will be discussed in more detail in Section 3.1.3.

The energy balance calculations are located in Appendix B for both the 1000 W 

and 2700 W case. The largest term in the first law analysis is the enthalpy flux of the inlet 

hydrogen stream. This value is the amount of energy flux that is given offby the reaction 

of hydrogen and oxygen to produce liquid water.
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Summary sheets of the energy balance are given in Figures 3.2 and 3.3 for the 

1 0 0 0  W and 2700 W experimental power levels. These figures show the various 

temperatures, pressures, and flow rates throughout the system along with the calculated 

gross first and second law efficiencies. The summary sheet can also be adjusted to 

calculate the efficiencies of other electrical power levels. See the subsequent discussion 

for more details about these figures.



Energy Balance Summary Sheet 
SERC Fuel Cell

Free Stream Temperature | 25 | deg C
298 K

Heating Value of Hydrogen Experimental Electrical Power Generated 1000 W
212.7 | W/slm First Law Efficiency = 54.45 %

Error in measurements = 65 W

Reversible Power Generated = 1280 W
Second Law Efficiency = 78.10 %
Irreversibility = 280 W

W

deg C 
% RH 
bars

deg C

Figure 3.2: Summary Sheet for Energy Balance



Energy Balance Summary Sheet 
SERC Fuel Cell

Stoichoimetric Air Flow rate

C 2.5

Free Stream Temperature

j | -69 | W
Qdot rad

30
25

60
100

1.013

55

Volumetric flow rate of D1 cooling water 
4.7 | 1/min

Heating Value of Hydrogen 
212.7 | W/slm

I 25 \ deg C
298 K

| -41 | W
Qdot conv

Humidiflcation Section

slm H2 inlet ---- ► /
deg C /

SERC Fuel C ell
deg C Outlet air < Fuel Cell
%RH \
bars

| deg C DI water inlet — ►

I

->  Wdot electrical L 2700
Experimental

Inlet air

DI water outlet

25
20

1.135

Outlet air from the humidifier

H2 purge Product water
60 deg C 

%RH100
0.0335 mol/sec

Experimental Electrical Power Generated 2700 W
First Law Efficiency = 42.71 %
Error in measurements = 154 w

Reversible Power Generated = 4988 w
Second Law Efficiency = 54.13 %
Irreversibility = 2288 w

W

deg C 
% RH 
bars

degC

Figure 3.3: Summary Sheet for Energy Balance
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A gross experimental electrical power level of 2700 W from a five-power run was 

chosen for the fuel cell and the values for energy fluxes in Equation 3.1 were calculated 

based on experimental values for that power level. There is a slight difference in the 

numerical values for the right and left hand side of Equation 3.1. This difference stems 

from the experimental error in the test bench. By adding an error term to Equation 3.1, 

the amount of error associated with each power level is documented.

W  elec-  H  H  ̂ -  H  purge ~  A HDlloop — A H moistair — H  condensate ~ Q ~ Q  radiation

(3.4)

Table 3.1 shows the amount and percent of error, or unaccounted energy flux for 

each of the power levels in a five-power run. This error is the amount energy flux that is 

not accounted for within the energy balance. The amount of unaccounted energy flux is 

determined by subtracting the experimental electrical power from the experimental energy 

fluxes. This values can be either positive, or negative depending on the size of the 

experimental energy fluxes. The percentage error for each power level is based on the 

total input energy flux to the test bench in the form of hydrogen gas.

Table 3.1: Unaccounted energy fluxes calculated by the energy balance

Power 3500 W 2700 W 2150 W 1470 W 1 0 0 0  W

Unaccounted 

Energy Flux 

(W)

130 154 12 - 1 2 65

Unaccounted 

Energy Flux

(%)

1.58 2.43 0.29 -0.44 3.54

The energy balance was also used to calculate the first law efficiency of the fuel 

cell, which used the experimental gross electrical power generation divided by the total 

inlet energy flux in the hydrogen gas. The electrical power of the fuel cell was taken from
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the computer controlled load bank. Table 3.2 shows the calculated first law efficiencies 

for the power levels in a five-power run. The measured power levels from the energy 

balance were used to calculate the first law efficiencies.

Table 3.2: Calculated first law efficiencies, using HHV, including purges, and neglecting

parasitic loads

Power 3500 W 2700 W 2150 W 1470 W 1000 W

First Law 

Efficiency

42.6% 42.7% 52.8% 54.4% 54.5%
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Figure 3 .4  shows a polarization curve for the SERC fuel cell stack on June 4, 1999 

and the distribution of energy fluxes within the system. The y-axis is labeled in terms of 

voltage per cell and there are 60 cells within the fuel cell stack. The distance between the 

x-axis and the polarization curve represents the amount of gross electrical power 

generated by the system. The distance from the polarization curve to the horizontal line 

labeled “1.25 volts per cell First Law LHV” is the amount of heat flux generated by the 

electrochemical reaction within the fuel cell that is not converted to electrical power. The 

DI cooling loop, the moist air stream, and heat transfers to the surrounding due to 

convection and radiation transports the generated heat flux across the system boundary. 

The distance from the 1.25 volts per cell line and the horizontal line labeled “1.48 volts per 

cell First Law HHV” is the heat of vaporization of water. The product water formed in 

the electrochemical reaction inside the SERC fuel cell is in the liquid form.
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Figure 3.4: Polarization Curve showing energy flux distributions
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The polarization curve shown in Figure 3.4 shows the relationship between 

electrical power generation and heat flux generation. At higher electrical power levels the 

electrochemical reaction is less efficient, so less of the energy flux in the hydrogen gas is 

converted into electrical power and more energy flux leaves the system in the DI loop, 

moist air stream, condensate, and losses to the surroundings. At lower electrical power 

levels the electrochemical reaction is more efficient and a smaller percent of heat flux exits 

the system in the above-mentioned streams.

Bar graphs were created to show the amount of energy flux entering and exiting 

the fuel cell system for a given electrical power level. The energy fluxes were calculated 

in the energy balance model using experimental data for a given electrical power level. 

Electrical power levels of 1 0 0 0  W and 2700 W will be compared in Figures 3.5 and 3.6.
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Figure 3.5: Energy Fluxes in and out of the Fuel Cell at 1000 W of Experimental Electrical Load



Po
we

r 
(k

W
)

Energy Fluxes in and out of the Fuel Cell System

Net Fuel in Wdot elec Delta Hdot DI Delta Hdot Qdot conv and Hdot condensate Unaccounted
moist air rad

Streams

Figure 3.6: Energy Fluxes in and out of the Fuel Cell at 2700 W  of Experimental Electrical Load
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From Figures 3.5 and 3.6, the largest form of energy flux input to the fuel cell test 

bench is the hydrogen gas stream, while the largest energy flux out of the system is the 

electrical power generated. For the 1000 W electrical power case the second largest form 

of energy flux leaving the system is in the form of the moist air, while in the 2700 W 

electrical power case it is the energy flux in the DI loop. For lower electrical power levels 

the temperature difference across the DI loop was very small compared to the temperature 

difference for larger electrical power levels. Figure 3.7 shows the temperature difference 

in the DI water as a function of electrical load.
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The cogeneration capability of a PEM fuel cell is important to raising the fuel 

utilization of the system. For the purpose of this thesis, the cogeneration efficiency is 

defined as being able to recover 1 0 0  percent of the heat flux available in the DI cooling 

loop. In other words, this means recovering all of the heat need to cool the exit DI water 

stream down to the inlet DI water stream temperature.

_ W * e + Q l

Icogen

e *

=  e ttc  Dlloop^ ( 3  5 )

I cozen v y

Recovering waste heat in the DI loop could raise the efficiency of the fuel cell 

stack by as much as 25 percent. Figure 3.8 shows the gross first law electrical efficiency 

and the cogeneration efficiency for the five-power runs. Recovering the energy flux from 

the DI loop will be the easiest form of heat recovery for the fuel cell system. The cooling 

loop could be used in conjunction with baseboards to provide space heating for a home. 

Another option for recovering this energy flux is to transfer it into water and wastewater 

lines in a village. This could possibly prevent the freezing of these lines during the 

wintertime and reducing the large cost of repair, or replacement. It is important to note 

that removing too much heat flux from the system in the DI loop can reduce the electrical 

efficiency of the fuel cell. The fuel cell stack must operate near 60°C to obtain the highest 

electrical efficiencies as shown in Table 3.2.
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3.1.2 Second law analysis

The second law efficiency of the fuel cell was calculated using the reversible rate of 

work obtained from the availability analysis. Stated in Section 2.3.5, the second law 

efficiency for a system was defined as the actual rate of work divided by the rate of 

reversible work. Using Equations 2.19 through 2.22 located in Section 2.3.7 the rate of 

reversible work for the system was calculated. The difference of availability fluxes of the 

streams entering the system to those leaving the system was the main part of the rate of 

reversible work. The reversible heat transfer term found in Equation 2.22 was small due 

to the low operating temperature of the fuel cell system. It is important to reiterate that 

the fuel cell stack is not a heat engine and its maximum efficiency is not limited by the 

Carnot efficiency.

The entropy generated by the fuel cell system is due to the inefficiencies of the 

electrode, catalyst, and electrolyte. These irreversibilities are carried outside the control 

volume of the fuel cell in the form of heat flux in the DI loop and moist air along with heat 

transfers to the surroundings due to radiation and convection. Figure 3.9 shows a 

polarization curve for the fuel cell. Each of the regions on the chart shows the distribution 

of energy fluxes and irreversibilities for the availability analysis.
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Stated in section 3.1.1, the difference between the HHV and the LHV is the heat 

of vaporization of water. The difference between the LHV and the horizontal line labeled 

“1.20 volts per cell Second Law” is a reversible heat transfer associated with the decrease 

in entropy from the formation of liquid water. This reversible heat transfer stems from the 

Gibbs free energy at 1 .2 0  volts per cell being less then the heating value because the 

entropy of the system is decreased. The ideal voltage based on the second law of 

thermodynamics is 1 .2 0  volts per cell for the SERC fuel cell under normal operating 

conditions. The polarization curve shows the actual open circuit voltage to be near 0.95 

volts per cell. This loss in potential is oxidation of the platinum catalyst on the cathode 

(Srinivasan et al, 1999), which create galvanic currents in the cathode and hence a lower 

voltage.

The mixing entropy of pure substances was accounted for in the availability 

analysis. Three streams in and out of the control volume were included in this analysis.

The oxygen and nitrogen present in the ambient air along with the portion of water vapor 

for 20 percent relative humidity were the three inlet streams. The 2 0  percent relative 

humidity of the inlet air was used because it is the set point for the UAF Energy Center’s 

air handling system and was measures in the lab. The three outlet streams were the inert 

nitrogen, the reduced oxygen from the chemical reaction and the water vapor present for a 

100 percent saturated vapor stream. The mixing entropies were calculated using Equation 

2.18. The pressure corrected entropy of each stream was multiplied by each individual 

molar flow rate to yield a result with units of Watts per degree Kelvin. The energy flux 

carried by each of these streams is taken from the first law analysis. It incorporates the 

product of the mass flow rate of each of these streams and their respective enthalpies. The 

availability flux of these streams is equal to the net enthalpy into the system minus the 

product of the reference temperature and the net entropy into the system. Equations 2.19 

through 2 .2 1  illustrate this calculation.

The entropies of the non-mixing streams, hydrogen inlet, hydrogen purge, DI 

water, and product water, were calculated using a standard set of thermodynamic property
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tables found in most thermodynamics textbooks. The heat flux carried by each of these 

streams was also taken from the first law analysis.

In the availability analysis (Appendix B) the entropy generation of the product 

water is explicitly stated as a separate stream. This differs from the first law analysis were 

the enthalpy flux of the product water did not appear as its own stream. The product 

water enthalpy was associated with the enthalpy of formation of the liquid water, which 

was also referred to as the energy flux added by the hydrogen gas. In the availability 

analysis both the hydrogen inlet stream and the product water were associated with 

separate entropy generation terms. The availability of the hydrogen stream entering the 

system was small because the enthalpy of the gas at standard conditions is zero. This 

value is actually larger then the availability in the formation of the liquid water since the 

enthalpy of formation of the water (-285.8 kJ/mole) has a large negative value. The large 

energy flux is due to the reaction of the hydrogen and oxygen to produce water. The 

availability of the product water contained the amount of energy flux provided to the fuel 

cell system by the hydrogen gas.

The reversible rate of work calculated for the energy balance at an experimental 

electrical power generation rate of 2700 W was 4988 W. This value represents the total 

potential for the system to produce power provided that all of the processes were 

reversible in nature.

Dividing the reversible rate of work by the actual rate of work produces, as shown 

in Equation 2.17, the second law efficiency for the fuel cell system. The calculated second 

law efficiency is listed in Table 3.3. These are gross second law efficiencies for the power 

levels in a five-power run. The second law efficiency terms were calculated from the 

energy balance using the experimental electrical power for the system and the calculated 

reversible rate of work.
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Table 3.3: Calculated second law efficiencies from the energy balance for various loads

Power 3500 W 2700 W 2150 W 1470 W 1000 W

Second Law 

Efficiency

52.3% 54.1% 6 6 .2 % 72.1% 78.1%

The second law efficiencies shown above are calculated using the gross 

experimental electrical power generated by the fuel cell as are the first law efficiencies. 

Table 3.3 shows that the gross second law efficiency decreases as the gross electrical 

power increases. The decrease occurs because the stack voltage drops as the electrical 

power increases. From the polarization curve, the further the stack voltage moves away 

from the ideal second law voltage, the smaller the second law efficiency. The same is true 

of the second law efficiency based on the net electrical power. The only difference 

between the gross and net second law efficiencies is that the net second law efficiency will 

always be lower then the gross second law efficiency.

A set of bar graphs was created to show the experimental electrical power and 

availability losses within the fuel cell system for the 1000 W and 2700 W experimental 

electrical power generation levels. Figure 3.10 and 3.11 are dimensionless charts that 

show the experimental electrical power as well as the amount of availability loss as a 

percent of the reversible power. The sum of all of these irreversibilities and the 

experimental electrical power is equal to one. These irreversibilities are generated from 

within the fuel cell stack by the electrode, catalyst, and membrane assemblies and exit the 

fuel cell stack in the form of heat flux. The experimental electrical power is shown on the 

chart, while the remaining bars show the amount of availability loss for each stream. The 

unaccounted availability is from the error on the test on bench in measuring the energy 

flux values.
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Figures 3 .1 0  and 3.11 show that the irreversibilities generated within the system by 

the electrode, catalyst, and membrane assemblies are removed from the control volume 

primarily by the DI loop and the moist air stream in the form of heat. Reducing the 

inefficiencies within the fuel cell stack is critical for increasing the system performance.

3.1.3 Convection and radiation losses

A model was created by Johnson (2000) to approximate the heat lost to the 

surroundings by convection and radiation. The model used correlations for convection 

and radiation losses found in Incropera and DeWitt (1996). Three different correlations 

for the convection losses from the fuel cell were used in the model to account for the 

different orientation of each surface of the stack. For the vertical surfaces, the following 

equation was used.

/  \ 2

Nui 0.825 + -
0.387/toL̂  

l + (^ 9 2 )% 6'
Pr

%27
(3.6)

Where:

jY Ul = Nusselt number based on height of the vertical surface

p a  ̂ = Rayleigh number based on height of the vertical surface

pr = Prandtl number

Correlations for the horizontal surfaces of the fuel cell were also used to obtain the 

Nusselt number. The Rayleigh number was found using the following equation:

gfi(Ts - T J L 3
RaL = (3.7)

va

Where:

f i

T.

Inverse of the film temperature, —
A.

Surface temperature, K
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T = Free stream temperature, K

I  = Characteristic length, height for vertical surfaces, m

m2
y = Kinematic viscosity, —

s

m2
a -  Thermal diffusivity, —

s

The Nusselt number was used in the following equation to obtain the convective heat 

transfer coefficient:

h= (3.8)

Where:
W

k = Thermal conductivity of the fluid,
in * K

The total convective heat transfer to the surroundings is described below in Equation 3.9:

= (3-9>

Where:

n  -  Heat transferred by convection to surroundings, W
convection

As = Surface area, m2

The radiation losses from the fuel cell stack involved a single correlation for all 

surfaces, regardless of orientation. The following equation describes the heat transferred 

from the stack to the surroundings:

Q r ^ on= ^ ( T ; - T j ) (3.10)

Where:

n  = Heat transferred by radiation to surroundings, W
radiation J

£ = Emissivity of the surface
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W
a  -  Stefan-Boltzmann constant, 5.67x1 O' 8 —-——

m

Surface temperatures of the fuel cell stack were required for both the convection and 

radiation calculations. The following table shows the measured surface temperatures of 

the fuel cell used to provide information for the model.

Table 3.4: Temperatures used in the convection and radiation model

Vertical End 

Plates

Side surfaces Top surface Bottom

surface

Ambient

37° C 37° C 47° C 37° C 2 0 ° C

These temperatures were experimentally obtained in the laboratory using a thermocouple 

and a small piece of insulation. The insulation was used to ensure that the thermocouple 

was measuring the surface temperature of the stack and not that of the ambient air near 

the stack’s surface. Each surface temperature represents an average temperature reading 

over that surface when the fuel cell operated at 2700 W of electrical power. It was 

observed that the temperatures used in the model were less than the originally estimated 

surface temperature of 60° C.

The correlations for convection and radiation losses from Incorpera and DeWitt 

(1996) used in the model produced a total loss to the surrounds of approximately 1 1 0 W. 

The system lost 69 W due to radiation and 41 W to convection. The radiation calculation 

was completed using an emissivity of 1. The end plates of the fuel cell were two pieces of 

a machined, gray polymer. Each of the other four surfaces consisted of graphite plates 

and clear polymer electrolytes. Incorpera and DeWitt (1996) state that the emissivity of 

polymers such as Teflon to be on the order of 0.9. The natural convection was the largest 

form of convective heat loss to the surroundings with forced convection losses estimated 

to be less then the natural convection losses.
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3.2 Five-Power runs

The five-power runs were the first means of fuel cell analysis used at the UAF 

Energy Center. The five different power levels used in these tests were points on the 

ohmic section of the polarization curve of the fuel cell. These power levels were held 

constant to insure that a state of thermal equilibrium was achieved. The steady state heat 

flux condition was held for at least 20 minutes on each power level. Testing of fuel cells 

was limited at the UAF Energy Center prior to June 1, 1999 because the resistive Simplex 

load bank used was limited to several resistance settings, which in turn limited the power 

levels that could be achieved. The simplex was unable to obtain the 3500 W test run for 

the five-power run. A computer controlled Dyna-Load load bank was purchased, which 

allowed researchers more freedom in experiments. The Dyna-Load was computer 

controlled through the Lab VIEW VI used to control the fuel cell. The Dyna-Load had a 

maximum power rating of 4000 W, which allowed for the operation of the fuel cell at 

3500 W.

3.3 Generating polarization curves

The UAF Energy Center purchased a computerized DC load bank for fuel cell 

testing. The load bank was computer controlled using a Lab VIEW VI. The VI allowed 

for the automated creation of a polarization curve for the fuel cell stack. Increasing the 

stack current by one ampere every second and recording the resulting stack voltage 

produced the polarization curve. The current was increased until the fuel cell exceeded a 

voltage safety limit. Concentration polarization was the reason for minimum cell voltage 

shutdown.
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3.3.1 SERC fuel cell polarization curves

Many polarization curves were generated over the course of the research. A 

polarization curve from a test run on June 4, 1999 is shown in Figure 3.12. Lines of 

constant power were added to the plot to easily identify the operating loads. These 

constant power lines were theoretically calculated by setting voltage time current equal to 

a constant. The polarization curve was produced at the end of a five-power run and a 

stoichiometric airflow of 2.5. Producing polarization curves after five-power runs in the 

lab ensures that the fuel cell stack is warm.
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3.4 Efficiency curves

The efficiency curves are plotted from the same data set used to create the 

polarization curves, but also include the losses due to parasitic loads. The curves shown 

in Figure 3.13 show the relationship of net system efficiency versus the net electrical 

power produced from the fuel cell. The control volume for this analysis includes the fuel 

cell stack as well as the DI pump and the air blower. There is one sharp drop in this 

efficiency curve. This drop is due to the hydrogen purge required for system operation. 

From Figure 3.13 at low net electrical power levels, below 400 W, the system efficiency is 

poor due to the parasitic loads of the centrifugal bower and the DI water pump.

Decreasing the amount of parasitic power required by the system would grant the fuel cell 

a higher net electrical efficiency over a larger range of electrical powers. The net electrical 

output power of this fuel cell should always be greater then 400 W to obtain high net 

electrical efficiency. Extensive fuel cell testing was not performed on the electrical power 

levels lower than 1000 W because the Simplex resistive load bank prevented operation at 

low electrical power levels.

The original data the five-power runs were obtained on January 13, 1999. Testing 

over a wide range of low electrical powers was not completed until the addition of the 

Dyna-Load bank to the laboratory on June 1, 1999. The data used to construct the 

efficiency curve was gathered on June 4, 1999.

Figure 3.13 shows that the net electrical efficiency increases sharply from 0 to 42 

percent over a net electrical power range of 0 to 400 W. From 400 W to 1000 W the 

curve increases slightly up to an efficiency of 44 percent. Increasing the power from 1000 

W to 2900 W shows a linear decrease in the efficiency of the fuel cell system. This is from 

the ohmic polarization region on the polarization curve that the fuel cell is operating 

within.
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Towards the upper end of the power curve, around 2900 W, it was observed that 

as the net electrical efficiency dropped, the net electrical power also dropped. There were 

two reasons for degradation in power. The first reason is due to concentration 

polarization. This is the main reason for the reduction in system performance at the upper 

end of the efficiency curve. As described in Section 2.2.3, concentration polarization is 

due to mass transfer limitations on the cathode.

The second reason is due to the parasitic loads on the system. The centrifugal 

blower used on the test bench to provide air to the cell required more power as the load 

increased. When the fuel cell was operating at a load of 2700 W, the blower was 

delivering approximately 179 slm of air to the SERC stack. This flow rate corresponded 

to a parasitic load on the system of 300 W. The parasitic blower load increased rapidly to 

over 450 W for a 3500 W test run. The blower acted as if the slight gross electrical power 

increase caused a step function increase in the amount electrical power required to provide 

air to the stack. The blower power increased faster then the gross electrical power output 

casing a drop in net electrical efficiency.

The SERC fuel cell test bench measured two types of parasitic loads, those for the 

DI water pump and the centrifugal blower. The loads were measured with Omega 

wattmeters and monitored on the Lab VIEW VI. The DI water pump constantly 

consumed approximately 50 W of power. The centrifugal blower consumed a wide range 

of power, from 20 W for open circuit to over 300 W for a 2700 W electrical power 

generation run at 250 percent theoretical air.
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CHAPTER 4

4 DISCUSSION

4.1 Energy balance

The energy balance was performed to account for all of the energy fluxes that 

enter or leave the control volume of the fuel cell. These energy fluxes show how the inlet 

hydrogen fuel is utilized. Knowing the amount of energy flux in each stream is also 

important for the cogeneration aspects of the system. If useful heat flux is recovered from 

the fuel cell, then the first law efficiency of the fuel cell increases.

Selecting the proper reference state for the energy balance calculations was critical 

for accurate results. Both steam tables and gas tables were used throughout the 

calculations. The steam tables have a reference state at the triple point of water at a 

pressure of 0 .0 1  bars and temperature of 0.01 °C, where the gas tables have a reference 

state at a pressure 0.1 MPa and a temperature of 25°C for diatomic molecules. Both 

tables could be used in the same calculation provided that they were corrected to have the 

same reference state. The main area of concern with the calculation with respect to the 

reference state was the determination of the product water entropy exiting the fuel cell.

4.1.1 First law analysis

The energy flux added to the fuel cell from the hydrogen gas was calculated using 

the gas tables and the enthalpy of formation. Reacting hydrogen and oxygen to form 

liquid water is an exothermic chemical reaction. The energy was calculated by the 

following equation:

V  = »H,0 * (*V + AA)„,„ -  *(*V + AA)„, + * (*V + Ah)0> ] (4 1)

Where:

n = Number of moles of each substance, kmol



89

  kJ
h,° = Enthalpy of formation, ------ -
f  kmol

tJi = Enthalpy difference from present state to the reference

The enthalpies of formation of hydrogen and oxygen are zero by definition. All diatomic 

molecules have zero enthalpy of formation (Moran and Shapiro, 1995). The enthalpy of 

the water is now a function of the number of moles on the fuel. This enthalpy, hĤQ, is

then multiplied by the molar flow rate of the hydrogen gas to obtain the amount of energy 

flux added to the system. This is equivalent to finding the heating value of a fuel and 

multiplying by the mass flow rate. The amount of energy flux carried out in the product 

water is accounted for within the chemical reaction of hydrogen and oxygen and is not 

duplicated in the first law energy balance.

4.1.2 Humidification and water recovery

The energy flux generated by the chemical reaction of hydrogen and oxygen was 

used throughout the fuel cell. Evaluating the humidifier is important even if the 

humidification section is not at the boundary of the control volume. This technique was 

the only way to calculate the amount of water vapor added to the air stream in the fuel cell 

for the experimental set-up. The humidification section requires a portion of this energy 

flux to evaporate DI water into the air stream to raise its relative humidity to 100 percent. 

For 2700 W of electrical power generation, the humidifier requires approximately 1250 W 

of heat flux. Operation of the SERC fuel cell required the air stream to be nearly 100 

percent saturated with water vapor. The exit air stream from the fuel cell stack carries out 

the product water generated from the chemical reaction and the additional condensate for 

the fuel cell stack. Recovering the energy flux from this stream and condensing the two- 

phase flow are important for applications in rural Alaska. Water is a valuable commodity 

in rural Alaska, especially in regions of extreme permafrost where wells cannot be drilled.
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There are two possible approaches to recovering this energy flow. The first option 

is to condense the vapor from the outer air stream by the use of an air-to-water heat 

exchanger. The cooling water could come from a water or sewer line in the village. The 

heat transferred to these lines could prevent freezing during the winter months. The 

second option was to preheat the inlet air with an air-to-air heat exchanger. Some of the 

water vapor in the outlet air stream would condense and preheating the air would reduce 

the energy flux required by the internal humidification section.

4.1.3 Cooling

The fuel cell stack transfers 1524 W to the DI cooling loop at a 2700 W electrical 

power level. A mixing valve, similar to one found in a bathroom shower, was used to 

control the outlet water temperature of the DI heat exchanger. Larger temperature 

differences across the heat exchanger result in larger amounts of heat flux removed from 

the fuel cell stack. The DI heat exchanger provided the largest source of energy flux for 

cogeneration. Using the cooling loop for space heating applications in a home, or a small 

building would increase the fuel utilization of the fuel cell system and raise the overall 

efficiency.

4.1.4 Hydrogen purges and heat transfer to the surroundings

The amount of energy flux leaving the system in the form of hydrogen purges is 

accounted for by multiplying its flow rate by the higher heating value of hydrogen gas. 

The gas table enthalpy is not used in this calculation because the purged gas is not 

included in the chemical reaction to form liquid water. The net hydrogen gas flow is fuel 

which reacts to form the liquid product water. The purged hydrogen was not recovered 

for the purpose of this experiment. Increasing the net electrical efficiency requires 

collecting this mass flow and returning for use in the fuel cell, or other parts of an 

integrated system, like a reformer.
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The heat transfer to the surroundings due to convection and radiation were small 

terms, the sum of which was approximately 110W. These losses to the surroundings 

could serve as useful heat if the fuel cell was placed inside a residence to generate 

electrical power and home heating.

4.1.5 Electrical power and the first law efficiencies

The electrical power of the fuel cell is measured experimentally in two, 

independent ways. The first was from the digital reading on the load bank and the second 

was from the product of the stack current from the shunt and the stack voltage. When the 

experimental value of the electrical power and the calculated values of the energy fluxes 

for the fuel system are placed into equation 3.1, the error associated with the 

measurements on the test bench is calculated. The error values were recorded as the 

unaccounted energy flux for the fuel cell system in Table 3.1. The largest error term 

present is 154 W at 2700 W of electrical power. This leads to an error of 2.4 percent 

when the 154 W is divided by the amount of net energy flux added to the system as 

hydrogen, 6321 W. Section 4.1.7 shows the experimental error for the fuel cell test bench 

was 2 percent. These two error calculations match each other closely for all of the 

electrical loads in the five-power runs.

The first law efficiencies of the fuel cell stack in Table 3.2 show that the gross 

electrical efficiency increases with a reduction in electrical power production. This 

increase is due to increased cell voltage, and is reflected in the first law voltage efficiency 

equation. At low electrical power levels, the voltage of the fuel cell stack is higher then at 

higher electrical loads. In turn, the fuel cell stack has a voltage that is closer to the first 

law ideal potential of the stack based on the higher heating value of hydrogen gas. The 

net electrical efficiency at low power levels, below 150 W, is equal to zero, or a negative 

value due to the parasitic loads. This shows that there is a limit on net electrical efficiency 

as the electrical power generation is reduced.
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Observing the net electrical efficiency from Figure 3.12, the fuel cell should be 

operated between 500 W and 2900 W net power. At net electrical power levels below 

500 W the system parasitic loses reduce efficiency. Operating above 2900 W net power 

reduces the system efficiency due to concentration polarization. The net electrical power 

actually reduces the fuel cell operates further out on the polarization curve due to the

concentration polarization.

Figures 3 .5 and 3 6 show the energy fluxes entering the exiting the fuel cell for the 

1000 W and 2700 W gross experimental power levels. These bar graphs show that the 

energy flux into the system in the form of net hydrogen supplied to the test bench equals 

the energy flux out of the system which includes the calculated error, so the First Law of 

Thermodynamics is not violated. Note that the largest source of energy flux entering the 

system is in the form of net hydrogen gas, while the largest flux leaving the system is the 

electrical power produced by the fuel cell. These charts also show the amount of energy 

flux present in the DI cooling loop, moist air stream, condensate, convection and radiation 

losses, and the unaccounted error. In order to increase system efficiency, cogeneration 

must be implemented to recover heat in the DI loop and the moist air stream.

4.1.6 Second law analysis

The reversible rate of work calculated for a system is the maximum potential to 

generate power if the system is reversible in nature. The reversible rate of work is an ideal 

work and cannot be obtained in actual practice. As stated in Section 2.3.7, the reversible 

rate of work is the difference in availabilities plus the sum of the reversible heat transfer 

terms whose temperature difference could drive a Carnot cycle to produce power. The 

availability of each stream was calculated for the fuel cell system. The oxygen, nitrogen, 

and water vapor were combined and referred to as moist air. The entropy for the moist air 

was obtained from the entropy of mixing calculation described in Section 2.3.6.

The entropy of the product water was found by using both the gas and steam 

tables. Since the liquid water was formed near atmospheric pressure, a pressure
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correction term was incorporated into the entropy calculation. Once the entropy was 

found from the gas tables at the appropriate temperature and pressure, this value was then 

used with the steam tables to obtain the pressure corrected entropy at the proper 

temperature. The total availability of the product water was corrected for the net 

hydrogen flow through the system. Since only 90 percent of the hydrogen entering the 

system for the 2700 W power level reacts to form product water, the availability was 

multiplied by 0.9 to correct the net hydrogen flow. This value, referred to as the fuel 

utilization, varied between electrical power loads. Dividing the hydrogen purge rate by 

the gross hydrogen flow rate and subtracting this value from 1 determined the fuel 

utilisation Since purges occur once a minute, the amount of hydrogen leaving the system 

and not reacting to form product water was scaled to represent a constant flow rate over 

the test time. The entropy of the DI water and the condensate was determined from the 

steam tables and the entropy of the hydrogen gas was determined from the gas tables.

In the availability analysis, the product water has a large negative availability 

compared to the hydrogen gas stream. This is compatible with the first law analysis where 

the energy flux for the formation of the product water is a large negative value (-285.8 

kJ/mol). In this analysis the energy flux of the product water is hidden within the term 

associated with the energy flux added to the system. This term is also referred to as the 

energy flux of the fuel. Since hydrogen gas enters the system at 25°C, it has zero enthalpy 

for the availability analysis. However, the enthalpy of the product water is a large 

negative value. Even though the enthalpy of the hydrogen stream entering the fuel cell is 

zero, it still has a higher enthalpy then that of the formation of the product water. As 

stated above, the fuel utilization value was multiplied by the availability of the product 

water stream to account for the purged hydrogen not reacting inside the fuel cell to 

generate liquid water.

Summing all of the availabilities in the system produced a rate of reversible work 

for the fuel cell o f4988 W for a 2700 W electrical power generation level. The difference 

between the rate of reversible work and the actual rate of work is the total system
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irreversibility. This irreversibility is measured in terms of watts and is the sum of all the 

entropy generation terms multiplied by the reference temperature of 298 K. Reducing the 

amount of entropy generated by the system would reduce the overall irreversibility of the 

system. These irreversibilties are generated within the fiael cell stack by the chemical 

reactions reactions and transport on the electrodes, catalytic surfaces, and membranes. 

These irreversibilities are associated with electrode kinetics. There are two other forms of 

entropy generation for the system that are external to the electrochemical reaction 

surfaces. One of them is the entropy generation for the pressure drop across the stack.

The inlet air supplied to the stack enters at 1.135 bars and exits at 1.013 bars. This small 

pressure decrease causes a very small irreversibility. The second type of entropy 

generation not associated with kinetics is the mixing of pure substances. The nitrogen and 

oxygen present in the ambient air mix together with water vapor from the humidification 

section of the fuel cell stack.

Reducing the irreversibilities within the fuel cell stack due to electrode kinetics is 

essential to increasing system performance and is the job of fuel cell developers. 

Decreasing the irreversibilities will increase: the actual power generated, the first law 

efficiency, and the second law efficiency.

Figures 3.9 and 3.10 show the calculated electrical power and the irreversibilities 

of each stream within the fuel cell system as a fraction of the reversible power. The 

stream labeled “Air, net H2, and pw” is a combination of four streams in the fuel cell 

system for 1000 W and 2700 W. The air term is the amount of energy flux removed from 

the system that was formed by the internal irreversibilities of the fuel cell stack in the form 

of the moist air flowing through the system. The net H2 term is the net hydrogen flow to 

the system. This value accounts for the purged hydrogen not reacting in the system. The 

entropy generation term for the net hydrogen is a negative number due to the large mass 

flow rate entering the system relative to the small amount leaving the system through the 

purge. The “pw” term is the amount of irreversibility generated within the fuel cell that 

was carried across the control volume in the form of heat flux within the product water
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stream. These four streams were summed together to produce a net positive irreversibility 

in the form of heat flux rejected. The condensate stream for the fuel cell has a separate 

availability fraction even though physically the stream leaves the fuel cell stack in the moist 

air exhaust. Summing the fractions of each stream in Figures 3.9 and 3.10 show that the 

sum is equal to one. This is used as a check to verify that all of the irreversibilities in the 

form of heat fluxes are accounted for within the energy balance.

Figure 4.1 shows the irreversibility in the form of heat flux removed from the 

system in the DI loop as a percentage of reversible power. This figure shows that as the 

electrical power increases, so does the amount of irreversibility in the form of heat flux 

removed from the system in the DI loop.
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The maximum possible second law efficiency for the fuel cell system is the derived 

from the second law voltage efficiency in Equation 4.2. The second law efficiencies 

calculated by the energy balance can be checked by the second law voltage efficiency 

equation. The calculation of voltage efficiency was relatively straightforward. Appleby 

and Foulkes (1989) states that this efficiency is the fuel cell stack voltage divided by the 

total ideal stack voltage. The equation is:

The value of 1.23 is the ideal voltage per cell as defined by Gibbs free energy for a 

cell using hydrogen and oxygen in their standard states (Appleby and Foulkes, 1989). The 

calculation of this value of 1.23 volts per cell is located in Appendix A, which involves 

dividing the Gibbs free energy by the number of electron moles and Faraday’s constant. 

The calculated value of the ideal voltage for the SERC fuel cell is also located in Appendix 

A. This new value is 1 .2 0  volts per cell, which accounted for the higher temperature of 

the products from the reactants and the humidification of the inlet air stream. These two 

calculated values are different because in our experiment there is entropy of mixing plus 

the temperature of the products is greater then the temperature of the reactants. The 

value of 1.23 volts per cell from the Gibbs free energy does not account for the water 

vapor mixed with nitrogen and oxygen exiting the fuel cell in addition to the non- 

isothermal condition of the stack. The value of 1.23 volts per cell is only valid for fuel 

cells in which the reactants and the products each have the same temperature of 25°C.

This is not the case for the SERC fuel cell where the products exit at 60°C. This voltage 

efficiency neglects the fact that the SERC fuel cell only utilizes 90 percent of its hydrogen 

at 2700 W (10 percent, or 3 slm is lost to hydrogen purges), so a new equation was 

derived:

(4.2)

Where:

N

V is ta c k
Actual stack voltage, V 

Number of cells in the stack
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0*9 * Vstack (A
n“ = T 2 0 ^V~ (4'3>

The “N” used for this equation was equal to 60, the number of cells in the SERC fuel cell 

stack. Note that Equation 4.3 is only valid for the 2700 W electrical power run. For this 

electrical power run, the second law voltage efficiency corrected for fuel utilization is 

53.3%. The energy balance produced a second law efficiency of 54.1% for the 2700 W 

electrical power level. These two values differ by 1.5% and were within the experimental 

error on the test bench.

4.1.7 Error Analysis

An experimental uncertainty occurs every time a data point is taken from a 

laboratory instrument and calculated errors occur every time an assumption is made. As 

stated in Section 2.1.3, each of the instruments used on the test bench were calibrated 

multiple times. Using the error found through calibrations at the Energy Center, this 

percentage error in each measurement sensor is multiplied by the total power associated 

with the relevant flow stream, i.e. the thermocouples located on the DI water heat 

exchanger measure the temperature difference across the unit. Since the heat exchanger 

removes heat from the system, the thermocouples are necessary to measure the amount of

energy leaving the system.

Table 4.1 presents such estimated errors in watts for a five power run conducted

on May 17, 1999 for an electrical power output of 2.7 kW.
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Table 4.1: Error analysis for the fuel cell test bench when operating at 2700 W

Device UAF

Calibration

Error

Units Error Measured

(Watts) (Watts)

MKS flow 

meter

0.5% 6321 ±31.6 Energy flux 

carried by H2

Proteus flow 

meter

1% 1524 ±15.2 Energy flux to 

DI loop

Hastings flow 

meter

1% 1224 ± 1 2 .2 Energy flux to 

humidify inlet 

air

DI Exchanger 

Thermocouples

± 0 .1° C 1524 ±60 Energy flux to 

DI loop

Current 1% 2700 ±27 Electrical

power

Voltage 1% 2700 ±27 Electrical

power

Total Test 

Bench Error

±173

The total error estimated for the test bench is ±173 W at an electrical power level 

of 2700 W. The largest power measured on the test bench is the inlet hydrogen stream 

with 6321W. The division of these two values produced an experimental error for the test 

bench of ±2.74 percent.

RASMUSON LIBRARY
UNIVERSITY OF ALASKA FAlPRANk"
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4.2 Polarization curves

The polarization curve shown in Figure 3.12 displays a long ohmic polarization 

section. This long ohmic section was consistent with polarization curves given for PEM 

fuel cells by Srinivasan et al (1999). Typically, PEM fuel cells have the largest ohmic 

region in the polarization curves of all fuel cells.

The fuel cell stack should be warm to obtain good polarization curves. This meant 

that the fuel cell stack would run at full power prior to the polarization run. Preheating 

the fuel cell for polarization runs allowed the stack to operate further out on the 

polarization curve for longer periods of time. This allowed researchers to observe the fuel 

cell’s performance under operating conditions, while eliminating the transient conditions 

of bringing the fuel cell up to operating temperature.

Polarization curves also show the distribution of energy fluxes for a fuel cell. As 

stated in Sections 3.1.1 and 3.1.2 and seen in Figures 3.4 and 3.9, the different regions of 

the polarization curve represent energy flux, irreversibility, and electrical power. A 

voltage on the polarization curve can be correlated into an energy term by using a 

conversion factor. .An example of this calculation is shown in Appendix A.

4.3 Efficiency curves

Efficiency curves provide a great deal of information about fuel cell systems.

These curves show the maximum operating efficiency, optimal operating range, and 

maximum power generation capability. The frequent hydrogen purging that was required 

for the fuel cell system operation caused the sharp drop in the efficiency curve shown in 

Figure 3.13. While operating at full power, 3000 W, the system requires a one second 

hydrogen purge every minute. The purge eliminates impurities that may accumulate on 

the anode of the fuel cell and impair performance. Such impurities may be hydrocarbons 

and water molecules.

The linear relationship derived for hydrogen flow versus current in Section 2.1.4 is 

used to reconstruct Figure 3 .13. This relationship eliminates the sharp drop in efficiency
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caused from the purge by incorporating the amount of purged hydrogen into the overall 

hydrogen flow rate to the system. As stated before, using this linear relationship to 

calculate the hydrogen flow rate to the fuel cell is a way to verify the calibration for the 

MKS hydrogen mass flow meter.

Figure 4.2 is the corrected efficiency curve that accounts for the hydrogen purge. 

This graph still includes the parasitic losses of the blower and the DI water pump so it 

represents a net efficiency. Figure 4.2 is to be contrasted to Table 3.2, which states the 

gross electrical efficiency. Compared to Figure 3.13, this new plot of net electrical 

efficiency versus net electrical power shows a smoother curves resulting from the 

averaging of the purge intervals. The hydrogen purge of the fuel cell was measured by 

using a bucket of water and a beaker. The beaker was submerged in the bucket of water. 

The air that was trapped between the beaker and the water was removed and the hydrogen 

purge line was fed into the beaker, beneath the water. The purge valve was opened for 

one second, the same time required to operate the fuel cell, and the volume of hydrogen 

was recorded. This value was converted into standard liters per minute of hydrogen gas 

and added to the overall flow rate of hydrogen entering the system.

Section 3.4 states that the right hand side of the efficiency curve is a result of 

concentration polarization and parasitic loads. This still remains true for the purge 

corrected chart. The roll-off in system performance is mainly caused by concentration 

polarization. The reaction on the cathode cannot take place fast enough to satisfy the 

electrical demand of the fuel cell. The voltage decreases and the system shuts down 

because a VI safety limit would be exceeded.
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4.3.1 Parasitic Loads

The three largest parasitic loads were the centrifugal air blower, the DI water 

pump, and the hydrogen purges. The fuel cell test bench was built to evaluate a fuel cell’s 

performance and has not been optimized. The equipment used on the test bench such as 

the blower and pump were selected from a readily available inventory. Special ordering 

equipment was impossible due to time restraints place on the project.

The effects of the centrifugal air blower are evident in Figure 3.13 and Figure 4.2. 

When the electrical power production increases, the power consumed by the blower 

increases to supply sufficient air to the fuel cell. Modeling the internal flow channels 

inside the fuel cell using a CFD program could pin point head losses in the system, but this 

was beyond the scope of work for this project. Redesigning the stack to minimize losses 

would reduce the parasitic load on the system from the air blower. Many fuel cell 

manufacturers are currently working on minimizing the head losses from the internal flow 

channels within the fuel cell stack.

The DI water pump has a constant power requirement of approximately 50 W.

The pump provides a flow of 4 .7 liters per minute of DI water to the fuel cell. Although 

50 W was a small parasitic load, the pump could be resized to provide a comparable flow 

rate with a reduction in power consumption. Redesigning the DI water loop within the 

fuel cell would be another option to reduce the head required by the pump. Reducing the 

head losses within the fuel cell stack could reduce the power consumption of the DI water 

pump.

The hydrogen purges required for the fuel cell system were a large part of the 

parasitic load on the system. Operating at 2700 W, the fuel cell consumes 30 slm of 

hydrogen gas. The system requires a purge every minute at full power, which equates to 3 

slm or 10 percent of the required hydrogen gas flow. Approximately 638 W of hydrogen 

gas were lost. Comparing Figure 3.13 and 4.2 show a difference in the maximum 

efficiency of the fuel cell. Figure 4.2, the purge corrected efficiency plot, shows a lower
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efficiency. This was a result of adding the 3 slm of purged hydrogen to the total hydrogen 

supplied to the system

4.3.2 Reducing Parasitic Loads

The first attempt to reduce the system parasitic load was to replace the centrifugal 

blower. This blower required over 300 W of power when the fuel cell was operating at 3 

kW and 250% theoretical air. A decision was made to purchase six Gast Linear 

Compressors to provide air to the fuel cell stack. These compressors use a diaphragm 

similar to those found in standard aquarium pumps. The six Gast Linear Compressors 

were chosen for several reasons. The first being that they would be more efficient over 

the operating range of the fuel cell stack then the centrifugal compressor. The Gast Linear 

Compressors would use about half of the power of the centrifugal blower at 3 kW of 

electrical power. Using these compressors would decrease the parasitic load on the 

system and increase the overall system efficiency. The second reason that these 

compressors were chosen was that they are much quieter then the original centrifugal 

compressor and noise should be a consideration in the design of a new power plant.

These compressors were not used for several reasons. First, since each individual 

compressor output could not be varied to match the electrical load, 16 set points would be 

needed to alter which size and numbers of compressors would be used to provide air to 

the stack. There were five different sized compressors (two of the compressors were the 

same size because one of them was used as to maintain a minimal air flow through the 

stack). For example, to provide air to the system, maybe only two compressors were 

needed, instead of all six. These set points limited system variability. The second reason 

for not using these compressors is that the new compressors outgased a type of 

hydrocarbon. This hydrocarbon was detected by myself and other graduate students with 

the aid of a GC mass spectrometer. It was feared that this hydrocarbon might poison the 

catalyst on the cathode of the fuel cell.
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An isothermal compression process would yield the lowest parasitic load on the 

fuel cell system. The equation for isothermal compression given by Cengal and Boles 

(1998) is:

W compressor,in = mG
r p   ̂
RT In -1-

p,
(4.4)

Where:

W compression,in

mQ

R

Power required by compressor, kW

kgMass flow rate of air, ——
sec

Gas constant for air, 0.287- kJ
kgmr~ K

T = Inlet compressor temperature, K

P2, Pi = Pressure at outlet and inlet of compressor, kPa

Using this equation and the information gathered from the 2700 W power level of a five- 

power run, the compression would require 36 W of power. This value uses an airflow 

rate of 0.00385 kg/sec, an inlet temperature of 293 K, an inlet pressure of 101.3 kPa, and 

an outlet pressure of 113.1 kPa. The 36 W is the lower limit for optimizing the blower for 

the SERC fuel cell. As stated before, the parasitic load on the centrifugal blower is 300 W 

for an electrical power level of 2700 W. The difference in compressor power from actual 

to ideal is large because small compressor units are notoriously inefficient (Witmer, 2000).

The DI water pump was the second parasitic item to be reviewed. The problem 

with replacing this pump was that it needed to be DI water compatible. There are very 

few pumps on the market today that meet this requirement. If a smaller DI water pump 

were available on the market, the power consumption by this pump could perhaps be cut 

in half.

Recovering the purged hydrogen would reduce the parasitic system load by 638 W 

at an electrical power generation level of 2700 W. The purged hydrogen exits the fuel cell 

system at 60°C along with some water vapor. The hydrogen would first be dried and then
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feed back into a hydrogen storage tank. In the case of an integrated system, the hydrogen 

could be routed to a low-pressure storage tank for use in the fuel cell, or mixed with the 

raffinate stream from the reformer and burned to maintain the combustion chamber 

temperature.

According to Lehman (2000) the system parasitic load was reduced to 

approximately 2 0 0  W for a fuel cell operating in SERC laboratory. The reduction in 

parasitic load was achieved with a smaller DI pump and air blower.

4.4 Five-Power runs

Several early five-power runs showed that certain cells produced a lower voltage 

than the surrounding cells. It was learned that a drop in cell voltage was sometimes 

associated with a flooded cell. Water droplets accumulated on the cathode of individual 

cells and began to block reaction sites on the catalytic surface thereby reducing the cell 

voltage. It was discovered that increasing the mass flow rate of air through the system by 

50 slm of air for several seconds was usually enough to remove the water molecules and 

restore cell performance.

4.4.1 Vibration effects

The SERC fuel cell stack would occasionally have individual cells crash, i.e. 

produce negative or zero voltage. These crashes are mainly caused by two problems. The 

first is that an impurity may be present on the anode side of the cell, which blocks reaction 

sites on the catalyst and membrane. This problem is addressed within the system by 

purging with hydrogen. The second mode of system failure occurs when a cell becomes 

flooded with product water. In a fuel cell, water is the main byproduct, so it accumulates 

on the cathode side of the cell. The water molecules attach themselves to the membrane 

and the catalytic surfaces, which reduce the active reaction surfaces. This in turn reduces 

the individual cell voltages, total stack voltage, and system efficiency. To remove the 

excess water from the stack the blower must be ramped up to increase the air flow rate
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and shake the water molecules off of the cell membrane and catalytic surface. When the 

airflow rate is increased, the parasitic load on the system increases causing a decrease in 

system efficiency.

To test the effects of vibration on the fuel cell stack, a small vibrator unit was 

purchased and attached to the bench. The vibrator has a variable frequency driver to 

adjust the vibration level. The vibrator was attached to a wattmeter to measure the 

amount of power consumption. The unit only required 30 watts at a vibration level of 70. 

The fuel cell was brought up to operation temperature (60°C) before the start of a three- 

hour test run. A load of 30 amps was placed on the fuel cell stack for one hour. The 

vibrator unit was then turned on to a power level of 70 for the second hour. Finally, for 

the last hour the vibrator was turned off and the fuel cell continued operation with a 30- 

amp load. The results of these tests were inconclusive in determining vibration effects on 

the performance of the SERC fuel cell.
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CHAPTER 5

5 CONCLUSIONS

5.1 Energy balance

The experimental energy balance accounted for 98 percent of the input energy flux 

of the hydrogen fuel. This is consistent with the 2 percent error analysis associated with 

the test bench (Section 4 1 .3). The largest energy flux into the system for all electrical 

power levels was the hydrogen gas supplied to the fuel cell, while the largest amount of 

energy flux leaving the system was electrical power generated in the electrochemical 

reaction within the fuel cell.

The gross first and second law efficiencies of the fuel cell are dependent on the 

electrical load as is shown by the polarization curve. Moving further out on the 

polarization curve means that less of the input fuel to the system is being turned into useful 

electrical power due to polarization losses. Both the gross first and second law 

efficiencies are higher at low electrical loads. From a first law of thermodynamics stand 

point, the rate of energy flux into the system is greater than the rate of electrical power 

generated. Higher electrical power levels are achieved at the cost of lower efficiencies.

As the electrical power increases for the system, the stack voltage decreases. By the 

definition of the second law voltage efficiency, as the stack voltage decreases the gross 

second law efficiency will also decrease.

The fuel cell stack is more efficient than typical heat engines in both the first and 

second law analysis. The gross first law efficiency is greater than 42 percent, while the 

second law efficiency is greater than 52 percent for the operating range of the fuel cell 

system. A heat engine’s first law efficiency for electrical power generation is invariably 

below 40 percent (fossil fuel input to electrical output). The Carnot efficiency is the 

maximum first law efficiency of a heat engine. Assuming that hydrogen is combusted at 

1 0 0 0 ° C and heat is rejected to the surroundings at 25° C, this efficiency is 76.6 percent. 

This is an ideal efficiency and could never be obtained in practice.
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5.2 Availability

The availability analysis of the fuel cell system showed large irreversibilities 

removed from the fuel cell in the form of heat flux into the DI water stream. For the 2700 

W electrical power run, this energy flux was 27.6 percent of the total calculated reversible 

power of 4988 W. Figure 3.11 for the experimental power run of 2700 W also shows the 

other irreversibilities leaving the control volume of the system as heat fluxes in the moist 

air, condensate, and heat transferred to the surroundings in the form of convection and 

radiation losses. Reducing the irrevesibilities within the fuel cell stack at the electrodes, 

catalytic surfaces, and membranes will increase both the first and second law efficiencies.

5.3 Polarization curves

Polarization curves reveal the system performance under a load. The three types 

of polarization (activation, ohmic, and concentration) were seen in each curve generated in 

the laboratory. The most important piece of information that the polarization curves 

provide is the performance of the electrodes and the catalytic surfaces. The efficiency of a 

fuel cell stack is based on the ability of chemical reactions to occur at both the anode and 

the cathode. Advances in electrode kinetics are essential to increasing the performance of 

the fuel cells, however, this type of analysis is beyond the scope of work for this project.

5.4 Efficiency curves

Accounting for parasitic loads of a fuel cell stack will be important as the Energy 

Center moves towards integrating a fuel cell with a fossil fuel reformer and a power 

conditioning unit. These curves show the optimal operating range of the fuel cell stack to 

minimize parasitic loads and system inefficiencies. The research at the UAF Energy 

Center is the first of its kind to consider total system efficiencies for an integrated system.
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5.5 Potential benefits

Decreases in noise levels as well as pollutant emissions can occur with the 

introduction of fuel cells to rural Alaska. The extent of the reduction in emissions is 

critically dependent on improvements in reformer technology, if fossil fuels are used as 

feedstocks. Increases in system efficiency and operation of the fuel cell unit in a 

cogeneration mode are needed to reduce fossil fuel consumption.

5.6 Independent testing

It is important to note that the UAF Energy Center in conjunction with Sandia 

National Laboratories performed the first independent lab test of PEM fuel cells from 

industrial companies in the United States. The Energy Center would like to continue 

testing fuel cell stacks in an effort to bring alternative energy generation devices to rural 

Alaska and other remote locations in the world.
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CHAPTER 6

6 RECOMMENDATIONS FOR FUTURE RESEARCH

6 .1 Continued laboratory testing

Even though fuel cells have been used for more then 30 years, they are still in their 

infancy. There is still a great deal of research to be conducted on PEM fuel cells before 

the commercialization of these systems can occur. Questions about the average life 

expectancy, system controls, and the large capital cost of PEM fuel cell stacks still need to 

be answered.

6.2 Field tests

Longevity of a PEM fuel cell is a major concern for placing units in rural Alaska.

Long term testing of field units is necessary to ensure minimum failures in the harsh 

climate. Fuel cells are specialized pieces of equipment that cannot be serviced by a local 

engine mechanic. Technicians from Anchorage or Fairbanks would have to be flown into 

to rural villages to repair a failed fuel cell system. The cost associated with flying 

technicians to rural Alaska is enormous. The objective of field tests would be to 

document specific problems with the fuel cell stack and correct them before the system 

was mass-produced for rural Alaska. Field-testing would reduce capital cost as well as 

operations and maintenance costs.

Field-testing of fuel cells could be done remotely using cellular links. The 

Lab VIEW VI would collect the data from the fuel cell in rural Alaska, while researchers 

remain at the UAF Energy Center. The data set could be obtained simply by calling the 

computer controlling the fuel cell and downloading the data file.

The importance of field-testing is critical for placing fuel cells in rural Alaska. The 

potential failure of improperly designed fuel cell systems in villages could destroy the 

reputation of PEM technology in rural Alaska for years to come. An example of 

improperly designed systems for rural Alaska occurred in the early 1980’s, when wind
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turbines were installed in several villages. The turbines were very inefficient and 

experienced numerous failures. As a result, the use of wind power was frowned upon for 

nearly two decades in Alaska

6.3 Training

One of the goals of the UAF Energy Center is to provide training on fuel cell units 

to villagers in rural Alaska. The training would include operating the fuel cell system 

using the Lab VIEW VI and several possible preventative maintenance procedures. The 

villagers that would be trained would likely be the existing diesel engine technicians that 

have some maintenance experience. The system control of the fuel cell system would be 

simplified for easy start-up and shutdown.

6.4 Coupled renewable energy systems

Producing hydrogen for use in fuel cells will be one of the hardest issues to deal 

with in the near future Today, a majority of the hydrogen used in fuel cells is from 

reformed fossil fuels. Depleting fossil fuel reserves and environmental concerns will begin 

to drive up costs. Producing hydrogen from the electrolysis of water is environmentally 

benign and can be accomplished wherever a supply of water exists. Electrolysis requires 

an electrical power source to split the hydrogen and oxygen atoms in water. Coupling 

renewable energy technologies such as photovoltaic cells and wind turbines to generate 

electrolytic hydrogen is the future for fuel cell systems. The UAF Energy Center should 

look to expanding research combining fuel cells with solar power.
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APPENDIX A

A. 1 KINETIC AND POTENTIAL ENERGY FLUX CALCULATIONS

In some engineering problems the kinetic and potential energy fluxes of a system 

are neglected due to their small size. Air, hydrogen, and DI water flow through the fuel 

cell and do carry a certain amount of energy flux with them due to the velocity of each 

stream. The connection ports of each of these streams have different elevations relative to 

the bottom surface of the fuel cell. This difference in elevation will induce an additional 

amount of energy flux for each stream as well. Table A. 1 shows both the potential and 

kinetic energy fluxes of the SERC fuel cell system.



Table A.1: Kinetic and Potential Energy Flux calculations

Kinetic and Potential Energy calculation

Datum line is drawn through the center line of the air inlet and out let to the fuel cell stack 
Fuel Cell operating at 2700 W

Edot potential = mdot[g*Z] Edot kinetic = mdot{[V2]/2}
Potential Energy Flux

Z (in) Z(m)
DI H20 in 0.5 0.0127
DI H20 out 0.5 0.0127
H2 in 7.5 0.1905
H2 out 0 0
Air in 0 0
Air out 0 0

Kinetic Energy Flux
Volume flo Mass flow Density Pipe dia. (OD Pipe dia. (ID) Pipe dia. (ID) Area Atomic Weight Mass Flow

(l/min) (slm) (kg/m3) (in) (in) (m) (m2) (g/mol) (kg/sec)

DI H20 in 4.7 981 0.5 0.4 0.01016 8.107E-05 18 0.076845

DI H20 out 4.66 981 0.5 0.4 0.01016 8.107E-05 18 0.076191

H2 in 30 0.110 0.5 0.4 0.01016 8.107E-05 2 0.000045

H2 out _ 3 0.098 0.5 0.4 0.01016 8.107E-05 2 0.000004

Air in _ 178.6 1.322 1 0.9 0.02286 4.104E-04 28.97 0.003850

Air out - 163.6 1.060 1 0.9 0.02286 4.104E-04 28.97 0.003526

Potential Energy Flux (Watts) Kinetic Energy Flux (Watts) Total Energy Flux (Watts)

DI H20 in 0.0096 0.0359 0.0454

DI H20 out 0.0095 0.0350 0.0445

H2 in 8.3429E-05 0.0006 0.0006

H2 out 0 7.03E-07 7.03E-07

Air in 0 0.0969 0.0969

Air out 0 0.1158 0.1158

Velocity
(m/sec)
0.966
0.958
5.022
0.561
7.095
8.106
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Accounting for these energy fluxes resulted in a net gain of 0.02 W for the energy 

balance at 2700 W of electrical power generation. This amount of energy is very small 

and cannot accurately be measured. Due to the size of the kinetic and potential energy 

fluxes of the streams entering and exiting the fuel cell system, they were neglected for the 

energy balance model.

A.2 SECOND LAW VOLTAGE POTENTIAL FOR A FUEL CELL

The value of 1.23 volts per cell is based on an ideal fuel cell system. This system 

has hydrogen and oxygen entering the fuel cell as reactants and liquid water exiting as the 

product. Both the reactants and the products are at standard temperature and pressure 

(25°C and 0.1 MPa). The reversible cell voltage is:

Table A.2 shows the calculations of Gibbs free energy, the reversible cell voltage, and the 

ideal second law efficiency

Where:

n

A G The Gibbs free energy, kJ/kmol-H2 

Number of moles of electrons

F Faraday’s constant, 94,487 coulombs, C, (J/V)

The Gibbs free energy is.

AG = A H -TA S  

The maximum second law efficiency of the fuel cell system is:

AG 
"  AH



Table A.2: Ideal fuel cell voltage at various temperatures

Basic Fuel Cell Example Problem

H2 + 1/2 02 —> H20
Temp Reactants 25 C Temp Products

02 ►
----------► H20(l)

H2 -------►

Enthalpy calculation Wact = sum reactants (nr*hr) - sum products (np*hp)

Products
n H20 1 mole n*h H20 -285.8 kJ/mole H2

h H20 -285.8 kJ/mole

Reactants
n H2 1 mole n*h H2 0.00 kJ/mole H2

h H2 0 kJ/mole

n 02 0.5 mole n*h02 0.00 kJ/mole H2

h 02 0 kJ/mole



Table A.2: Ideal fuel cell voltage at various temperatures

Basic Fuel Cell Example cont.

T(delta s) caluclation
To = 298

temp (C) = 25 Pressure 1.013
Inlet temp (K) = 298

Ni (mole) si bar (T, 1 bar)
H2 1.0000 0.131 kJ/mole-K
02 0.500 0.205 kJ/mole-K

Outlet ternp (C) = 25 Pressure 1.013
temp (K) = 298
Ni (mole) si bar (T, 1 bar)

H20 1.0000 0.0704 kJ/mole-K

Availability X = n*|h - To*s| Wrev = (X H2 + X 02)-(X H 20)

X H2 (kJ/mole H2) -38.91
X 0 2  (kJ/mole H2) -30.55
X H 20 (kJ/mole H2) -306.81

Wrev (kJ/mole H2) = 237.35 = Delta G

Ideal second law eff. 0.830 Ideal second law eff — Delta G/Detla H

Reversible cell voltage 1.23 Volts/cell



Table A.2: Ideal fuel cell voltage at various temperatures 

Fuel Cell Example Problem at Temperature

H2 + 1/2 02 - ->  H20 
Temp Reactants

Enthalpy calculation

25

02

H2

Temp Products 60 C 

H20(l)

W act = sum reactants (nr*lir) - sum products (np*hp)

Products
n H20 1 mole n*h H20 -283.2 kJ/mole H2
h H20 -283.2 kJ/mole

Reactants
n H2 1 mole n*hH2 0.00 kJ/mole H2
h H2 0 kJ/mole

n 02 0.5 mole n*h 02 0.00 kJ/mole H2
h 02 0 kJ/mole



Table A.2: Ideal fuel cell voltage at various temperatures

Fuel Cell Example Problem at Temperature cont.

T(delta s) caluclation 

Inlet
temp (C) = 25 
temp (K) = 298 
Ni (mole)

Pressure 

si bar (T, 1 bar)

To = 
1.013

333
bars

H2
02

1.0000
0.500

0.131
0.205

kJ/mole-K
kJ/mole-K

Outlet temp (C) = 60 
temp (K) = 333 
Ni (mole)

Pressure 

si bar (T, 1 bar)

1.013 bars

H20 1.0000 0.079 kJ/mole-K

Availability X = n*[h - To*s) Mixing

X H2 (kJ/mole H2)
X 0 2  (kJ/mole H2)
X H20 (kJ/mole H2)

-43.48
-34.14

-309.42

N2, 0 2 , H 20 vapor in 
N2, 0 2 , H 20 vapor out

0.868 J/mole 
0.97 J/mole

Wrev (kJ/mole H2) = 231.70 = Delta G

Ideal second law eff. 0.818 Ideal second law eff = Delta G/Detla H

Reversible cell voltage 1.20 Volts/cell
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APPENDIX B

B. 1 SPREADSHEET CALCULATIONS FOR THE ENERGY BALANCE

The energy balance calculations for the 1 0 0 0  and 2700 W electrical power levels are 

located in this appendix The calculations for each section of the first and second law 

analysis are separated to show the mass flow rates, enthalpies, entropies, and other system 

characteristics.



Table B.1: Energy Balance Calculations for 1000 W experimental power

First Law Calculations for the Energy Balance
Humidification Section

Inlet dry air Inlet vapor Outlet dry air (humid.) Outlet vapor (humid.)
Pressure 1.135 bars 0.0322 bars 1.135 bars 0.1439 bars
Flow rate 51.79 slm 51.79 slm
n dot = (m dot/MW) 0.0385 mol/sec 0.0002 mol/sec 0.0385 mol/sec 0.0055 mol/sec
m dot 1.1162 g/sec 0.0045 g/sec 1.1162 g/sec 0.0998 g/sec
h 297.3 j/g 2547.2 J/g 325.0 J/g 2596.9 J/g

GTs STs GTs STs
Energy flux 332 w 11 W 363 W 259 W

Heat added to humidifer for evaporation: 248 W

Fuel Cell Stack Section
Total 0 2  to stack 10.875 slm 0 2  exiting the stack 6.525 slm
0 2  consumed 4.35 slm

Percent reduction in air volume 0.92
Energy flux added to Humidification Section 226 w

Heat recovered due to 22 w
Outlet dry air Outlet vapor condenstaion associated

Pressure 1.013 bars 0.1439 bars with reduction in air volume

Flow rate 47.44 slm

n dot = (m dot/MW) 0.0353 mol/sec 0.0051 mol/sec

m dot 1.0225 g/sec 0.0914 g/sec

h 325.0 J/g 2596.9 J/g
GTs STs

Energy flux 332.3 W 237 W

Prod, water generation 0.0065 mol/sec Condensation, ndot c 0.0032 mol/sec

from reaction, ndot pw

Tot. liquid production: 0.0097 mol/sec Energy flux in condensate 12.9 W
ndot pw + ndot c 0.175 g/sec



Table B.1: Energy Balance Calculations for 1000 W experimental power

First Law Calculations for the Energy Balance con't
Prod, water formation H2 + 1/2 02  - -> H 20
Reactants Products

moles H2 1 mole From GTs moles H 2 0 1 mole From GTs

h H2 0 J/mole hf bar -285830 J/mole

moles 0 2 0.5 mole From GTs delta h bar 2091 J/mole

h 0 2 0 J/mole h 1120 -283739 J/mole

Energy flux added by for 283739 J/mole-H2

of product water

ndot pw 0.0065 mole/sec

Heat added by formation 1837 w —> Also defined as Qdot fuel

of product water

Energy flux added to DI loop
Into the fuel cell Out of the fuel cell

Temperature 52.5 C 52.75 C From STs

Molar flow rate, ndot 4.352 mol/sec 4.347 mol/sec

Mass flow rate, mdot 78.33 g/sec 78.24 g/sec

h 219.83 J/g 220.88 J/g
Energy flux, H dot DI 17220 W 17281 W

Heat removed by DI loop, 61 W Qdot DI = mdot*Hdot in - mdot*Hdot out

Q dot DI
Electrical Generation

Heat lost to surrounding Wdot elec, cal. = 1065 W CAL

Convection and Radiation 110 W EST Wdot elec, exp. = 1000 W EXP

error 65 w
Energy flux from purges
Molar flow rate 0.00126► mol/sec From GT First Law Efficiency, e 54.45 % CAL

Energy flux, H dot purge 361.59 W ej = W dot elec / Qdot fuel
error % 6.09 %



Table B.1: Energy Balance Calculations for 1000 W experimental power

Entropy of Mixing Calculations

To = 298

Inlet

temp (C) = 

temp (K) =

25

298

pressure (bars) = 

sat. pressure (bars) =

1.135

0.032

(air) 

(water vapor)

Ndot I (mol/sec) yi si bar (T, 1 bar) Ru*ln[yi*(Pm/Po)] si bar (J/mol-K) Ni*si bar (W/K)

H20  @ 20% RH

o 2

n 2

0.0002 0.006394 

0.008 0.21 

0.030 0.78

189.507

202.683

188.0459

-40.952

-11.976

-0.960

230.459

214.658

189.006

0.057

1.737

5.753

Sum reactants = 7.547 W /K

Outlet temp (C) = 

temp (K) =

52.75

325.75

pressure (bars) = 

sat. pressure (bars) =

1.013

0.144

(exhaust) 

(water vapor)

Ndot i (mol/sec) yi si bar (T, 1 bar) Ru*ln[yi*(Pm/Po)] si bar (J/mol-K) Ni*si bar (W/K)

H20  @ 100% RH

o2
n 2

0.0051

0.005

0.030

0.126

0.12

0.75

192.777

204.891

189.8912

-16.755

-17.122

-2.190

209.531

222.014

192.082

Sum products =

1.064

1.078

5.847

7.989 W /K

All terms above are calculated using the Gas Tables found in Moran et al (1995)



Table B.1: Energy Balance Calculations for 1000 W experimental power

Entropy of product water generated
Entropy (J/mol-K) 76.505

Entropy (W/K) 0.495

Entropy of DI water
into fuel cell

Entropy in (J/g-K) 0.740

Entropy in (W/K) 57.984

Entropy of Non-Mixing terms

GTs with ST conversion

From STs

out of fuel cell 

Entropy out (J/g-K) 

Entropy out (W/K)

0.743

58.168

From S'l's

Hydrogen gas into system
Entropy (J/mol -K) 131.013

Entropy (W/K) 0.848

From GTs

Entropy of hydrogen gas out of system from purges
Entropy (J/mol-K) 133.777 From GTs

Entropy (W/K) 0.1692

Entropy of condensed water from reduction in volume
Entropy (J/mol-K) 76.505 GTs with ST conversion

Entropy (W/K) 0.248

GTs with ST conversion

The liquid entropy of water was calculated in the following fashion

S(f) = S(g)bar [from the gas tables at temp] - 18*S(fg) [from the steam tables at pressure]

The S(fg) was obtained by a steam table look up at a pressure of 0.1 Mpa.
The temperature was then read from the ST (approx 100 C) and the corresponding Gas table entropy was recorded for S(g) bar 

The resulting value is for S(f) at 100 C. This value can be changed to the proper temperature by moving up or down the steam tables 

S(w) = S(f) at 25 C [70 in our case] + or - 1 8 "[change in Sf from 25 to desired temperature]



Table B.1: Energy Balance Calculations for 1000 W experimental power

Availability Analysis Calculations Reference temperature To = 298

Surface temperature Tk = 333

Wrev = (X in - X out) + sum [(l-(To/Tk))]*Qdot r Reversible heat transfer Qr = -110

X in = mdot in * [(h  in)-(To * (s in))] Possible heat recovery ( \ - ( Y o / T k ) y Q r  = -11.56

X out = mdot out * [(h out)- (To ♦ (s out))]
-1811 WX moist air out =

X moist air in = -1906 W mdot air (g/sec) = 1.02

mdot air (g/sec) = 1.12 h dry air (J/g) = 324.97

h dry air (J/g) = 

mdot vapor (g/sec) =

297.35

0.00

mdot vapor (g/sec) = 

h vapor(J/g) =

0.09

2596.89

h vapor(J/g) = 2547.22 s dot (W/K) = 7.99

s dot (W/K) = 7.55
WX H2 purge = -49.1

X H 2 in = -252.7 W ndot H2 (mole/sec) = 0.00126

ndot H2 (mole/sec) = 0.0065 h (J/mole) = 1014

h (J/mole) = 0 s (J/mole-K) = 133.78

s (J/mole-K) = 131.01
-52.7 WX DI water out =

X DI water in = -59.0 w mdot DI water (g/sec) = 78.2

mdot DI water (g/sec) = 78.3 h (J/g) = 220.88

h (J/g) = 219.83 s (J/g-K) - 0.74

s (J/g-K) = 0.74
WX product water out = 

n dot H2 (mole/sec) = 

h (J/mole H2) =

-1596.5

0.0065

-283739

Wdot rev = 1280 w s (J/mole H2-K) =

percent of H2 converted to H 20

76.5047275

0.805

Second Law Efficiency, e2 = 78.10 %
Wej = Wdot elec / Wdot rev X condensed water = 

m dot H 2 0  cond (g/sec) =

-0.04

0.0583

Idot=wrev - wact 280 w h (J/g) ~
s (J/k-K) =

220.88

0.743



Table B.1: Energy Balance Calculations for 2700 W experimental power

First Law Calculations for the Energy Balance
Humidification Section

Inlet dry air Inlet vapor Outlet dry air (humid.) Outlet vapor (humid.)

Pressure 1.135 bars 0.0322 bars 1.135 bars 0.2024 bars

Flow rate 178.57 slm 178.57 slm

n dot = (m dot/MW) 0.1329 mol/sec 0.0009 mol/sec 0.1329 mol/sec 0.0269 mol/sec

m dot 3.8491 g/sec 0.0154 g/sec 3.8491 g/sec 0.4842 g/sec

h 297.3 J/g 2547.2 J/g 332.2 J/g 2609.5 J/g

GTs STs GTs STs

Energy flux 1145 W 39 W 1279 W 1263 W

Heat added to humidifer for evaporation: 1224 W

Fuel Cell Stack Section
Total 0 2  to stack 37.5 slm 0 2  exiting the stack 22.5 slm

0 2  consumed 15 slm
Percent reduction in air volume 0.92

Energy flux added to Humidification Section 1118 w
Heat recovered due to 106 w

Outlet dry air Outlet vapor condenstaion associated

Pressure 1.013 bars 0.2024 bars with reduction in air volume

Flow rate 163.57 slm

n dot = (m dot/MW) 0.1217 mol/sec 0.0246 mol/sec

m dot 3.5258 g/sec 0.4435 g/sec

h 332.2 j/g 2609.5 J/g
GTs STs

Energy flux 1171.2 w 1157 W

Prod, water generation 0.0223 mol/sec Condensation, ndot c 0.0112 mol/sec

from reaction, ndot pw

Tot. liquid production: 0.0335 mol/sec Energy flux in condensate 50.5 w
ndot pw + ndot c 0.603 g/sec



Table B.1: Energy Balance Calculations for 2700 W experimental power

First Law Calculations for the Energy Balance con’t
Prod, water formation
Reactants 

moles H2 

h H2 

moles 0 2

h 0 2

Energy flux added by for 

of product water 

ndot pw

Heat added by formation 

of product water

Temperature 

Molar flow rate, ndot 

Mass flow rate, mdot 

h

Energy flux, H dot DI

Heat removed by DI loop, 

Q dot DI

Heat lost to surrounding
Convection and Radiation

Energy flux from purges
Molar flow rate 

Energy flux, H dot purge

H2 + 1/2 0 2  —> H 20

1
0

0.5

0

283192

0.0223

6321

Products

mole From GTs moles H 2 0 1 mole

J/mole hfbar -285830 J/mole

mole From GTs delta h bar 2638 J/mole

J/mole h H 2 0 -283192 J/mole

J/mole-H2

mole/sec

W — > Also defined as Qdot fuel

Into the fuel cell Out of the fuel cell

55 C 60 C

4.352 mol/sec 4.326 mol/sec

78.33 g/sec 77.86 g/sec

230.31 J/g 251.27 J/g

18041 W 19565 W

1524 W Qdot DI = mdot* Hdot in -

r

l 110 W EST

From STs

0.00223

638.1

mol/sec

W

From GT

From GTs

Electrical Generation
Wdot elec, caL = 2854 W CAL

Wdot elec, exp. = 2700 W EXP

error 154 W

First Law Efficiency, <e 42.71 % CAL

e, = W dot elec / Qdot fuel
error % 5.40 %



Table B.1: Energy Balance Calculations for 2700 W experimental power

Entropy of Mixing Calculations

To = 298

temp (C) = 25 pressure (bars) = 1.135 (air)

Inlet temp (K) = 298 sat. pressure (bars) = 0.032 (water vapor)

Ndot I (mol/sec) yi si bar (T, 1 bar) Ru*ln[yi*(Pm/Po)| si bar (J/mol-K) Ni'si bar (W/K)

1120  @ 20% RH 0.0009 0.006394 189.507 -40.952 230.459 0.197

o2 0.028 0.21 202.683 -11.976 214.658 5.989

N , 0.105 0.78 188.0459 -0.960 189.006 19.839

Sum reactants = 26.025

Outlet temp (C) = 60 pressure (bars) = 1.013 (exhaust)

temp (K) = 333 sat. pressure (bars) = 0.202 (water vapor)

Ndot i (mol/sec) yi si bar (T, 1 bar) Ru*ln[yi*(Pm/Po)] si bar (J/mol-K) Ni*si bar (W/K)

X s) o © © o N
° 0s 0.0246 0.168 193.597 -14.385 207.982 5.124

o2 0.017 0.11 205.431 -17.528 222.959 3.733

n2 0.105 0.72 190.3204 -2.596 192.917 20.249

Sum products = 29.106

W /K

W /K

All terms above are calculated using the Gas Tables found in Moran et al (1995)



Table B.1: Energy Balance Calculations for 2700 W experimental power

Entropy of Non-Mixing terms

Entropy of product water generated
Entropy (J/mol-K) 78.181 GTs with ST conversion

Entropy (W/K) 1745

Entropy of DI water
into fuel cell

Entropy in (J/g-K) 0.773

Entropy in (W/K) 60.520

Hydrogen gas into system
Entropy (J/mol-K) 131.013 From GTs

Entropy (W/K) 2.924

Entropy of hydrogen gas out of system from purges
Entropy (J/mol-K) 134.471 From GTs

Entropy (W/K) 0.3002

Entropy of condensed water from reduction in volume
Entropy (J/mol-K) 78.181 GTs with ST conversion

Entropy (W/K) 0.873

GTs with ST conversion
The liquid entropy of water was calculated in the following fashion

S(f) = S(g)bar [from the gas tables at temp] - 18*S(fg) [from the steam tables at pressure]

The S(fg) was obtained by a steam table look up at a pressure of 0.1 Mpa.
The temperature was then read from the ST (approx 100 C) and the corresponding Gas table entropy was recorded for S(g) bar 

The resulting value is for S(f) at 100 C. This value can be changed to the proper temperature by movmg up or down the steam tables 

S(w) = S(f) at 25 C [70 in our case] + or -18♦ [change in Sf from 25 to desired temperature]

out of fuel cell
From STs Entropy out (J/g-K) 0.837 From STs

Entropy out (W/K) 65.142



Table B.1: Energy Balance Calculations for 2700 W experimental power

Availability Analysis Calculations Reference temperature To = 298

Surface temperature Tk = 333

Wrev = (X in - X out) + sum [(l-(To/Tk))]*Qdot r Reversible heat transfer Qr = -110

X in = mdot in * [(h in)-(To * (s in))] Possible heat recovery (l-(To/Tk))*Q r = -11.56

X out = mdot out * [(h out)- (To * (s out))]
WX moist air out = -6345

X moist air in = -6572 W mdot air (g/sec) = 3.53

mdot air (g/sec) = 3.85 h dry air (J/g) = 332.19

h dry air (J/g) = 297.35 mdot vapor (g/sec) = 0.44

mdot vapor (g/sec) = 0.02 h vapor(J/g) = 2609.52

h vapor(J/g) = 2547.22 s dot (W/K) = 29.11

s dot (W/K) = 26.03

X H2 purge = -87.2 W

X H2 in = -871.5 W ndot 112 (mole/sec) = 0.00223

ndot H2 (mole/sec) = 0.0223 h (J/mole) = 1014

h (J/mole) = 0 s (J/mole-K) = 134.47

s (J/mole-K) = 131.01
152.5 WX DI water out =

X DI water in = 5.9 w mdot DI water (g/sec) = 77.9

mdot DI water (g/sec) = 78.3 h (J/g) = 251.27

h (J/g) = 230.31 s (J/g-K) = 0.84

s (J/g-K) = 0.77
WX product water out = -6157.2

n dot H2 (mole/sec) = 0.0223

h (J/mole H2) = -283192

Wdot rev = 4988 w s (J/mole H2-K) =
percent of H2 converted to H 20

78.181

0.900

Second Law Efficiency, e2 54.13 %

e2 = Wdot elec / Wdot rev X condensed water = 0.39 W

m dot H 2 0  cond (g/sec) = 0.2009

Idot=wrev - wact 2288 w h (J /g )=
s (J/g-K) =

251.27

0.837
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