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ABSTRACT 

Due to the nature of fuel cell reactions, fuel cells have the potential of being more 

fuel efficient while generating fewer harmful emissions than conventional automotive 

power systems. Additionally, by hybridizing a fuel cell system with a battery, 

opportunities may exist for significantly improving overall performance. 

This study develops models for a stand-alone Proton Exchange Membrane (PEM) fuel 

cell stack, a direct-hydrogen fuel cell system including auxiliaries, and a methanol 

reforming fuel cell system for integration into a vehicle performance simulator. 

Exergetic efficiencies associated with the three models are examined and sources of 

inefficiency are identified. Fuel cell stack efficiency is highest when operating at low 

current density. Air compressor power consumption and losses associated with reformer 

operation significantly lower the overall system efficiency and highlight the importance 

of low-level control of components within the system. 

By incorporating the models developed in this study into the vehicle performance 

simulator, alternative fuel cell vehicle configurations can be explored using various 

driving cycles, component sizing, and control strategies to determine effects on overall 

vehicle performance and fuel economy. For a typical sport utility vehicle operating over 

the Federal Urban Driving Schedule and Federal Highway Driving Schedule driving 

11 



cycles, the simulator is used to examine fuel economy in four cases: direct-hydrogen fuel 

cell vehicle, methanol reforming fuel cell vehicle, direct-hydrogen hybrid (fuel cell 

system/battery) vehicle, and methanol reforming hybrid vehicle. Results indicate the 

direct-hydrogen hybrid vehicle shows the strongest potential for high fuel economy. 

Additionally, for the direct-hydrogen hybrid vehicle, simple supervisory control 

strategies for the fuel cell system and battery are used to examine component sizing and 

operational limits. Dominance filtering is employed to identify component sizing and 

operational limits that provide the potential for highest fuel economy. Results of this 

analysis can be used as a point of departure to develop more advanced supervisory and 

component-level control strategies. Using appropriate supervisory and component-level 

control strategies to improve total system performance is key to realizing the benefits of 

fuel cell system integration for automotive applications. 
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CHAPTER 1 

INTRODUCTION 

1.1. Exergy Conversion Systems 

An important subspecialty in mechanical engineering practice is the devising of 

systems that produce mechanical and/or electrical power from fossil fuel inputs. These 

systems are conventionally referred to as energy conversion systems, but more precisely 

are exergy conversion systems. 

Figure 1.1 shows an exergy conversion system represented as a control volume at 

steady state. Components within the control volume that allow the desired exergy 

conversion to be achieved might include internal combustion engines, batteries, fuel cells, 

turbines, compressors, pumps, heat exchangers, and so on. A single fuel input is shown 

for simplicity, but applications involving multiple fuels are not excluded from present 

consideration. 

For the control volume of Fig. 1.1, the rate of exergy transfer into the control 

volume, EF, exceeds the rate of exergy transfer from the control volume. The difference 

is the rate of exergy destruction due to internal irreversibilities. Exergy is transferred 

from the control volume as mechanical and/or electrical power, Ep, and via heat transfer 

and mass flows. Not all exergy transfers from the control volume are valuable; some 
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Figure 1.1: System Exergy Balance 



may be regarded as losses, for example exergy in effluents. Each component has 

associated exergy destructions and also may contribute to exergy loss. Irreversibilities 

destroy exergy while exergy losses further reduce the magnitude of the desired exergy 

product. From a second law of thermodynamics perspective, the goal is to achieve an 

integration of all necessary components that maximizes the exergy product while 

minimizing exergy destruction and loss. To be viable, however, the system integration 

must take into consideration constraints such as total cost, weight, volume, and 

environmental impact. According to Bejan et al. (1996) cost-optimal integrations are 

typically distinct from thermodynamic-optimal integrations. 

1.2. Exergetic Efficiency 

The exergetic efficiency (s) measures the extent of the conversion of the exergy 

input to the desired exergy product. For the case of Fig. 1.1, when the exergy transfers 

via heat transfer and mass flows are regarded as losses, the exergy product is Ep, and the 

exergetic efficiency is simply 

EF 

The exergy entering with the oxidizer, normally air, is considered negligible. Following 

Bejan et al. (1996), the exergy entering with the fuel is predominantly chemical exergy. 

The chemical exergy can be approximated satisfactorily by the fuel heating value, the 

magnitude of the enthalpy of combustion of fuel. Then 

ED 

(1.1) 

8 = 
mFxHV 

(1.2) 

where: 



ihr- = the mass flow rate of fuel into the control volume 
r 

HV = the fuel heating value. 

The lower heating value (LHV) is typically used for automotive exergetic efficiency 

calculations since water in the vapor phase is one of the combustion products. If the only 

exergy conversion component in the control volume in Fig. 1.1 is a fuel cell, then Eq. 1.2 

determines the fuel cell exergetic efficiency. 

Significant exergy destructions and losses are associated with the chemical 

processing required to produce fuels from feedstock. In writing Eq. 1.1 consideration is 

given only to conversion from refined fuel to useful product, which for automotive 

applications may be called the fuel tank-to-wheels conversion. When using the exergetic 

efficiency, it is important to understand whether refined fuel or feedstock is considered as 

the exergy input. An exergetic efficiency based on the chemical processing feedstock, 

which for automotive applications may be called the well-to-wheels conversion, is 

typically much less than would be determined using Eq. 1.1. Wang (1999 and 1999a) 

provides several conversion efficiencies associated with converting feedstock into refined 

fuel as summarized in Table 1.1. According to Wang (2000), the fuel conversion 

efficiency is computed by dividing the product of the mass of the refined fuel and its 

lower heating value by the product of the mass of the feedstock and its lower heating 

value, and thus is an exergetic efficiency. 

1.3. Automotive Power Systems 

The present study concerns automotive power systems involving fuel cells. Of 

particular interest are hybrid systems that include fuel cells, batteries, and combinations 



Refined Fuel 
Conversion 
Efficiency Feedstock 

Conventional Gasoline 85% Petroleum 

Conventional Diesel 89% Petroleum 

Compressed Natural Gas 97% Natural Gas 

Methanol 65% Natural Gas 

Gaseous Hydrogen 71% Natural Gas (Central Plant Production) 
(excluding compression) 

Table 1.1: Conversion Efficiencies for Refined Fuels from Feedstock 



of the two with or without an internal combustion engine. Contemporary interest in such 

hybrid systems is spurred by the objective of achieving increased power system exergetic 

efficiency and/or decreased environmental impacts. 

Figure 1.2 illustrates potential hybrid configurations. The battery and the fuel cell 

produce electric power. An electric motor converts electric power to mechanical power. 

The internal combustion engine produces mechanical power. The total mechanical power 

produced is the output from the system. From this internal combustion engine/battery/ 

fuel cell hybrid automotive energy conversion model, several subset configurations are 

possible: internal combustion engine only, internal combustion engine/battery hybrid, 

internal combustion engine/fuel cell hybrid, battery only, battery/fuel cell hybrid, and fuel 

cell only. 

When exergy conversion devices for automotive use are arranged in a hybrid 

configuration, a driving strategy is required: a plan specifying under what conditions 

each device is operated. A goal of the driving strategy is to produce sufficient power to 

meet the load demand of the vehicle while achieving high exergetic efficiency. Exergy 

conversion device hybridization with a battery/electric motor also offers the advantage 

that some of the exergy normally destroyed during vehicle braking can be recouped via 

regenerative braking and used to charge the battery. The electric motor can operate in 

reverse converting input torque into voltage to recharge the battery. Additionally, power 

produced by the internal combustion engine and/or fuel cell in excess of the power 

required by the wheels can be used to recharge the battery. 
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1.4. Scope of Research 

This study focuses on exergy conversion using fuel cells in automotive 

applications. Scope of work includes issues associated with fuel cells, modeling of fuel 

cells, and simulation of fuel cell systems in automotive applications. 

1.4.1. Previous Studies 

Several researchers have examined performance of fuel cell power systems for 

automotive applications. Johansson and Alvfors (2000) examine performance of a fuel 

cell system at steady state. Using a typical automotive nominal load of 50 kW, analyses 

at 100% load and 50% load are conducted to determine recommended operating 

conditions. 

Ogden et al. (1999) analyze a fuel cell/battery hybrid automotive system operating 

on three different fuels: hydrogen, methanol, and gasoline. The system is subjected to 

two driving cycles, the Federal Urban Driving Schedule (FUDS) that simulates city 

driving and the Federal Highway Driving Schedule (FHDS) that simulates highway 

driving. Driving cycles specify various vehicle velocities for a specified time period to 

simulate acceleration, cruising, deceleration and braking of the vehicle. From the results 

of the simulations, Ogden et al. (1999) recommend hydrogen as the preferred fuel. 

Friedman (1999) compares performance of a fuel cell only power system with a 

fuel cell/battery hybrid power system. Simulations are performed for two driving cycles: 

FUDS and a high speed/high cycle load driving cycle designated US06. Results from the 

simulations indicate that hybridization may not be beneficial for driving conditions with 

high power requirements. 



Burke and Miller (2000) examine relative fuel economies of transit buses. Using 

the Central Business District and the New York City Bus driving cycles simulations are 

conducted for four engine configurations: (1) diesel electric hybrid, (2) compressed 

natural gas engine-generator series hybrid, (3) direct-hydrogen fuel cell, and (4) methanol 

reforming fuel cell/battery hybrid with regenerative braking. Results are compared with 

fuel economy data for three conventional engines presently used in transit buses: 

conventional diesel, conventional compressed natural gas, and diesel electric hybrid. 

Simulation results for the four engine configurations show fuel economies higher than 

those associated with the three conventional engines. Direct-hydrogen fuel cell engine 

fuel economy was the highest. 

Eggert et al. (2001) simulate performance of a methanol reforming fuel cell 

vehicle based on a model described by Hauer et al. (2000). Steady-state fuel cell system 

efficiency, reformer efficiency, and overall system efficiency are compared to 

corresponding dynamic efficiencies over the FUDS driving cycle. Results indicate that 

fuel cell system dynamic efficiency is very close to fuel cell system steady-state 

efficiency. Reformer dynamic efficiency is significantly lower than reformer steady-state 

efficiency causing lower overall system dynamic efficiency compared to the steady-state 

case. The authors identify burner control within the fuel processor and fuel processor 

dynamic response as the primary opportunities for improved dynamic efficiency. 

Hauer et al. (2001) develop an indirect methanol fuel cell system/battery hybrid 

model for automotive applications. The system is subjected to the US06 driving cycle to 

examine regenerative braking potential. Increasing the degree of regenerative braking 



results in lower fuel cell power demand with accompanying lower fuel consumption but 

induces higher stress on the battery due to increased charge and discharge activity. 

Rodatz et al. (2000) examine a fuel cell/supercapacitor hybrid power system. 

Since the supercapacitor provides only short-term energy storage, this study centers on 

driving strategy control options to meet vehicle demands. No analysis involving a 

driving cycle is performed. 

Georgetown University and Booz-AUen & Hamilton, Inc. (1999) conduct a study 

for the U.S. Army to determine the feasibility of incorporating fuel cell systems into three 

current military vehicles: Family of Medium Tactical Vehicle (FMTV) 2.5 ton cargo 

truck, M915A2 tractor, and Ml 13A3 armored personnel carrier. Fuel cell only and fuel 

cell/battery hybrid configurations are considered. Both configurations are subjected to 

two driving cycles. The first cycle is a bus profile for suburban duty. The cycle includes 

acceleration from 0 to 40 mph, a brief period at 40 mph, deceleration, and complete stop. 

The second cycle includes acceleration from 0 to 55 mph for 2 minutes followed by 5 

minutes at 55 mph. Results of the analysis indicate that the power requirements exceed 

power production capabilities of currently developed fuel cells. Concerns are expressed 

whether fuel cell/battery hybrid can deliver full requirements over sufficient time due to 

decreased battery state of charge. An additional conclusion is that a fuel cell power 

system cannot fit into existing space available for the power train due to additional 

equipment necessary for cooling. 

1.4.2. Research Objectives 

The focus of the current study is to analyze exergy conversion by a fuel cell/ 

battery hybrid system in automotive applications. One objective of the study is to 

10 



establish a baseline performance level using simple control strategies. Results of this 

study are expected to provide a benchmark for more advanced control strategies. A 

second objective is to determine effects of on-board reforming on overall fuel economy 

compared to use of direct-hydrogen. Specific primary tasks include: 

(1) Create a PEM fuel cell stack model that is computationally efficient and 

accurate. Validate results from the model to verify model accuracy. The model is 

described in Sec. 3.2.2. 

(2) Extend the fuel cell stack model to a fuel cell system model by incorporating 

auxiliary components required for air flow, fuel flow, cooling, and humidification. The 

fuel cell system model is described in Sec. 3.2.3. 

(3) Embed the system model into a vehicle simulator. An overview of the vehicle 

simulator with fuel cell system model is described in Section 4.1. 

(4) Perform direct-hydrogen fuel cell vehicle simulations. Assess fuel cell system 

performance in vehicles operating under specified driving cycles. Simulation results are 

described in Sec. 4.3. 

(5) Develop a methanol reformer model and integrate the reformer model with the 

fuel cell system model in the vehicle simulator. The reformer model is described in 

Section 5.3. Perform fuel cell vehicle simulations. Determine the effects of fuel 

reforming on fuel cell system performance and overall vehicle fuel economy. Simulation 

results are described in Section 5.5. 

(6) Employ a direct-hydrogen fuel cell system/battery hybrid using simple 

control strategies to assess system performance in vehicles operating under specified 

driving cycles. Determine sizing trade-offs for fuel cell stack and battery to meet 

11 



required load while minimizing overall fuel consumption. Determine fuel cell system 

and battery operational parameters to achieve these objectives. Simulation results are 

described in Sees. 6.6 and 6.7. 

(7) Conduct simulations to determine fuel economy for a fuel cell vehicle and a 

fuel cell system/battery hybrid vehicle using direct-hydrogen and methanol reforming. 

Results are described in Sec. 7.2. 

Conclusions and recommendations for further study are discussed in Chapter 8. 
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CHAPTER 2 

FUEL CELL OVERVIEW 

2.1. Introduction 

Commonly used exergy conversion devices such as internal combustion engines and 

gas turbines involve combustion of fuel to produce hot gases that are used to generate 

electrical or mechanical power. A fuel cell does not require an intermediate combustion 

process to accomplish exergy conversion. The fuel cell produces electricity via cell 

reactions from chemical exergy stored in fuel. Elimination of the combustion process 

reduces inherent combustion exergy destruction and may lower/eliminate undesirable 

emissions. Consequently, fuel cells have the potential to provide more work from a given 

quantity of fuel and be less polluting than internal combustion engines and gas turbine 

engines. The object of this chapter is to provide an overview of fuel cell technology 

currently under consideration for various power generation applications. 

2.1.1. Mode of Operation 

Hirschenhofer et al. (1998) and Thomas and Zalbowitz (1999) provide detailed 

descriptions of the basic operation of a fuel cell. As shown in Fig. 2.1, a fuel cell consists 

of two electrodes, an anode and a cathode, with an electrolyte membrane sandwiched 

between the two. The anode/electrolyte membrane/cathode unit is the basis of a fuel cell 
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and is called the membrane/electrode assembly. The electrodes support chemical 

reactions. The electrolyte membrane provides a conductive path for ions while keeping 

the anode and cathode reactants separated. 

Separate gas flow channels exist for continuous fuel flow to the anode and 

continuous oxidant flow to the cathode. In some cells the anode and the cathode each 

have a porous, electrically conductive backing layer that allows diffusion of the reacting 

gases from the flow channel to the electrode. Intermediate chemical reactions occur at 

each electrode. Each electrode uses an appropriate catalyst at the reaction sites to 

increase the rate of reaction. The cross-sectional area of the electrode containing 

chemical reaction-supporting catalyst is called the active area of the fuel cell. This is 

suggested on Fig. 2.1 by the shaded area. The fuel is oxidized at the anode and the 

oxidant is reduced at the cathode. Ions produced at one electrode flow through the 

electrolyte membrane to the other electrode. An external circuit provides a route for flow 

of electrons produced at the anode to complete the circuit to the cathode. Choice of 

electrolyte influences the fuel cell operating temperature, temperature at which the anode 

and cathode gas flows exit the fuel cell (see Sec. 2.2), and consequent requirements to 

maintain the target temperature. 

As an example, the following cell reactions correspond to a fuel cell involving 

hydrogen as the fuel and oxygen as the oxidant: 

Anode: H2->2H++2e~ (2.1) 

Cathode: -07 + 2/T + 2e~ -> H20 (2.2) 

Overall Reaction:        H2+-02-*H20 (2.3) 
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In this example hydrogen dissociates into two hydrogen protons and two electrons at the 

anode, Eq. 2.1. The hydrogen protons flow through the electrolyte membrane to the 

cathode while the two electrons flow through an external circuit to the cathode. At the 

cathode oxygen reacts with the hydrogen protons and electrons to form water, Eq. 2.2. 

The sum of the anode reaction and the cathode reaction is the overall reaction in the fuel 

cell, Eq. 2.3. All fuel cell overall reactions can be divided into two partial reactions: one 

at the anode and the other at the cathode. These partial reactions are called half-cell 

reactions. Addition of the two half-cell reactions gives the overall reaction. 

The flow of electrons from the anode through the external circuit to the cathode is 

electric current. The driving force behind electric current is the cell potential (voltage). 

In the same way that the fuel cell overall reaction may be considered as the sum of two 

half-cell reactions, the fuel cell potential may be considered as the sum of two half-cell 

potentials. Associated with the half-cell reactions at the anode and cathode are 

corresponding standard half-cell potentials determined under reversible conditions at 

specified standard temperature and pressure. Addition of the two half-cell potentials 

gives the maximum voltage that the fuel cell can develop. When the fuel cell operates, 

the voltage is less than the maximum voltage due to the effect of irreversibilities (see Sec. 

2.3.1.1). The product of the current and the actual cell voltage is the electrical power 

produced by the fuel cell. 

2.1.2. Fuel Cell Stacks 

A single fuel cell does not produce sufficient voltage for many practical 

applications. To increase the voltage output, fuel cells are connected in series to form a 

fuel cell stack as shown in Fig. 2.2. A bipolar plate, which provides separate channels for 
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fuel and oxidant flow and is an electrical conductor, is layered between each fuel cell. 

The bipolar plate material does not allow mixing of the fuel and oxidant. The oxidant has 

access to the cathode on one side of the bipolar plate while the fuel has access to the 

anode on the other side of the plate.   Electrons produced at the anode side of each bipolar 

plate flow through the plate to the cathode on the other side of the plate. These electrons 

participate in the cathode half-cell reaction and also provide an electrical connection 

between the individual fuel cells. End plates are used at each end of the fuel cell stack. 

The external circuit is connected from one end plate to the other end plate to complete the 

circuit. Total voltage produced in the fuel cell stack is the sum of the individual fuel cell 

voltages. 

Since temperature control is essential for proper fuel cell operation, cooling 

passages may also be integrated into a fuel cell stack. Coolant flows through these 

passages to effectively transfer energy by heat away from the fuel cells to maintain a 

desired fuel cell stack operating temperature. 

Because the fuel cell stack is composed of repetitive sections, the fuel cell stack 

can be tailored to meet a given requirement. Applications ranging from very small power 

requirements (less than 500 Watts) to very large requirements (Megawatts) are possible. 

Fuel cell stacks can be connected in series or in parallel providing flexibility in power 

source configurations. 

2.1.3 Fuel Considerations 

Direct fuels are those fuels fed directly from a storage tank to the fuel cell anode 

where they are oxidized. Other fuels require an intermediate process to produce species 
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that can be oxidized, typically hydrogen, in the fuel cell anode. This is known as fuel 

reforming. Direct fuels and fuels requiring reforming each have inherent advantages and 

disadvantages. 

2.1.3.1. Direct Fuels 

Use of direct fuels eliminates any requirement for auxiliary fuel processing 

equipment between the fuel tank and the fuel cell stack. Two direct fuels, hydrogen and 

methanol, currently are considered to be feasible for use in fuel cell stacks. 

Hydrogen is a direct fuel that has excellent electrochemical reactivity: the ability 

to produce electrons during chemical reaction. It also produces no harmful emissions. 

Drawbacks to hydrogen as a direct fuel include on-board storage challenges for 

automotive applications, lack of current infrastructure for refueling, and safety issues. 

Hydrogen Storage Issues. Casten et al. (2000) describe three commercially 

available on-board hydrogen storage technologies: compressed hydrogen, liquefied 

hydrogen, and metal hydrides. The chemical exergy stored per unit of volume, the 

exergy density, of compressed hydrogen can reach 4 MJ/liter at 5,000 psi. Storage 

pressures of 5,000 psi and above are required to miriimize storage tank volume. The 

power required to compress hydrogen to these high pressures is significant. Due to the 

small molecular diameter of hydrogen coupled with high pressure, leakage also is a 

concern. According to Casten et al. (2000) Ballard fuel cell buses operating in Chicago 

and the Ford P2000 prototype have successfully demonstrated compressed hydrogen 

storage. The exergy density of liquefied hydrogen can reach 8.5 MJ/liter. Power 

required to liquefy hydrogen is also significant. Evaporation of liquefied hydrogen and 

subsequent escape from the storage tank in a closed environment can pose an explosion 
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hazard. DaimlerChrysler's NEC AR 4 demonstration fuel cell vehicle exhibited in 

Washington, D.C., in 1999 uses liquefied hydrogen storage. Metal hydride storage in 

which hydrogen is stored in a hydrogen-metal complex can achieve an exergy density of 

9-12 MJ/liter. Honda's experimental fuel cell vehicle, FCX VI, uses hydrogen metal 

hydride storage. Typically the amount of hydrogen stored per kilogram of metal complex 

is relatively low, resulting in a high overall fuel storage weight. Additionally, several of 

the metals used for the metal hydride are expensive. With current technology metal 

hydride storage systems require complex fluid and gas flow packaging, heat transfer 

subsystems, and thermal expansion and contraction allowance. Current metal hydride 

storage limitations make the development of this storage system challenging for 

transportation applications. Other experimental hydrogen storage systems include carbon 

micro-fiber storage and high-pressure storage in small glass microspheres (Stephens, 

1999). 

Hydrogen Infrastructure and Safety Issues. Ogden et al. (1999) note that 

hydrogen production, storage, and transportation technology is mature and routine for 

chemical industry applications. The infrastructure to support mass-market hydrogen 

demand does not currently exist, however, and the costs associated with infrastructure 

development are open to speculation. Kaihammer et al. (1998) conclude that such costs 

will be prohibitive until hydrogen becomes competitive with current fuels and the 

demand for hydrogen as a primary fuel is realized. 

Hydrogen is a highly flammable gas. Hydrogen gas and cryogenic liquid 

hydrogen storage and handling procedures are markedly differently from current gasoline 
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and diesel fuels handling procedures. Accordingly, consumer perceptions about well- 

known safety issues associated with hydrogen are likely to influence its acceptability. 

Another direct fuel is methanol. Methanol is the only practical carbonaceous fuel 

with significant electrochemical reactivity for use in the lower temperature fuel cells best 

suited for automotive applications (discussed further in Sec. 2.2.1). The reactions 

involving methanol as the fuel and oxygen as the oxidant are: 

Anode: CH3OH + H2O^C02 + 6/T + 6e~ (2-4) 

Cathode: |o2 + 6JT +6e" ->3H20 (2-5) 

Overall Reaction:       CH3OH+-02 -> C02 + 2H20 (2-6) 

Water and carbon dioxide are the only products from the overall fuel cell reaction using 

direct methanol and oxygen. Because methanol is stored as a liquid at ambient 

temperature and pressure, on-board storage is similar to current liquid fuel storage 

systems. A limited liquid methanol infrastructure currently exists in California. Mok and 

Martin (1999) indicate that methanol can be distributed from conventional gas stations; 

however, tanks and dispensing units would need modification due to the corrosiveness of 

methanol with some materials. 

Kaihammer et al. (1998) identify significant fuel cell operational problems 

associated with direct methanol. Direct methanol produces a much smaller current 

density: current per fuel cell active area than needed for automotive applications. Lower 

current density results in lower power density: power produced per fuel cell active area. 

The power density of a direct methanol fuel cell currently is no greater than 20% of the 
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power density of a direct hydrogen-air fuel cell. The amount of costly platinum catalyst 

required for oxidation of methanol is also much larger than that required for hydrogen. 

Furthermore, methanol has a tendency to rapidly diffuse from the anode through the 

electrolyte membrane to the cathode where it is oxidized. This is known as a crossover 

reaction. Such reactions waste fuel and decrease oxygen reduction at the cathode. 

Research to develop new electrolyte membranes that inhibit methanol diffusion is 

necessary to overcome the crossover problem. The American Methanol Institute 

introduced a direct methanol fuel cell concept vehicle in 1997. While promising from a 

fuel storage and distribution standpoint, fuel cells using direct methanol require 

significant research and development to overcome inherent operational problems and 

become viable for commercialization. 

2.1.3.2. Reforming Issues 

An alternative to direct fuels is reforming. During reforming, fuel reacts in the 

presence of a catalyst with other species to produce oxidizable species, typically 

hydrogen, and accompanying by-products. Reforming allows commonly available fuels 

to be used in fuel cells, thus eliminating/reducing costs associated with fuel infrastructure 

development. Reforming methods include steam reforming, partial oxidation, 

autothermal reforming, and thermal decomposition. Berlowitz and Darnell (2000) and 

Miller (2000) provide an overview of the various reforming methods. Although many of 

the reforming methods can be used for fuels containing hydrogen, the chemical nature of 

the fuel may favor one method over another method. 

During the steam reforming process a fuel reacts with water to produce carbon 

monoxide and hydrogen. This process is highly endothermic and requires a significant 
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thermal input. Steam reforming normally occurs between 760 and 980°C. Steam 

reforming is typically used on natural gas, light hydrocarbons (butane and propane), 

methanol, and naphtha (with a special catalyst). The general form of the steam reforming 

reaction is: 

C„Hm+nH20->nCO+\n+—\H2 (2.7) 

Partial oxidation is a process in which a fuel reacts with oxygen to form hydrogen 

and carbon monoxide. The process is exothermic. Typical fuels undergoing partial 

oxidation are distillate, naphtha, diesel oil, and heavy fuel oil Kaihammer et al. (1998) 

report that Hydrogen Burner Technology in Long Beach, California, has developed a 

partial oxidation process to generate hydrogen from diesel fuels and JP-8, the primary 

fuel used by the military. The general form of the partial oxidation reaction is: 

C.*.+(§)>,-«CO+ff)», (2.8) 

Autothermal reforming is a combination of partial oxidation and steam reforming. 

Energy transfer by heat from partial oxidation is available to support the endothermic 

steam reforming process. According to Bonville et al. (1996) International Fuel Cells 

Corporation in South Windsor, Connecticut, achieved autothermal reforming of diesel 

and JP-8 in a 100 kW power plant test. Kumar, et al. (1996) describe a methanol 

reformer that operates using autothermal reforming principles. This reformer is 

examined in greater detail in Sec. 5.3.1. The pertinent reactions during autothermal 

reforming are Eqs. 2.7 and 2.8. 
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Thermal decomposition uses an energy transfer by heat to decompose a 

hydrocarbon into carbon and hydrogen. It is an endothermic process. The general form 

of the thermal decomposition reaction is: 

f" tf, (2-9) CnHm-*nC+^ 

Reforming occurring outside the fuel cell proper is classified as external 

reforming. External reforming requires auxiliary fuel processing equipment between the 

fuel tank and the fuel cell as well as thermal and water management. Reforming within 

the fuel cell is classified as internal reforming. Maggio et al. (1998) describe two 

internal reforming methods: direct internal reforming and indirect internal reforming, the 

primary difference being the location of the reforming catalyst in the fuel cell. Direct 

internal reforming catalysts are located in the anode chamber while indirect internal 

reforming catalysts are physically separated from the anode compartment. Internal 

reforming increases the complexity of the fuel cell stack. 

Fuel cells that operate at temperatures above 760°C (see Table 2.1) have the 

potential to reform fuel internally. Steam reforming of natural gas in the presence of a 

catalyst to produce hydrogen can occur at temperatures starting at ~760°C. Energy 

transfer by heat from the exothermic fuel cell reaction supports the endothermic steam 

reforming process. 

2.1.3.3. Contaminant Effects 

Fuel impurities and reforming by-products can have detrimental effects on 

catalysts used in reformers and fuel cell electrodes. Principal contaminants causing 

concern include sulfur, carbon monoxide, and carbon. 
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Sulfur reacts with catalyst materials currently used in fuel cells significantly 

reducing catalyst activity and life. Natural gas, gasoline, diesel, and JP-8 are fuels that 

contain sulfur. Braun et al. (1996) describe a hydrodesulphurizer unit used in a fuel cell 

demonstration power plant. As natural gas mixed with a small amount of hydrogen 

passes over a catalyst, hydrogen sulfide forms and is absorbed by zinc oxide pellets. 

King et al. (2000) describe automotive application efforts to reduce sulfur from fuel prior 

to reforming through selective adsorbents in replaceable canisters. Ongoing federal 

standard initiatives to reduce sulfur levels in transportation fuels as a means to lower 

internal combustion engine emissions would benefit fuel cells using such fuels. 

As indicated by the chemical reaction equations for steam reforming, partial 

oxidation, and autothermal reforming, raw reformate gas contains significant amounts of 

carbon monoxide. In some fuel cells and under certain conditions carbon monoxide can 

be oxidized in the anode to produce electrons. In other fuel cells using platinum 

catalysts, carbon monoxide adheres to the catalyst in the anode reducing the number of 

sites for fuel oxidation. Removal of carbon monoxide from reformate is achieved 

through the water gas shift reaction that converts carbon monoxide in the presence of 

water to carbon dioxide and hydrogen: 

CO + H20->C02+H2 (2.10) 

Additional carbon monoxide removal can be achieved by passing reformate 

through a selective catalytic oxidizer after the water shift reaction. In the selective 

oxidizer, two competing reactions occur: 
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C0+lo2^C02 (2.11) 
2 

and 

ff„+!a->ff,o (2.12) <2-2^"2 

A fine balance between the two reactions is required to remove carbon monoxide while 

minimizing the consumption of hydrogen. 

According to Call (1996) a practical problem associated with using methane for 

high temperature fuel cells is coking: the formation of solid carbon during decomposition 

of CH4. Coking is detrimental to fuel cell operation because it clogs gas passages in the 

anode. Proper humidification is required to avoid coking. 

Moore et al. (2000) analyze the effects on fuel cell operation of both common air 

pollutants and potential battlefield chemical warfare agents. Presence of common air 

pollutants including carbon monoxide, nitrogen dioxide, sulfur dioxide, benzene, and 

propane in the oxidant flow is reported to have little or no impact on fuel cell power 

output. However, the chemical agents sarin, sulfur mustard, cyanogen chloride, and 

hydrogen cyanide cause power output to drop at least 70% from power levels achieved 

with contaminant-free air. Mitigation of chemical warfare agent effects is necessary for 

military fuel cell applications operating on atmospheric air. 

2.2. Fuel Cell Types 

Categorized by the type of electrolyte used, the four most common types of fuel 

cells are: Proton Exchange Membrane (PEM) fuel cell, Phosphoric Acid Fuel Cell 
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(PAFC), Solid Oxide Fuel Cell (SOFC), and Molten Carbonate Fuel Cell (MCFC). 

Appleby and Foulkes (1993), Kordesch and Simaden (1996), and Hirschenhofer et al. 

(1998) review the various types of fuel cells. Lloyd (1999), Hirschenhofer et al. (1998), 

and Thomas and Zalbowitz (1999) provide comparisons of the most common fuel cell 

types, as summarized in Table 2.1. 

2.2.1. Proton Exchange Membrane (PEM) Fuel Cell 

The PEM fuel cell anode and cathode are made of carbon. The electrolyte is 

usually a fluorinated sulfonic acid polymer membrane or similar polymer membrane. 

This type of membrane is a hydrogen ion conductor while acting as an electronic 

insulator. The sulfonic acid molecules are fixed to the membrane by chemical bonding 

while protons can move freely through the membrane. High membrane water content is 

required for acceptable ion conductivity. The water requirement restricts PEM fuel cell 

operational temperature below the water boiling point. Typical operating temperature 

range is 60 to 100°C. Due to low temperature operation, costly platinum catalyst is 

required in both the anode and cathode to promote electrode reaction rates. The PEM 

fuel cell has a backing layer, which is porous carbon with waterproof coating. This type 

of backing layer allows reactant gases to diffuse to the catalyst layer, provides 

simultaneous liquid and vapor water supply and removal, and is electronically conductive 

in a wet environment. 

A schematic of a PEM fuel cell is shown in Fig. 2.3. In the PEM fuel cell, 

hydrogen reacts with oxygen to form water. Separate reactions occur at the anode and 

cathode resulting in the overall reaction. These reactions are given in Sec. 2.1.1 and are 

repeated for ease of reference. 
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(a) PEM (b) PAFC (c) SOFC (d) MCFC 

Transportation 
Application 

Automotive power Large vehicle 
power 

Vehicle auxiliary 
power 

Heavy vehicle 
propulsion 

Other 
Applications 

Portable power 
Small-scale 

stationary power 

On-site 
cogeneration 

Electrical power 
generation 

On-site 
cogeneration, 

Electrical power 
generation 

On-site 
cogeneration, 

Electrical power 
generation 

Electrolyte 
Ion Exchange 

Membrane 
Liquid Phosphoric 

Acid 
Solid Oxide 

Ceramic 
Liquid Molten 

Carbonate 

Operating 
Temperature 
Range 

60-100°C 150-220°C 800-1000°C 600-700°C 

Charge Carrier 
through 
Electrolyte 

r If o= 
C03

= 

Prime Cell 
Components Carbon-based Graphite-based Ceramic Stainless Steel 

Catalyst Platinum Platinum Perovskites Nickel 

Product Water 
Management Evaporative Evaporative Gaseous Product Gaseous Product 

Product Heat 
Management 

Process Gas + 
Independent 

Cooling Medium 

Process Gas + 
Independent 

Cooling Medium 

Internal Reforming 
+ 

Process Gas 

Internal Reforming 
+ 

Process Gas 
Start-up Time Second-minutes Hours Hours Hours 
Power Density 
[kW/m2 of Active 
Cell Area] 

3.8-6.5 0.8-1.9 1.5-2.6 0.1 - 1.5 

Reformer External External 
Internal 

or 
External 

Internal 
or 

External 

Status of 
Development 

Demonstration 
systems up to 
50 kW 

250 kW units 
expected in next 
few years 

Commercial 
systems 
operating, most 
at 200 kW 

An 11-MW model 
has been tested 

Demonstration 
systems up to 
100 kW 

Demonstration 
systems up to 
2MW 

Technical 
Challenges 

Lower Costs 
Catalyst 
Electrolyte 
Improve 
Performance 
High temperature 
CO tolerance 
High current 

density 

Lower Costs 
Catalyst 
Bi-polar plate 
Improve 
Performance 
High power 

density 
Corrosion resistant 

materials 

Lower Costs 
Bi-polar plate 
Production 
High cost elements 

Improve 
Performance 
Electrolyte leakage 
Structural stability 

and composition 
Sulfur tolerance 
Bi-polar plate 
corrosion 

Table 2.1: Summary of Major Differences of the Fuel Cell Types 
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Figure 2.3: Schematic of PEM or PAFC Fuel Cell 
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Anode: H,^2H++2e~ (2.1) 

Cathode: -02 +2H+ +2e~ -+H20 (2.2) 

Overall Reaction:        H2+-02->H20 (2.3) 

At the anode catalyst sites hydrogen dissociates into hydrogen protons and 

electrons. Hydrogen protons flow through the anode and the hydrated electrolyte 

membrane to the cathode side while electrons flow through the anode and an external 

circuit to the cathode side. At the cathode catalyst sites oxygen reacts with hydrogen 

protons and electrons to form water. Water exits the fuel cell with depleted oxidant. The 

overall reaction is exothermic. Exergy exits the fuel cell with product gas flows and via 

energy transfer by heat. 

Hydrogen can be provided either as direct hydrogen or from external reforming. 

If external reforming is used, measures to remove carbon monoxide from reformate are 

required. Platinum catalyst is especially susceptible to carbon monoxide contaminant 

effects at temperatures less than 150°C. At PEM fuel cell operating temperatures, carbon 

monoxide will preferentially absorb on the platinum catalyst surface, reducing the 

number of sites available for the hydrogen to dissociate into hydrogen protons and 

electrons. Consequently, fuel used in a PEM fuel cell must contain no more than ten 

parts per million (ppm) of carbon monoxide. 

External reforming involves a significant thermal input. Since the PEM fuel cell 

operates at low temperatures, thermal integration of the reformer with the fuel cell stack 

30 



is challenging. Fuel may be burned in a separate chamber to provide necessary thermal 

input for endothermic reforming processes. Exothermic reforming processes produce 

significant thermal energy that must be removed by heat transfer. 

Water management is critical to ensure the membrane is properly hydrated to 

support ionic conduction. Surplus water dilutes reactant gases with water vapor and/or 

floods electrodes with liquid water inhibiting gas diffusion to the electrodes. Water 

deficit causes membrane dehydration reducing ionic conductivity. Humidification of the 

reactants is one method to ensure sufficient water is available in the membrane. 

According to Kordesch and Simader (1996) advantages associated with PEM fuel 

cells include relatively quick start-up, relatively fast response to changes in demand, 

minimal corrosion problems, cell fabrication simplicity, demonstrated long life, and 

ability to sustain operation at high current densities. As soon as fuel and oxidant flow to 

the anode and cathode and a load is applied, the PEM fuel cell produces power. Time 

necessary to reach the desired operating condition ranges from several seconds to several 

minutes due to the low PEM fuel cell operating temperature range. PEM fuel cells 

respond almost instantaneously to changes in current demand as long as sufficient 

hydrogen and oxidant flows are available. Since sulfonic acid molecules are fixed to the 

electrolyte membrane, corrosion is minimal and electrolyte sealing is simplified. PEM 

fuel cells have demonstrated long life. PEM fuel cells can operate at high current 

densities for long periods. They also have a high power density. As a result, PEM fuel 

cells have the potential for low weight, cost, and volume. 

Potential applications for PEM fuel cells include automotive applications, 

portable power, and small-scale stationary power. The major automakers have 
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announced development of several PEM fuel cell powered vehicles. Honda has two 

experimental fuel cell vehicles, the FCX VI using direct hydrogen stored in metal 

hydrides and the FCX V2 using reformed methanol. DaimlerChrysler's New Electric Car 

(NECAR) 3 runs on reformed methanol while its NECAR 4 is powered by liquid 

hydrogen. Other vehicles using reformed methanol include Ford's FC5 fuel cell concept 

vehicle, General Motors' fuel cell EV1, and Nissan's Fuel Cell Vehicle (FCV). Vehicles 

using hydrogen from metal hydride storage include Toyota's Fuel Cell Electric Vehicle 

(FCEV) and Mazda's Demio FCEV experimental prototype. Dyer (1999) provides an 

overview of opportunities for replacing batteries by fuel cells in portable devices such as 

cellular phones, laptop computers, and camcorders. Stephens (1999) and Jones et al. 

(1999) discuss efforts to develop fuel cells for military portable power applications. 

According to Hirschenhofer et al. (1998) Ballard Generation Systems is the only 

company that has produced a PEM fuel cell stationary on-site plant. This plant has a 

250 kW power capacity and operates on natural gas. 

Hirschenhofer et al. (1998) state that technical challenges facing PEM fuel cells 

involve lowering costs and improving cell performance. Reducing catalyst requirements 

and lowering membrane cost will reduce fuel cell costs. Methods to improve 

performance include increased operational temperature range for the membrane, carbon 

monoxide mitigation from the fuel stream or increased carbon monoxide tolerance by the 

anode catalyst, and improved cathode performance at high current densities while 

operating on air. 

Direct methanol is a potential alternative fuel for PEM fuel cells. Direct 

Methanol fuel cell (DMFC) reactions repeated from Sec. 2.1.3 for ease of reference are: 
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Anode: CH3OH + H20->C02+ 6H+ + 6<T (2.4) 

Cathode: -02 +6H+ +6e~ ->3H20 (2.5) 
2 

Overall Reaction:       CH3OH+| 02 -> C02 + 2//20 (2.6) 

As discussed in See. 2.1.3.1, direct methanol fuel cells require technological 

improvements, including advanced electrolyte membrane materials to prevent crossover 

reactions and more active anode catalysts to promote methanol oxidation. Should these 

technological challenges be met, direct methanol would become an attractive option for 

PEM fuel cell automotive applications as no external reforming is required and methanol 

fuel infrastructure has potential for development. 

2.2.2. Phosphoric Acid Fuel Cell (PAFC) 

The phosphoric acid fuel cell consists of an anode and a cathode made of carbon 

paper containing carbon black supporting platinum catalyst particles. The electrolyte 

support matrix is polytetrafluoroethylene (PTFE)-bonded silicon carbide. The electrolyte 

is phosphoric acid (H3P04). At the PAFC operating temperature range of 150 to 220°C, 

phosphoric acid has good ionic conductivity and relatively high stability. At 

temperatures below 150°C phosphoric acid is a poor ionic conductor while at 

temperatures above 220°C phosphoric acid becomes unstable. Platinum catalysts in the 

anode and cathode are required to promote sufficient chemical reaction at the operating 

temperature of the PAFC. The PAFC electrodes have a backing layer, wet-proofed 

carbon paper. 
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A schematic of a PAFC fuel cell is shown in Fig. 2.3. Reactions occurring in the 

PAFC are the same as those in the PEM fuel cell: Eqs. 2.1 through 2.3. 

Direct hydrogen or hydrogen produced by external reforming can be used in 

PAFCs. If external reforming is used, carbon monoxide removal is an issue. Since the 

PAFC operates above 150°C, the platinum catalyst can tolerate up to 1% carbon 

monoxide in the fuel. Removal of sulfur from fuel is required. Sulfur in the form of 

hydrogen sulfide (H2S) and carbonyl sulfide (COS) adsorbs on platinum, blocking active 

sites for hydrogen oxidation. Hirschenhofer et al. (1998) cite limits of 50 ppm H2S and 

COS combined or 20 ppm H2S for anode fuel. Anode exhaust gas is typically burned to 

provide thermal input required for external reforming. 

Higher operating temperatures influence PAFC operation and opportunities. 

Longer start-up time is required to achieve desired operating temperature. Thermal 

management to maintain desired fuel cell stack temperature is accomplished by either 

liquid or air coolant flow through cooling channels in the stack. Hirschenhofer et al. 

(1998) cite the advantage of higher temperature operation for cogeneration of hot water 

and/or air. 

Corrosion is an issue for the PAFC. Kaihammer et al. (1998) indicate that the 

PAFC must operate below 0.8 volts per cell to prevent corrosion of carbon and platinum 

components in the fuel cell. Expensive, corrosion-resistant, graphite bipolar plates are 

used in PAFC stacks. These bipolar plates also store additional phosphoric acid to 

replenish supply lost by evaporation. 

According to Appleby and Foulkes (1993) water management is not critical since 

phosphoric acid electrolyte has adequate ionic conductivity at typical PAFC operating 
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conditions. Kordesch and Simader (1996) state that PAFC has the advantage of relatively 

simple electrolyte construction. Methods to process carbon, PTFE, and silicon carbide 

have been used for several years. 

Potential applications for PAFC are large vehicle power systems, on-site 

cogeneration power plants, and dispersed power plants. Bonville et al. (1996) describe a 

program at Georgetown University to develop a 100 kW PAFC propulsion system for 

transit buses. The bus was introduced in May 1998 at the American Public Transit 

Association's Bus Operations Conference held in Phoenix, Arizona. According to 

Bonville et al. (1996) and Hirschenhofer et al. (1998) the PC-25 PAFC system developed 

by International Fuel Cells Corporation and manufactured by ONSI Corporation is the 

only commercially available fuel cell system. The PC-25 provides 200 kW of on-site 

power together with cogenerated hot water and/or air. It can operate on a variety of fuels 

including natural gas, propane, butane, landfill gas, and hydrogen. Take et al. (1996) 

describe efforts to develop a 200 kW PAFC power plant, which operates on either 

pipeline gas or liquid propane gas. 

Hirschenhofer et al. (1998) state that technical challenges involve reducing costs 

and increasing power density for PAFC systems to achieve economic competitiveness 

with other power production methods. Reducing catalyst requirements and lowering 

bipolar plate costs are necessary. Development of corrosive-resistant materials that can 

withstand higher voltage is important to improve power density. 

2.2.3. Solid Oxide Fuel Cell (SOFC) 

The SOFC anode is metallic nickel on yittria-stabilized zirconia. The cathode is 

doped lanthanum manganite. Both electrodes are porous to allow diffusion of reactant 
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and product gases. The electrolyte is zirconia doped with yttria. Oxygen ions provide 

ionic conductivity by moving through electrolyte vacant lattice sites. SOFCs usually 

operate at 1000°C. Electrolyte temperature greater than 800°C is required to attain the 

activation energy of oxygen ion transport and achieve sufficient conductivity. 

A schematic of a SOFC fuel cell is shown in Fig. 2.4. SOFC reactions are: 

Anode: H2 +0= -+H20+2e~ (2.13) 

Cathode: -02 + 2e~ -> 0= (2.14) 
2 

Overall Reaction:        H2+-02^H20 (2.15) 

Hydrogen oxidation by oxygen ions at the anode produces water and electrons. 

Electrons flow through the anode and an external circuit to the cathode. At the cathode 

oxygen reacts with electrons to produce oxygen ions. Oxygen ions conduct negative 

charges from the cathode through the solid oxide electrolyte to the anode completing the 

circuit. The overall reaction is exothermic. Exergy exits the fuel cell with product gas 

flows and via exergy transfer by heat. 

According to Srinivasan et al. (1993) carbon monoxide can also be oxidized in the 

anode. Carbon monoxide reacts with oxygen ions in the anode to produce carbon dioxide 

and electrons. Alternate SOFC reactions are: / 

Anode: CO + 0= ->C02 +2e~ (2.16) 

Cathode: -0,+2e"->0= (2.17) 
2   2 

Overall Reaction:       CO+- 02 -> C02 (2.18) 
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Figure 2.4: Schematic of SOFC Fuel Cell 
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If hydrogen and carbon monoxide enter the fuel cell together, product water from 

hydrogen oxidation will react with carbon monoxide in the water gas shift reaction 

(Eq. 2.10) instead of Eqs. 2.16 through 2.18 occurring. 

Operationally, the SOFC can run on a wide assortment of fuels. No platinum 

catalyst is necessary to promote electrode reactions. According to Appleby and Foulkes 

(1993) fuel compositions will spontaneously internally reform and then oxidize rapidly to 

chemical completion without specialized catalysts. Excess steam is required to prevent 

coking. SOFCs can tolerate up to 1.0 ppm of sulfur in fuel. 

The relatively high SOFC operating temperature (1000°C) provides advantages 

and disadvantages. Owing to high temperature operation SOFCs can provide the thermal 

input required for cogeneration or a bottoming cycle. Since all components of the SOFC 

are solid, SOFC configuration is flexible. Two most common designs are the Siemens 

Westinghouse Power Corporation developed tubular design and the flat plate design. 

Disadvantages due to high temperature operation are long start-up time, thermal 

enclosure requirements to protect other system components, thermal expansion 

mismatches among various materials used in the fuel cell, higher electrical resistivity in 

the electrolyte, and difficult fabrication. 

Applications of SOFC in auxiliary power generation for heavy and light duty 

vehicles and heavy-duty vehicle propulsion are being explored. McConnell (2000) 

proposes potential SOFC auxiliary power unit markets include luxury vehicles, 

recreational vehicles, heavy-duty trucks, short haul trucks, and passenger vehicles. 

Dobbs (2000) promotes SOFC as an excellent candidate for future military heavy 

vehicles. Gavalas et al. (1994) conclude that when technology reaches maturity, SOFC is 
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a candidate for locomotive applications. However, the primary focus of SOFC 

development thus far has been for use in utility and industrial applications. According to 

Joon (1998) and Hirschenhofer et al. (1998) Siemens Westinghouse Power Corporation 

has two demonstration SOFC plants operating, a 25 kW test plant in Irvine, California, 

and a 100 kW plant operating in Westvoort, The Netherlands. 

Bagger et al. (1996) and Hirschenhofer et al. (1998) cite technical challenges 

facing the SOFC. Challenges are primarily in lowering costs. Options include redesign 

of high cost elements and/or use of less expensive materials where acceptable, develop- 

ing a lower cost fuel cell bipolar plate, and improvement in production procedures. 

2.2.4. Molten Carbonate Fuel Cell (MCFC) 

The components of the molten carbonate fuel cell consist of a nickel alloy anode, 

a nickel oxide cathode, and a LiA102 ceramic electrolyte support matrix. The electrolyte 

is a combination of alkali carbonates of lithium, sodium, and/or potassium. At the MCFC 

operating temperature range of 600 to 700°C, the alkali carbonates form a highly 

conductive molten salt. Nickel contained in the anode and cathode promotes sufficient 

chemical reaction due to the high operating temperature of the MCFC. Carbonate ions 

provide ionic conduction. 

A schematic of a MCFC fuel cell is shown in Fig. 2.5. MCFC reactions are: 

Anode: H2 +CO; ->H20+C02 + 2e~ (2.19) 

Cathode: - 02 + C02 + 2e~ -> CO; (2.20) 

Overall Reaction:     H2+-02+ C02(cathode) -+H20 + C02(anode) (2.21) 
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Oxidation by carbonate anions of hydrogen at the anode produces water, carbon 

dioxide, and electrons. Electrons flow through the anode and an external circuit to the 

cathode. At the cathode oxygen and carbon dioxide react with electrons to produce 

carbonate anions. Carbonate anions conduct negative charges from the cathode through 

the molten electrolyte to the anode completing the circuit. Anode exhaust is typically 

burned to form carbon dioxide and water. Carbon dioxide is routed to the cathode for use 

during oxygen reduction. The overall reaction is exothermic. Exergy exits the fuel cell 

with product gas flows and by exergy transfer via heat. 

Operationally, the MCFC can run on a wide assortment of fuels. Since the MCFC 

operates at a relatively high temperature (650°C) and does not use platinum as a catalyst, 

carbon monoxide by-product from external reforming can be processed by the fuel cell. 

In the anode hydrogen oxidation occurs more rapidly than carbon monoxide oxidation, 

producing water product. Water product reacts with carbon monoxide in the anode via 

the water-gas shift reaction (Eq. 2.10) producing additional hydrogen for the fuel cell 

reaction. Anode exhaust gas combustion provides the thermal input to support external 

reforming. Higher operating temperature also supports internal steam reforming of fuel. 

Typical fuels that can be internally reformed in MCFCs include methane, methanol, 

propane, and naphtha. The fuel cell reaction provides the thermal input needed to support 

internal reforming. Internal reforming reduces the cooling requirement to maintain 

operating temperature. 

Fuel sulfur levels greater than 0.5 ppm are detrimental to MCFC operation. 

Sulfur compounds react with nickel to block potential anode reaction sites. Additionally, 

any sulfur present in anode exhaust becomes sulfur dioxide during combustion. The 
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sulfur dioxide is recycled with carbon dioxide to the cathode, where sulfur dioxide will 

react with carbonate ions in the electrolyte. To prevent carbon formation and deposit on 

the anode manifold and flow channels, water in the anode exhaust gas is recycled to 

provide humidification. 

Disadvantages of the MCFC are the highly corrosive nature of the molten 

carbonate electrolyte, the need for carbon dioxide for the cathode half-cell reaction, low 

tolerance to sulfur, electrolyte leakage, and material requirements for operation in a high 

temperature environment. Advantages of the MCFC are ability to internally reform fuel, 

less costly nickel catalysts, utilization of carbon monoxide as a fuel, and the potential for 

cogeneration. 

MCFCs typically operate between 0.1 and 0.2 amps per square centimeter at 0.75 

to 0.9 volts per cell. The primary application of MCFCs is production of power for 

electric utility and industrial cogeneration. MCFC systems are still in the development, 

testing, and demonstration phase. According to Hirschenhofer et al. (1998) a consortium 

headed by M-C Power Corporation successfully tested a 250 kW nominal capacity 

natural gas fired MCFC power plant at Miramar Naval Air Station, California. Fuel Cell 

Energy (formerly Energy Research Corporation) successfully demonstrated a 2 MW 

power plant in Santa Clara, California. 

Hirschenhofer et al. (1998) indicate that technical challenges for MCFC 

development include reduction of electrolyte leakage, development of fabrication 

techniques to improve composition and reduce thickness of the electrolyte, improvement 

of nickel-based electrode structural stability, reduction in bi-polar plate corrosion and gas 

leaks, and increased sulfur tolerance. 
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2.3. Fuel Cell Modeling and Analysis 

According to Hirschenhofer et al. (1998) modeling can be used to characterize 

actual fuel cell operation and to conduct system analysis studies. Modeling used to 

characterize actual fuel cell operation is normally very complex, based on cell component 

designs such as physical dimensions and material properties and physical considerations 

such as transport phenomena and electrochemistry. This complex modeling typically is 

used for design and development of fuel cells. Modeling of fuel cells for systems 

analysis is a simpler approach based on equations that describe cell performance as 

operating conditions change. This type of modeling is used in the present study (Sec. 

3.2.2) to analyze fuel cell performance when integrated into a total automotive system 

Due to its strong potential for automotive applications, the PEM fuel cell is 

chosen for the present study. The following sections address second law issues 

associated with fuel cells, modeling of PEM fuel cells, and incorporation of second law 

considerations in fuel cell modeling. 

2.3.1.   Second Law Issues 

Following Sec. 1.1, irreversibilities in a fuel cell destroy exergy while exergy 

losses from a fuel cell further reduce the desired product, power output. Furthermore, 

when a fuel cell is combined with other components to form a power plant for a 

transportation application, say, each such component has associated exergy destructions 

and losses that affect power output. From a second law perspective, the goal is to achieve 

an integration of all necessary components that maximizes power output while 

minimizing exergy destruction and loss, subject to constraints such as total cost, weight, 

volume, and environmental impact. 
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2.3.1.1. Fuel Cell Irreversibilities and Losses 

Irreversibilities that destroy exergy during fuel cell operation include internal heat 

transfer, chemical reaction, electric current and ion flow through resistance, and friction 

from fluid flow. During actual fuel cell operation temperature gradients within the fuel 

cell induce localized heat transfer within the fuel cell. Crossover reactions and varying 

reaction kinetics contribute to temperature gradients. Viscous effects between flows and 

channel walls/electrode passages create pressure drops in the electrodes during actual fuel 

cell operation. 

When current flows, the effect of irreversibilities within the cell is to reduce the 

voltage from the ideal open-circuit value. According to Hirschenhofer et al. (1998) these 

voltage reductions (or polarizations) are activation polarization, ohmic polarization, and 

concentration polarization respectively. Figure 2.6 shows a typical plot of cell voltage as 

a function of current density and illustrates the effect of these irreversibilities. 

Hirschenhofer et al. (1998) provide general equations to describe the magnitude of 

voltage reduction due to each type of polarization. Fuel cell operating temperature, 

cathode pressure (pressure of gas flow through cathode), anode pressure (pressure of gas 

flow through anode), and level ofhumidifwation of gas flows can influence the actual 

voltage-current density relationship discussed further in Sec. 3.1.2. 

According to Appleby and Foulkes (1993) activation polarization results from 

slow reaction rates causing limited charge transfer at the electrode-electrolyte interface. 

Lee et al. (1998) describe activation polarization irreversibility in a PEM fuel cell. 

Reactions at the anode catalyst surface involve breakage of hydrogen bonds, formation of 

new bonds between hydrogen atoms and the catalyst surface, electron transfer, and 
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desorption of protons. Cathode catalyst surface reactions involve breakage of oxygen 

bonds, adsorption of oxygen atoms on the catalyst surface, reaction of oxygen atoms with 

protons and electrons, and formation of water molecules. Exergy from the fuel provided 

to the fuel cell is used to break and reform these bonds. As the reaction rate increases, 

process gas flow increases with corresponding increase in kinetic energy at the 

microscopic level. Increased kinetic energy supports breakage of bonds, reducing fuel 

exergy consumption. 

A decrease in cell voltage results from voltage being used to drive the electron 

transfer rate to the rate required by the current demand. Factors that affect activation 

polarization are electrode materials, ion-ion interactions, and electrode-electrolyte 

interface. Activation polarization can be reduced by increasing operating temperature, 

increasing electrode activity with catalysts, and increasing electrode active surface area. 

Ohmic polarization occurs as a result of resistance to ion and electron flow by the 

fuel cell components. It is directly proportional to the current density. Electronic 

resistance occurs in materials used for the electrodes and in bipolar plates used in fuel 

cell stacks. Ionic resistance occurs in the electrodes and the electrolyte membrane 

through which ions travel. Both electronic resistance and ionic resistance depend on 

material properties. Ionic resistance also depends on electrode separation distance. 

Ohmic polarization can be reduced by minimizing electrolyte membrane thickness, by 

using materials with high ionic and electronic conductivity, and by operating at low 

current densities. 

According to Appleby and Foulkes (1993) concentration polarization is caused by 

mass transport limitations of reacting species near the electrode-electrolyte interface. A 
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constant supply of reactants is required for electrode reactions to sustain electric current. 

Slow transport of reactants to reaction sites and/or slow transport of products from 

reaction sites cause a concentration gradient at the reaction sites. Concentration 

polarization can be reduced by improving porous gas diffusion electrode design to 

enhance diffusion of reactants and products and by operating at low current density. 

To maintain the fuel cell at desired operating temperature, heat transfer from the 

fuel cell to a coolant is necessary. Depleted oxidant and fuel streams exiting the fuel cell 

also carry exergy with them. If not exploited outside the cell, exergy transfers 

accompanying heat transfer and mass flows are losses. 

2.3.1.2. System Integration 

For practical applications fuel cell stacks are integrated with other components to 

form overall systems. Components providing air flow, fuel storage, fuel reforming, 

humidification, heat exchange, and/or coolant flow are necessary to support operation of 

the fuel cell. These components have associated sources of irreversibility and loss. Fuel 

reformers involve chemical reactions that may be significant sources of exergy 

destruction. Additionally, burners used to provide the thermal input required by 

reformers involve combustion, which invariably is a major source of exergy destruction. 

Air compressors used to achieve the desired cathode pressure and pumps used for coolant 

and water flows necessarily operate with friction. Flows in connections between 

components also experience pressure drops due to viscous effects. 

Exergy analysis provides information on the locations and magnitudes of exergy 

destructions and losses within a system. Braun et al. (1995) use exergy analysis to 

examine a PAFC cogeneration system and identify improvements in heat recovery via 
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integration of the fuel cell with hot water and steam boiler systems. Cui et al. (1995) 

analyze the same PAFC cogeneration system using exergy analysis With pinch analysis, a 

heat exchange network optimization technique, and propose improvements via system 

reconfiguration. Moody et al. (1995) analyze a SOFC cogeneration system conceptual 

design using exergy analysis. They propose alternative reconfigurations that reduce high 

temperature heat exchange and thus improve overall system performance. Braun et al. 

(1995a) use exergy analysis to examine a proposed MCFC power plant design, and 

propose a redesign that captures exergy losses from the system through incorporation of a 

gas turbine into the system. Their analysis does not consider economic factors. Results 

of exergy analysis allow the designer to target areas that will provide the greatest 

potential for system improvement. 

The overall objective of systems integration of a fuel cell is to produce a specified 

range of power within certain limits such as system cost, weight, volume, and exergetic 

efficiency depending on the system application. For automotive applications, system 

weight and volume are important while for on-site power generation these issues are not 

as important. Cost is important for all applications. 

2.3.2. PEM Modeling 

Modeling of fuel cells allows assessment of fuel cell performance under varying 

conditions. Models can be developed for the fuel cell itself and for fuel cell systems 

containing several auxiliary components. 

2.3.2.1. Fuel Cell Operation 

Several researchers have developed models to characterize actual PEM fuel cell 

operation. Springer et al. (1991) develop an isothermal, one-dimensional, steady state 
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model for a PEM fuel cell constructed with a 117 Nafion membrane, neglecting anode 

overpotential due to the high rate of anode catalytic activity. This model provides insight 

into cell water transport mechanisms and the resulting effects on cell performance. The 

model corresponded well to experimental results when excess liquid water was not 

present at the cathode. 

Srinivasan et al. (1991) conduct studies of four PEM fuel cells: 125 um thick 

Dow membrane with high platinum loading (10 mg/cm2) electrodes and with low 

platinum loading (0.4 mg/cm2) electrodes, a 100 um thick Nafion membrane with low 

platinum loading, and a 175 um thick Nafion membrane with low platinum loading. 

Equation 2.22 is used to describe fuel cell voltage as a function of current density: 

E = E0-blog(i)-Ri (2.22) 

where: 

E = fuel cell potential or voltage 

E0 = ideal fuel cell potential 

b = Tafel slope for oxygen reduction reaction 

R = cell resistance (primarily ohmic and charge transfer resistance) 

i = current density. 

The second term on the right hand side of Eq. 2.22 represents activation polarization 

effects while the third term represents ohmic resistance effects. Based on experimental 

results, non-linear least-squares fit technique is used to determine E0, b, and R for each 

fuel cell analyzed. 
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Amphlett et al. (1995 and 1995a) develop a steady-state model for a Ballard PEM 

fuel cell using a combined mechanistic and empirical approach. Using mass transport 

analysis, oxygen and hydrogen partial pressures and concentrations at the catalyst 

surfaces are determined.    An expression for the actual voltage is developed based on 

ideal voltage at standard temperature and pressure, activation polarization as a function of 

temperature, current density, and oxygen concentration, and ohmic polarization as a 

function of temperature and current density. Using experimental data from a single 

Ballard Mark IV PEM fuel cell, parametric coefficients for the activation polarization and 

ohmic polarization functions are determined. For the range of values used for 

temperature, oxygen partial pressure, and current density, the experimental data for actual 

voltage agree well with the model results. 

Mann et al. (2000) extend the steady-state Ballard PEM fuel cell model of 

Amphlett et al. (1995 and 1995a) to apply to fuel cells with different physical 

characteristics and dimensions. The resulting model accounts for fuel cell active area, 

electrolyte membrane thickness, and membrane aging. Comparison of model results with 

published data for various fuel cells is mostly favorable. Cases where the model does not 

agree with experimental results may be due to differences in electrocatalyst. 

Lee et al. (1998) develop a model for a PEM membrane/electrode assembly that 

can be integrated into a numerical model of a complete fuel cell stack. Empirical 

equations are used to model physical processes, polarizations, and electrical 

characteristics. These equations are incorporated into a larger dynamic model to 

determine electrical performance of a fuel cell stack. The dynamic model accounts for 
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differences in local temperature, pressure, humidity, and oxygen concentration within the 

stack. Results from the model are reasonable in comparison to established performance 

experimental results. 

Gurau et al. (1998) develop a two-dimensional, non-isothermal mathematical 

model for a PEM fuel cell. To simulate transport phenomena and performance of PEM 

fuel cells, equations are developed to calculate actual concentration distributions along 

the interface between the gas diffuser and catalyst layer. Nondimensional transport 

equations are applied to three domains: the cathode gas channel-gas diffuser-catalyst 

layer for the air mixture, the cathode gas diffuser-cathode catalyst layer-membrane-anode 

catalyst layer-anode gas diffuser for liquid water, and the anode gas channel-gas diffuser- 

catalyst layer for hydrogen. The transport equations are solved numerically. Results 

from the mathematical model are compared with previously published results based on 

one-dimensional numerical models. The authors suggest that the results should be 

considered mostly qualitatively. Unlike other models, this model is able to predict 

phenomena in the region where concentration polarization is predominant. 

2.3.2.2. Systems Analysis 

Many researchers have developed systems models incorporating fuel cells in 

automotive applications. Ogden et al. (1999) use current-voltage curves for existing 

PEM fuel cells to model fuel cell performance. Assuming auxiliary power is proportional 

to fuel flow rate, fuel cell voltage is reduced to account for compressor power 

consumption, expander power generation, and type of fuel used. Fuel reformer 
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performance is modeled using ASPEN-plus software. The model is used in a vehicle 

simulator to compare performance, fuel economy, and alternative fuel cell vehicle 

designs operating on hydrogen, methanol, and gasoline. 

Rodatz et al. (2000) develop a model of a fuel cell/supercapacitor hybrid electric 

vehicle to examine potential operating conditions. The fuel cell system operating on 

direct hydrogen consists of the fuel cell, air compressor, hydrogen recirculation pump, 

and cooling water pump. Fuel cell performance is based on a simplified expression for 

voltage based on open circuit voltage reduced by ohmic resistance. Power consumptions 

by the auxiliary components are modeled by equations developed from an energy balance 

and device isentropic efficiencies. The model is used in a vehicle simulation to identify 

control issues for a defined driving strategy. 

Johansson and Alvfors (2000) develop a direct hydrogen PEM fuel cell system 

model for transportation applications to examine the effects of operating temperature, 

pressure, and water content on system performance. The fuel cell model is based on the 

cell voltage model developed by Springer et al. (1991). The fuel cell system model is for 

steady-state conditions. Studies at full load (50kW nominal power) and 50% load were 

conducted. Results from the parametric study indicate that PEM fuel cells should operate 

at pressures less than 2 bar. 

Barbir et al. (1999) develop a steady-state mathematical model for an automotive 

application PEM fuel cell system. The fuel cell model is based on polarization curves 

determined experimentally from operation of a prototype PEM fuel cell. The system 

includes gasoline reformer, air compressor, cooling system, and air humidification 

system. System components are described by equations based on conservation of mass 
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and energy, accounting for chemical reactions and phase changes in each component. 

The model is used to conduct trade-off analysis for various system configurations and 

operating pressure and temperature. 

Friedman (1999) examines the effects of hybridization of batteries with a PEM 

fuel cell automotive system. The fuel cell stack model is based on the Springer et al. 

(1991) PEM fuel cell model. Modeling of other fuel cell system components is based on 

manufacturer's data and experimental results. The fuel cell automotive system both with 

and without battery hybridization is analyzed under various driving cycles. For the cases 

considered hybridization may improve efficiency for driving cycles with lower power 

requirements while it does not provide an advantage for driving cycles with high power 

requirements. 

A system analysis program, GCtool, developed by Geyer and Ahluwalia (1998) 

contains a PEM fuel cell model. The PEM model determines fuel cell voltage based on 

fuel cell operating temperature, current density, cathode pressure, and oxygen partial 

pressure at the cathode inlet. The GCtool model is based on the model developed by 

Srinivasan et al. (1991) with adjustments made to account for temperature and 

concentration polarization. GCtool is described in greater detail in Sec. 3.1 and is applied 

in the present study. 

2.3.3. Second Law Modeling 

Dunbar and Gaggioli (1988) model the performance of a solid oxide fuel cell 

stack operating on hydrogen and air using a mathematical model based on physical 

characteristics of the fuel cells and appropriate governing equations for the stack 

operation. Their model employs energy and chemical species balances in the fuel stream, 

53 



oxidant stream, and electrolyte; rate equations for mass transports and chemical kinetics; 

thermochemical property relations; and boundary conditions for a twenty-cell stack. 

Equations are iteratively applied over incremental lengths of each individual fuel cell in 

the stack. Application of the model quantifies the influence of irreversible processes 

within the fuel cell and determines the consequent voltage loss. From the results of the 

modeling, the authors develop voltage-current curves. The curves agree well with 

published data on the 20-cell stack. 

Dunbar and Gaggioli (1990) conduct parametric studies using the Dunbar and 

Gaggioli (1988) SOFC model to analyze effects of feed stream temperature, amount of 

excess air, electrolyte thickness, and heat transfer from the reaction zone through the 

electrolyte to the air stream. When feed stream temperature increases, fuel and oxygen 

depletion causes a drop in cell voltage. At lower temperatures the fuel and oxygen 

depletion effect is less significant, but overall performance drops due to decreased ionic 

conductivity of the electrolyte. Thinner electrolyte membranes result in better 

performance. Excess air has little effect on performance at high fuel flow rates, in which 

the fuel utilization is low. At lower fuel flow rates in which the fuel utilization is high, 

excess air improves performance. Reducing heat transfer, if possible, improves overall 

performance. The authors are able to quantify the effect of various parameters on the 

performance of the stack. Such information is useful for improving the design of fuel 

cells and fuel cell stacks. 

Ratkje and Moller-Holst (1992) use the Dunbar and Gaggioli (1988) model to 

examine irreversibilities in a SOFC with external reforming. Analysis focuses on 

^reversibilities associated with reformer combustion, incomplete cell reactions, and heat 
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transfer resulting from anode and cathode activation polarizations and electrolyte ohmic 

polarization. Irreversibilities contributing most to exergy destruction and consequent 

reduced power output are identified as reformer combustion and incomplete cell 

reactions. This type of analysis identifies areas in which improvements will have the 

greatest potential to reduce exergy destruction. 

2.4. Closure 

In the chapters to follow, models are developed for a stand-alone PEM fuel cell 

stack, a direct-hydrogen fuel cell system, and a methanol reforming fuel cell system. The 

exergetic efficiency associated with each model is examined and sources of inefficiency 

are identified. The models developed in this study are embedded in a vehicle simulator. 

Using the FUDS and FHDS driving cycles, fuel economy is determined in four cases: 

direct-hydrogen fuel cell vehicle, methanol reforming fuel cell vehicle, direct-hydrogen 

hybrid (fuel cell system/battery) vehicle, and methanol reforming hybrid vehicle. 
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CHAPTER 3 

DIRECT-HYDROGEN PEM FUEL CELL AUTOMOTIVE MODEL 

3.1. GCtool 

In this chapter a fuel cell system analysis program developed at Argonne National 

Laboratory, GCtool version 2.21 for Windows 95 PC, is discussed and applied. GCtool 

is a C-language interpreter to which the developers precompiled component model, 

thermodynamic property code, and mathematical utilities functions. The program user 

develops system configurations of component models interconnected by various flows. 

The program performs steady-state and dynamic-system simulations of these lumped 

component systems. GCtool version 2.21 also runs on Windows 98 and Windows NT. 

Within GCtool fluid flow is represented by the Gastypeflow class. The user 

defines the type of fluid flow from the following Gastype flow class choices: "GAS" 

(mixture of gases in chemical equilibrium), "STM" (water/steam), "LIQ-species" (pure 

liquid species), "THR-species" (liquid, gas, or two-phase flow of indicated species), and 

"HC-label speciesjist" (liquid, gas, or two-phase multi-component flow of species 

within speciesjist). Individual components are represented by component data 

structures called model classes. Model class components can be used as stand-alone 

systems or can be connected to create integrated systems. Model classes that could be 

used to create fuel cell systems include PEM fuel cell, PAFC, MCFC, SOFC, 
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compressor, gas turbine, fluid flow heat exchanger, pump, fluid flow mixer, fluid flow 

splitter, combustor, and methane/methanol reformer. Additional model classes are listed 

in the GCtool user manual, Geyer and Ahluwalia (1998). This manual specifies 

procedures for the UNIX version of GCtool. For version 2.21 documentation available 

within the GCtool program itself provides instructions for use of GCtool. 

Strengths of GCtool include access to gas phase chemical equilibrium codes, 

single and multi-component hydrocarbon property codes, liquid phase property codes, 

and water/steam property codes. The ability to integrate several components into a 

system for analysis provides user flexibility to analyze several configurations. A 

weakness of the program is the format required to establish a system and run the 

program. The program is based on the C-language requiring specific formatting of 

command lines. Users unfamiliar with the C-language may find using GCtool 

challenging. Geyer and Ahluwalia (1998) provide several examples with associated 

command lines. Understanding these examples with their associated command line 

formats is the easiest way to become familiar with use of GCtool. 

3.1.1 Background 

For this study virtual experiments representing direct-hydrogen PEM fuel cell 

operating scenarios were conducted. The PEM model was used as a stand-alone system. 

For the PEM modeling, the model classes, gas and pern, were used. The gas model 

initiates fluid flow while the pern model represents operation of a PEM fuel cell. 

Two gas models are defined to represent air and hydrogen. Information specified 

by the user includes user-chosen name for gas model, Gastype flow class (id-'"), mass 
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flow rate (m) [kg/s], temperature (t) [K], pressure (p) [atm], mole fraction of each 

species, i, within the gas flow (comp[i]), and relative humidity of gas flow (humid). 

Examples of command lines for air and hydrogen are: 

gas air={id=wGASw; m=0.1; t=323; p=2; comp[O2]=0.21; comp[N2]=0.79; humid=1.0;}; 

gas fue^tid^GAS"; m=0.00002; t=323; p=2; comp[H2]=1.0; humid=1.0;}; 

The pern model represents operation of a PEM fuel cell. User specifies fuel cell 

operating temperature (celltemp) [K]. Depending on the user-specified design mode: 

design (d), off-design (o), or utilization (u), the user specifies two of the following three 

parameters: cell active area (area) [m2], current density (curden) [A/cm2], and fuel 

utilization (fuelutil). Using the two parameters provided, the pern model solves for the 

third parameter using Eq. 3.1: 

.    2(//X«0,„A2)F (3.1) i =■ 
A 

where: 

i is the current density [A/cm ] 

\i is the fuel utilization (fraction of incoming fuel used in the fuel cell chemical 

reaction) 

na,in,h2 is the molar flow rate of hydrogen entering the fuel cell anode [kmol/s] 

F is Faraday's constant (96,487,000 Coulombs/kmol equivalent e") 

A is the fuel cell active area [cm ]. 

In writing Eq. 3.1 note that two kmol of electrons are transferred for each kmol of 

hydrogen consumed during the PEM fuel cell reaction (see Eq.2.1). Faraday's constant is 
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the quantity of electric charge associated with a kmol of electrons. The resulting current 

from the electrochemical reaction is the product of the amount of electrons transferred, 

the amount of hydrogen consumed, and Faraday's constant. 

User specifies among three options to determine fuel cell voltage denoted 

respectively t, m, and v. Depending on the voltage option selected the model determines 

the fuel cell voltage. The table (t) option returns voltage from table lookup based on 

current density and cathode pressure. According to Geyer (2000) the model (m) option 

determines voltage from a curve fit based on a PEM model developed by Srinivasan et al. 

(1991) and Allison Gas Turbine Division of General Motors research and development 

information. The model option describes the current density-voltage relationship based 

on current density, fuel cell temperature, cathode inlet pressure, and oxygen partial 

pressure at cathode inlet. The voltage (v) option requires user specification of voltage. 

User specifies between two options to model PEM fuel cell water management, 

denoted respectively s and no option. As mentioned in Sec. 2.2.1, for PEM fuel cells 

water management is critical to maintain adequate hydration for ion flow through the 

electrolyte while avoiding electrolyte dehydration and electrode flooding. Geyer and 

Ahluwalia (1998) describe water transport processes occurring in PEM fuel cells. 

Hydrated protons transport water from anode to cathode. In some fuel cells cathode gas 

flow pressure is maintained higher than anode gas flow pressure to reduce this flow of 

hydrated protons. Both anode and cathode gas flows carry water away from the fuel cell 

acting as drying flows. GCtool does not model each of these water transport processes 

individually. Instead the overall water transport effects are modeled by assuming the 

anode exhaust flow is just saturated. User either specifies the model option saturated 
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anode exhaust flow (s) or no option in which case the anode exhaust flow has the same 

water quantity as the anode inlet flow. An example of a command line for pern model is: 

pem pem={mode=Mo", option="ms", area=0.0929; celltemp=323; curden=0.7;}; 

Once the gas and pem models are specified, the user calls the model entries in 

the appropriate order to simulate performance of the fuel cell. The pem model entries are 

".ain" (obtains anode input flow and does not generate exit flow), ".c" (obtains cathode 

input flow and generates cathode exit flow), ".a" (generates anode exit flow), and "cool" 

(optional entry to process coolant flow through the fuel cell). User must ensure that the 

appropriate gas model is specified before it is needed in a subsequent model. An 

example of appropriate entries for the PEM fuel cell simulation is: 

fuelc; pem.ain; air.c; pem.c; pem.a; 

GCtool provides several output choices. The command, "mods.print" produces 

the "Output of Model Parameters" table, which summarizes values for parameters used 

for each model. The command, "gass.print", produces the "Output of Model Gastype 

Flows" table, which provides thermodynamic property data for each fluid flow at the exit 

of each component in the system model. The command, "gass.mprint", produces the 

"Output of Species Molar Flow Rates and Mole Fractions" table, which provides the 

species flow rates and mole fractions for each fluid flow at the exit of each component. 

The command, " pows.print" produces the "Output of Model Powers" table, which 

provides the power produced and consumed for each device and the heat transfer input 

and output for each device. A command line example to produce these tables as outputs 

is: 

mods.print; gass.print; gass.mprint; pows.print; 

60 



The user can define variables within the program using data generated during 

GCtool simulation. Output data can be printed to a text file and then manipulated for 

graphing and presentation purposes. 

3.1.2. Sample Results 

Using GCtool an exhaustive number of virtual experiments was conducted to 

determine performance trends of PEM fuel cells while several parameters were varied. 

The voltage model option and saturated anode exit option were used. Results were 

graphed using Microsoft Excel. Examples of results include the effects of cathode 

pressure (Sec. 2.3.1.1), fuel cell operating temperature (Sec. 2.1.1), and current density 

(Sec. 2.1.3.1) on output voltage and power density (Sec. 2.1.3.1). Other GCtool outputs 

include heat transfer from the fuel cell and fuel cell exergetic efficiency (Sec. 1.2). 

For fuel cell operating temperature of 353K, Fig. 3.1 shows the effects on 

voltage by varying cathode pressure and current density. This plot reflects the same 

trends illustrated in the generic voltage-current plot in Fig. 2.6. Increasing cathode 

pressure results in a flatter slope in the ohmic polarization region with corresponding 

higher voltage for a given current density. Additionally, the onset of concentration 

polarization occurs at higher current densities as cathode pressure increases. 

At a lower fuel cell operating temperature of 323K, Fig. 3.2 shows the effects 

on voltage by varying cathode pressure and current density. The same trends noted for 

fuel cell operating temperature of 353K are present at operating temperature of 323K. 

Although increasing cathode pressure results in a flatter slope in the ohmic polarization 

region, at 323K the variance in slopes among the five pressures is much less compared 

with the slope variances at 353K. At 3 atm the slope in the ohmic polarization region is 
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Figure 3.1: Effects of Cathode Pressure and Current Density on Voltage at Fuel 
Cell Operating Temperature of 353K 

62 



Pressure=1.0atm 

Pressure=1.5atm 

Pressure=2.0 atm 

Pressure=2.5 atm 

Pressure=3.0 atm 

0.4 0.6 0.8 1 

Current Density f A/cm2] 

Figure 3.2: Effects of Cathode Pressure and Current Density on Voltage at Fuel 
Cell Operating Temperature of 323K 
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steeper at 323K than at 353K while at 1 atm the slope is similar at both 323K and 353K. 

The onset of a significant voltage drop due to concentration polarization occurs at higher 

current density at 323K than when the fuel cell operating temperature is 353K. 

The effects of further reduction in fuel cell operating temperature to 293K are 

shown in Fig. 3.3. The same general trends of increased voltage with increased pressure 

are present. In the ohmic polarization region the variance in slopes among the five 

pressures is less than that at 323K and 353K while the slopes of the curves are much 

steeper at 293K. Consequently, at 293K larger voltage drops occur as current density 

increases. Concentration polarization never becomes dominant. Comparison of Figs. 3.1 

through 3.3 indicates that temperature affects both ohmic polarization and concentration 

polarization: as temperature decreases, ohmic polarization tends to be more significant 

than concentration polarization, the effect of which nearly vanishes at 293K. 

The general relationship shown in Figs. 3.1 through 3.3 of decreasing voltage 

with increasing current density causes the product of these two terms, power density, to 

increase to a maximum value and then decline as current density further increases. The 

relationship between power density and current density is illustrated in Fig. 3.4. 

Comparison of Fig. 3.4 with Fig. 3.1 indicates maximum power density occurs near the 

transition of the ohmic polarization region to the concentration polarization region: near 

a current density where the slope of the voltage-current density curve starts to deviate 

from the slope of the linear ohmic polarization region. In Fig. 3.4 the sharp decline in 

power density beyond the maximum power density point is due to the predominance of 

concentration polarization in this region. At fuel cell operating temperature of 353K, 

64 



1.2 

£-    0.6 
w 
DC 
03 

O 
> 

TceD=293K 

0.4 0.6 0.8 

Current Density [A/cm2] 

Figure 3.3: Effects of Cathode Pressure and Current Density on Voltage at Fuel 
Cell Operating Temperature of 293K 
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Figure 3.4: Effects of Cathode Pressure and Current Density on Power Density at 
Fuel Cell Operating Temperature of 353K 
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increased cathode pressure results in greater power density for a given current density. 

As cathode pressure increases, the current density at which maximum power density 

occurs shifts to the right. 

At a lower fuel cell operating temperature of 323K, the effects on power density 

by varying cathode pressure and current density are shown in Fig. 3.5. The same general 

power density trends noted for fuel cell operating temperature of 353K are present at an 

operating temperature of 323K. Comparison of Fig. 3.5 with Fig. 3.4 indicates that for a 

cathode pressure of 3 atm the power density curve at 323K falls below that at 353K over 

most of the current density range. This results from the steeper slope of the voltage- 

current density curve in the ohmic polarization region at 323K compared with 353K. At 

a cathode pressure of 1 atm the reverse is observed: the power density curve at 323K 

falls above that at 353K. This results from onset of concentration polarization at a much 

higher current density at 323K compared with 353K since the slopes of the voltage- 

current density curves in the ohmic polarization region are similar. 

At a lower fuel cell operating temperature of 293K, Fig. 3.6 shows that power 

density still increases with increasing cathode pressure for a given current density. 

However, the increase is much less significant. For a given cathode pressure the 

maximum power density of Fig. 3.6 is less than the maximum power density at 353 and 

323K shown in Figs. 3.4 and 3.5. Since concentration polarization is not significant at 

293K, the maximum power density occurs due to cumulative ohmic polarization voltage 

drop as current density increases. Comparing Fig. 3.6 with Figs. 3.4 and 3.5, the slope of 
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Figure 3.5: Effects of Cathode Pressure and Current Density on Power Density at 
Fuel Cell Operating Temperature of 323K 
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Figure 3.6: Effects of Cathode Pressure and Current Density on Power Density at 
Fuel Cell Operating Temperature of 293K 
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the power density curve beyond the point of maximum power density is not as steep as 

the slopes at 353K and 323K due to absence of concentration polarization effects at a 

temperature of 293K. 

As shown by Figs. 3.7 through 3.9 fuel cell exergetic efficiency plotted against 

current density shows the same trend as the voltage-current density curves in Figs. 3.1 

through 3.3. The similarity in shapes of the curves is due to the fact that fuel cell 

exergetic efficiency is directly proportional to fuel cell power, which is directly 

proportional to voltage for a given current density. 

For fuel cell cathode pressure of 3 atm, the effects on voltage by varying fuel cell 

operating temperature and current density are shown in Fig. 3.10. Generally as 

temperature increases, the voltage for a given current density increases. This trend 

changes at high current density in the region of concentration polarization dominance. 

The onset of concentration polarization occurs at lower current densities as fuel cell 

operating temperature increases. This effect is illustrated by the crossing of the curves on 

the graph. At 293K ohmic polarization effects dominate with no significant 

concentration polarization. 

At a lower cathode pressure of 2 atm, the effects on voltage by varying fuel cell 

operating temperature and current density are shown in Fig. 3.11. The same trends noted 

for cathode pressure of 3 atm are present at cathode pressure of 2 atm. However, the 

onset of significant voltage drop due to concentration polarization occurs at lower current 

density than at 3 atm. At 293K ohmic polarization effects are still dominant with the 

slope of the voltage-current density curve steeper at 2 atm compared with 3 atm. 
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Figure 3.7: Effects of Cathode Pressure and Current Density on Exergetic 
Efficiency at Fuel Cell Operating Temperature of 353K 
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Figure 3.8: Effects of Cathode Pressure and Current Density on Exergetic 
Efficiency at Fuel Cell Operating Temperature of 323K 
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Figure 3.9: Effects of Cathode Pressure and Current Density on Exergetic 
Efficiency at Fuel Cell Operating Temperature of 293K 
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Figure 3.10: Effects of Fuel Cell Operating Temperature and Current Density on 
Voltage at Cathode Pressure of 3 atm 

74 



0.6 0.8 

Current Density [A/cm2] 

Figure 3.11: Effects of Fuel Cell Operating Temperature and Current Density on 
Voltage at Cathode Pressure of 2 atm 
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The effects of further reduction in cathode pressure to 1 atm are shown in Fig. 

3.12. Onset of concentration polarization at significantly lower current density results in 

a much earlier crossing of the curves on the graph. At 293K the slope of the curve is 

steeper than that at cathode pressures of 2 atm and 3 atm with ohmic polarization effects 

still dominant. 

Power density trends at a cathode pressure of 3 atm are illustrated in Fig. 3.13. 

As current density increases, power density reaches a maximum value and then sharply 

declines at fuel cell operating temperatures of 353, 333, and 313K due to predominance 

of high concentration polarization. At a temperature of 293K power density decline is 

more gradual beyond the point of maximum power density due to cumulative ohmic 

polarization effects since concentration polarization is not significant at this temperature. 

At a cathode pressure of 3 atm, increased fuel cell operating temperature results in 

increased power density for a given current density. As fuel cell operating temperature 

increases, the maximum power density occurs at higher current density. The crossing of 

the curves indicates effects of earlier onset of concentration polarization as temperature 

increases. 

As cathode pressure decreases to 2 atm, maximum power density for each 

temperature is less than that at 3 atm as shown in Fig. 3.14. Additionally, at 2 atm for 

temperatures of 353, 333, and 313K the maximum power density and onset of 

concentration polarization dominance occur at a much lower current density compared 

with 3 atm. At a temperature of 293K maximum power density and power density 

decline due to cumulative ohmic polarization effects occur at a slightly lower current 

density compared with 3 atm. 
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Figure 3.12: Effects of Fuel Cell Operating Temperature and Current Density on 
Voltage at Cathode Pressure of 1 atm 
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Figure 3.13: Effects of Fuel Cell Operating Temperature and Current Density on 
Power Density at Cathode Pressure of 3 atm 
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Figure 3.14: Effects of Fuel Cell Operating Temperature and Current Density on 
Power Density at Cathode Pressure of 2 atm 
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As cathode pressure is reduced to 1 arm, maximum power density at each 

temperature is further reduced from that at higher pressures as illustrated in Fig. 3.15. At 

1 atm for temperatures of 353, 333, and 313K onset of concentration polarization at 

significantly lower current density results in decreasing power density with increasing 

fuel cell operating temperature. At a temperature of 293K maximum power density and 

power density decline due to cumulative ohmic polarization effects occur at a slightly 

lower current density compared with 2 atm and 3 atm. 

Referring to Figs. 3.1 through 3.9, for a given current density, higher cathode 

pressure and higher operating temperature result in higher voltage, power density and 

fuel cell exergetic efficiency. When the fuel cell is integrated into a fuel cell system, 

however, auxiliary component exergy destruction and/or power consumption offsets 

some of the exergetic efficiency gains of high-pressure operation (see Sec. 3.2.3). There 

is also a trade-off between power density and exergetic efficiency. As current density 

increases, exergetic efficiency decreases while power density increases to its maximum 

(compare Figs. 3.4 and 3.7). Operation at current densities beyond maximum power 

density should be avoided due to concentration polarization effects. Operation at low 

current density gives a high efficiency but a low power output per fuel cell active area 

(compare Figs. 3.4 and 3.7 at a current density of 0.2 A/cm2, for example). Accordingly, 

to achieve a high power output at low current density, a greater fuel cell active area 

would be required: the fuel cell stack would have to be larger. Consequently, steady- 

state applications such as stationary power production in which fuel cell stack size is not 
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Figure 3.15: Effects of Fuel Cell Operating Temperature and Current Density on 
Power Density at Cathode Pressure of 1 atm 
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a critical issue would operate at low current density to achieve greater efficiency. For 

automotive applications in which power requirements continually vary, a fixed operating 

point is not feasible. 

3.2. MATLAB Adaptation 

A goal of this study is to analyze PEM fuel cell performance in automotive 

applications. Using the GCtool virtual experiment results and PEM analysis 

methodology, the computational process used in GCtool was adapted into a MATLAB 

program. A MATLAB program is more conducive to integration into a vehicle 

simulation program. 

3.2.1. Power Density Function 

For the MATLAB adaptation the possibility of expressing power density and fuel 

cell exergetic efficiency as a function of current density and fuel cell operating 

temperature was explored as follows: Based on GCtool-generated data for PEM fuel cell 

operation in the current density range of 0.1 to 1.0 Amps/cm2, linear regression 

techniques were used to develop empirical equations to describe power density and fuel 

cell exergetic efficiency (Sec. 1.2). From power density and current density, the voltage 

can be computed. For constant hydrogen and air inlet temperature and relative humidity, 

regression analysis indicated power density is a cubic function of current density as given 

byEq. 3.2: 

Power Density = a0 + axi + a2i   + aj (3.2) 

where: 

ao, ai, and as are constant coefficients 
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a2 is a linear function of cell temperature: 

a2=a2l+a22TceIl (3-3) 

Ü21, and Ü22 are constant coefficients. 

For constant hydrogen and air inlet temperature and relative humidity, regression analysis 

indicated fuel cell exergetic efficiency (s) is a cubic function of current density as given 

byEq. 3.4: 

s = a0 + aj + a2r + a3i (3 -4) 

where: 

ao, Ü2, and Ü3 are constant coefficients 

ai is a linear function of cell temperature: 

ax=au+anTceU (3-5) 

an, and an are constant coefficients. 

For constant operating conditions these empirical equations are within 2% of the 

GCtool-computed power density and fuel cell exergetic efficiency. Although these 

empirical equations provide a simple relationship for power density and exergetic 

efficiency as functions of current density and fuel cell operating temperature, analysis of 

various operating conditions requires new empirical constants for each set of conditions, 

which is burdensome. Since vehicle simulation applications involve constantly changing 

conditions, linear regression-developed empirical equations are not practical to use. As a 

result the GCtool model equation for computing voltage is used in the MATLAB 

adaptation. Power density is computed as the product of voltage and current density. 
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3.2.2. Fuel Cell Module 

As shown in Figs. 3.4 through 3.6 and Figs. 3.13 through 3.15, once maximum 

power density is achieved, further increase in current density results in significant decline 

in power density owing to concentration polarization effects or cumulative ohmic 

polarization effects. These results indicate the fuel cell should not be operated beyond its 

maximum power density point. To ensure that the fuel cell does not operate at current 

densities where concentration polarization effects are dominant, it is necessary to identify 

a maximum current density corresponding to each cathode pressure/fuel cell operating 

temperature combination. This was explored in two ways: (1) Base the maximum 

current density on a current density at which a significant increase (taken to be 50%) in 

slope of the voltage-current density curve occurs thus avoiding operation in the region of 

dominant concentration polarization. (2) Base the maximum current density on the 

current density at which maximum power density occurs. 

A comparison of maximum current densities based on an increase in slope of 50% 

and maximum power is shown in Figs. 3.16 through 3.18. At fuel cell operating 

temperatures of 353K and 323K maximum current densities corresponding to an increase 

in slope of 50% do not fall in the area of significant voltage drop due to concentration 

polarization. At the fuel cell operating temperature of 293K, the slope of the voltage- 

current density curve never increases by 50% due to minimal concentration polarization 

at this temperature. Accordingly, determination of maximum current densities based on 

change in slope is not possible at this temperature. For all three temperatures considered, 

maximum current densities corresponding to current densities at maximum power are 

shown. At a fuel cell operating temperature of 353K maximum current density values are 
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Figure 3.16: Comparison of Maximum Current Density Criteria Results at Fuel 
Cell Operating Temperature of 353K 
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Figure 3.17: Comparison of Maximum Current Density Criteria Results at Fuel 
Cell Operating Temperature of 323K 
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Figure 3.18: Comparison of Maximum Current Density Criteria Results at Fuel 
Cell Operating Temperature of 293K 
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somewhat higher than those computed using the slope change criterion. At the fuel cell 

operating temperature of 323K maximum current density values are mostly less than 

those computed using the slope change criterion. Since the 50% slope increase criterion 

is not applicable at lower fuel cell operating temperatures and results in maximum current 

densities that correspond to current densities beyond maximum power density, the 

maximum power density criterion is used to determine maximum current density in the 

MATLAB program. 

The MATLAB program uses the same methodology as GCtool to solve for actual 

voltage, heat transfer associated with the fuel cell, and mass flow composition at 

electrode exits. A copy of the MATLAB fuel cell system program is provided in 

Appendix A. Development of equations used in the MATLAB program is in Appendix 

B. The general procedure used in the MATLAB program is as follows: 

Stepl: Specify values for fuel cell operating temperature (Tceii), air temperature 

(Tab) and relative humidity (#,*..*) at cathode inlet, hydrogen temperature (Th2) and 

relative humidity (faib) at anode inlet, molar air-fuel ratio (ÄF), cathode inlet pressure 

(Pcathode.m), anode inlet pressure (Panode,m), current density (/), and fuel utilization (//). 

Step 2: Determine maximum current density for specified cathode pressure and 

fuel cell operating temperature. Maximum current density is the current density value at 

maximum power. Verify specified current density does not exceed maximum current 

density. 
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To compute saturation pressure (Pg) an empirical relationship for saturation 

pressure as a function of temperature derived from steam table data and linear regression 

(Eq. 3.12) is used. 

(   1   > 
Pg[atm]=exp 11.7384-3875.52 

T[K]) 
159,296 -10,651,805 (3.12) 

Step 4: Compute power density, the product of voltage and current density. 

Step 5: Compute mass flow of hydrogen entering the fuel cell using Eq. 3.1. 

Step 6: Compute species inlet and exit flow rates based on balanced chemical 

reaction for hydrogen with air and conservation of mass. 

Step 7: Compute heat transfer associated with the fuel cell using conservation of 

energy analysis. 

Step 8: From Eq. 1.2, compute fuel cell exergetic efficiency based on fuel 

consumption: 

 Fuel Cell Power Density  (3.13) 
B = Mass Flow per Areahydroge„ consumed x Lower Heating Valuehydrogen 

All mass flows and exergy transfers are computed on a per fuel cell active area 

basis. This allows results to be scaled for various sized fuel cell stacks. Scaling is 

accomplished by multiplying mass flows per area and exergy transfers per area by the 

fuel cell active area and number of cells in the stack. 

3.2.3. Fuel Cell Systems 

To develop a fuel cell system, auxiliary components for air flow, hydrogen 

recirculation, cooling, and humidification are required. Figure 3.19 shows a schematic of 

the direct-hydrogen fuel cell system analyzed in the MATLAB program. 
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Figure 3.19: Schematic of Direct-Hydrogen PEM Fuel Cell System 
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To determine system performance, power requirements associated with auxiliary 

components must be computed. Expressions for power are derived from an energy 

balance for each component. Compressor and optional expander isentropic efficiencies 

can vary with air mass flow or can be assumed constant. Pump and fan isentropic 

efficiencies are specified constants. Additionally, user specifies cooling loop pressure 

drop, coolant temperature change through the fuel cell and radiator, and air temperature 

change through the radiator. The power requirements are computed on a per fuel cell 

active area basis to be consistent with the fuel cell power and heat transfer computations. 

An overall fuel cell system exergetic efficiency is calculated based on the system net 

power density as shown by Eq. 3.14. 

Net System Power Density   (3.14) 
£sys = Mass Flow per Areahydrogenconsumed x Lower Heating Valuehydrogen 

Since some auxiliary components in the fuel cell system consume power, all components 

have associated exergy destruction, and losses occur, the exergetic efficiency of the fuel 

cell system, s^ is characteristically less than for the stand-alone fuel cell, e, given by 

Eq. 3.13. 

To analyze fuel cell system performance in an automotive application, the 

MATLAB program requires integration into a vehicle simulation program. Chapter 4 

provides an overview of the vehicle simulation program used and simulation results for a 

direct-hydrogen fuel cell powered vehicle. Chapter 5 examines effects of on-board 

methanol reforming on fuel cell powered vehicle performance. Performance of a direct- 

hydrogen fuel cell system/battery hybrid powered vehicle is examined in Chapter 6 using 
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two control strategies. In Chapter 7 vehicle performance is compared among four cases: 

direct-hydrogen and methanol reforming fuel cell vehicle and direct-hydrogen and 

methanol reforming hybrid (fuel cell system/battery) vehicle. 
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CHAPTER 4 

DIRECT-HYDROGEN PEM FUEL CELL AUTOMOTIVE SIMULATION 

4.1. Background 

To conduct a comparative analysis among various engine configurations and 

driving profiles, a simulation tool, Vehicle Performance Simulator (VP-SIM) developed 

at The Ohio State University, is used. Rizzoni et al. (2000) provide an overview of the 

modeling approach used in VP-SIM. Each component within the simulator has a general 

structure (unified description) that uses input/output power to provide relationships with 

other components. Components within the simulator are scalable, allowing the same 

basic model, independent of size, to describe a class of components. Various component 

sizes are generated by specifying scaling parameters associated with each component. 

Arbitrary system models are easily constructed (composable) from the given set of 

component models. VP-SIM predicts the ability of a powertrain to meet a desired vehicle 

driving cycle, estimates fuel economy, and implements a supervisory control strategy. It 

is written in MATLAB/Simulink computer language. It consists of three main blocks at 

the top layer: the driver, the powertrain, and the vehicle dynamics. Based on a given 

cycle of vehicle speed, VP-SIM determines the driver's inputs (accelerator pedal and 

brake pedal positions) needed to follow the cycle. The control block within the 
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powertrain block interprets the driver's input and produces appropriate input commands 

to the exergy conversion system. These commands translate through the powertrain to 

provide the moving vehicle forces at the wheels. 

The current study includes development of a scalable PEM fuel cell module for 

incorporation into the powertrain model. The fuel cell system schematic shown in Fig. 

3.19 is still applicable. Using the MATLAB PEM fuel cell system program (Sec. 3.2.2) 

as a starting point, a PEM fuel cell module was developed. Operational improvements to 

the MATLAB model (Sec. 3.2.3) were incorporated into the VP-SIM module: (1) 

compressor and expander performance data to allow variance in pressure ratio and 

isentropic efficiency with variance in mass flow through the devices was used instead of 

constant pressure ratio and constant isentropic efficiency values, (2) a pressure drop 

proportional to mass flow rate through the cathode was added, and (3) an initial 

temperature rise from ambient to fuel cell operating temperature simulates cold start of 

the fuel cell. The auxiliary components in the fuel cell system have associated power 

consumption and exergy destruction that cause a decrease in fuel cell system power 

production and exergetic efficiency compared with those of the fuel cell stack. 

Within the simulator environment the fuel cell system can be analyzed as a stand- 

alone system responding to a user-specified current density request or as part of a total 

powertrain operating in response to a driving cycle of vehicle speed. Section 4.2 assesses 

stand-alone fuel cell system performance based on current density request while Sec. 4.3 

addresses fuel cell system performance and fuel economy during vehicle simulations. 
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4.2. Stand-Alone Fuel Cell System Assessments 

Two assessments were conducted using the stand-alone fuel cell system to 

determine: (1) relative impact of fuel cell system auxiliary components on power density 

and (2) opportunity for fuel cell system efficiency improvement via auxiliary component 

control efforts. Both assessments were conducted by varying the fuel cell stack current 

density request from 0 to 1.0 A/cm2. Constant fuel cell operating parameters used during 

the assessments are representative of automotive fuel cell operation: nominal fuel cell 

stack operating temperature of 353K, anode pressure of 2 aim, fuel utilization of 0.8, 

molar air-fuel ratio of 2, hydrogen and air relative humidity of 100%, and reactant 

temperature of 333 K at fuel cell electrode inlets. 

During assessment of the relative impact on power density by auxiliary 

components, power density production and consumption by each component within the 

fuel cell system was examined for each current density request. Figure 4.1 illustrates the 

difference between fuel cell stack power production and fuel cell system power 

production due to auxiliary component power requirements. The figure also indicates the 

magnitude of auxiliary power produced and consumed.   Figure 4.2 compares power 

consumption by auxiliary components over the range of current density. The air 

compressor has the greatest average power consumption (-93.5%) followed by the 

cooling fan (-5%), the cooling water pump (-1%), and the hydrogen recirculation pump 

(-0.5%). Power consumed by the air humidification pump and the hydrogen 

humidification pump is negligible. For the auxiliary components in the fuel cell system, 

these results indicate reduction in compressor power consumption would contribute most 
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Figure 4.1: Fuel Cell and Fuel Cell System Power Density vs. Current Density 
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to increased fuel cell system net power output. Hence, performance capability and 

operational control of the air delivery component should be the highest priority to 

maximize fuel cell system efficiency. 

The second assessment considered the impact on efficiency of component 

controls and established expected efficiency limits for best-case and worst-case control of 

the compressor. Figure 4.3 compares fuel cell system efficiencies for five cases: (1) 

stand-alone fuel cell stack, (2) fuel cell system with ideal control (the mass flow rates of 

fuel and air instantaneously match the fuel cell demand to maintain operating parameters) 

and an expander, (3) fuel cell system with ideal control but without an expander, (4) fuel 

cell system with no air control (constant air flow) and an expander, and (5) fuel cell 

system with no air control but without an expander. All other operating parameters are 

the same as described above. The two ideal control efficiency lines define the best 

possible performance of the respective fuel cell systems: with and without expander. 

The two no control efficiency lines define the worst possible performance of the 

respective fuel cell systems: with and without expander. With no air control, at very low 

current densities (0 to 0.13 A/cm2 approximately) the power consumed by the auxiliary 

components equals or exceeds the power generated by the fuel cell stack, and thus no net 

power is developed and the exergetic efficiency is assigned a zero value. 

The region on Fig. 4.3 between the best and worst performance lines represents 

opportunity for performance improvement via fuel cell system component control efforts. 

As indicated by results from the first assessment, low-level control efforts targeting the 

compressor have the greatest potential for improved system performance.   Consideration 
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of alternative air flow strategies will indicate which air flow strategy affects system 

efficiency most favorably while maintaining required system performance level. 

A simple air flow strategy is to continuously operate the compressor to provide 

constant mass flow of air and pressure ratio to meet maximum demand. Another strategy 

is to continuously operate a compressor that provides variable mass flow of air and 

variable pressure ratio. Using variable mass flow introduces a new constraint: the 

dynamics (time response) of the air supply system. Another strategy is to operate the 

compressor in an on/off mode to provide constant mass flow of air and constant pressure 

ratio while coupling the compressor with an accumulator to store excess air and provide 

air flow supply when the compressor is turned off. Consideration of these and other low- 

level control strategies for the compressor may reduce compressor power requirements 

and thus increase the overall fuel cell system power production and exergetic efficiency. 

4.3. Vehicle Simulation Results 

The vehicle simulator with the embedded fuel cell system was used to investigate 

fuel cell system and overall powertrain performance during two driving cycles: FUDS 

and FHDS. The vehicle modeled during the simulations is a sport utility-type vehicle 

with vehicle mass of 1452 kg (3200 pounds), vehicle frontal area of 2.7 m2, coefficient of 

drag of 0.4, and coefficient of rolling resistance of 0.015. Individual fuel cell active area 

is taken as 400 cm2 with 220 cells in the stack. The same representative fuel cell 

operating parameters for nominal fuel cell stack operating temperature, anode pressure, 

fuel utilization, molar air-fuel ratio, hydrogen and air relative humidity, and reactant 

temperature at fuel cell electrode inlets employed in the assessments described in Sec. 4.2 

are used during the direct-hydrogen fuel-cell powered vehicle simulations. 
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The fuel cell system has ideal control (Sec. 4.2) and includes an expander and a 

compressor that can provide variable mass flow of air and variable pressure ratio between 

2.1 and 3.2. Compressor isentropic efficiency ranges between 49% and 71%. Cathode 

inlet temperature is dependent upon ambient temperature, compressor pressure ratio, 

compressor isentropic efficiency, and humidification level. Although ambient 

temperature and relative humidity are constant for the simulations, the compressor 

pressure ratio and isentropic efficiencies vary with air flow. Still, for simplicity the same 

average cathode inlet temperature of 333K from Sec. 4.2 is assumed. The assumed 

average cathode inlet temperature of 333K is within 3% of the temperatures associated 

with the average pressure ratios during FUDS and FHDS: 2.2 and 2.3, respectively. The 

maximum fuel cell stack power capacity is 50 kW at nominal temperature while the 

maximum fuel cell system net power capacity is 42 kW at nominal temperature. 

4.3.1. FUDS Simulation Results 

Cold-start of the vehicle is simulated during the FUDS cycle by assuming initial 

fuel cell stack operating temperature is ambient temperature. Figure 4.4 shows the 1380- 

second FUDS cycle used during simulation. The fuel cell system generally meets the 

load demand. During the simulation, hydrogen consumption is 0.1460 kg. To determine 

fuel economy hydrogen usage is converted to equivalent gasoline usage based on the 

relative lower heating values of hydrogen and gasoline (see Eq. 6.1). Fuel economy 

during the FUDS simulation is 52.9 mpg. 

Figure 4.5 shows the change in fuel cell operating temperature with time during 

the cycle. The fuel cell is initially at ambient temperature, 293K. As the fuel cell stack 

operates for longer periods, heat transfer due to the cell reactions causes the fuel cell 
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Stack temperature to rise. Note that during the 1380-second cycle, the fuel cell stack does 

not reach its target operating temperature of 353K where better performance can be 

expected (see Figs. 3.7 through 3.9). Additionally, since the fuel cell stack does not reach 

nominal fuel cell operating temperature, the cooling system never operates during the 

cycle. 

Figure 4.6 compares the instantaneous fuel cell stack current density with the 

maximum current density limit. For the assumed fuel cell size operating under the FUDS 

cycle, actual fuel cell current density is always less than maximum fuel cell current 

density. If the fuel cell stack size were too small, the stack would typically show periods 

of operation at maximum current density in an effort to provide the power required. If 

stack size is too small, the fuel cell stack may not be able to provide the power required 

by the load at times during the cycle. 

Fuel cell stack and fuel cell system instantaneous exergetic efficiencies are shown 

in Fig. 4.7. The average exergetic efficiency over the cycle for the fuel cell stack is 

62.04% while that for the fuel cell system is 56.43%. The effects associated with 

chemical processing to produce hydrogen from feedstock and compression of hydrogen 

for storage in on-board tanks are not included in these exergetic efficiency values. 

Assuming approximate exergetic compressor efficiency of 86% based on values reported 

by Wang (1999 and 1999a) and using the hydrogen conversion efficiency of 71% from 

Table 1.1, conversion efficiency to produce compressed hydrogen from feedstock is 

about 61% (the product of 86% and 71%). Consideration of hydrogen conversion 

efficiency results in substantially lower total exergetic efficiencies of 37.8% for the fuel 

cell stack and 34.4% for the fuel cell system. 
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Comparison of Fig. 4.6 with Fig. 4.7 shows that, in accordance with Figs. 3.7 

through 3.9, high exergetic efficiency occurs at low current density while low exergetic 

efficiency occurs at high current density. In particular, the lowest instantaneous 

exergetic efficiency occurs at approximately 200 seconds, which corresponds to the time 

of highest actual current density during the cycle as shown in Fig. 4.6. The data of Figs. 

4.6 and 4.7 also can be represented for each second during the driving cycle as in Fig. 

4.8, which shows the instantaneous variation of exergetic efficiency with current density. 

For a given current density, exergetic efficiency values increase as the driving cycle 

evolves, reflecting the influence of rising fuel cell operating temperature during the cycle 

(Fig. 4.5). As the temperature approaches the target operating temperature, 353K, the 

trace of the exergetic efficiency approaches the shape of the exergetic efficiency-current 

density curve for constant fuel cell operating temperature as shown in Fig. 3.7. 

The relative magnitude of power consumption and production associated with the 

auxiliary components in the fuel cell system is indicated in Fig. 4.9, which compares the 

power produced by the fuel cell stack and the fuel cell system In agreement with the 

results of Sec. 4.2, the air compressor has the greatest power consumption (-99.5%) 

followed by the hydrogen «circulation pump (-0.5%) during the FUDS cycle. Note that 

the percent of power consumption by the compressor during the FUDS cycle is six 

percent higher than the percent of power consumption by the compressor in the stand- 

alone fuel cell system assessment in Sec. 4.2. This increase is due to no power 

consumption by the radiator fan and the cooling water pump since the fuel cell stack does 

108 



FUDS Dynamic Exergetic Efficiency 

0.9 

0.8 

0.7 

u 
S    0.6 

W    0.5 
o 
Q) 
O) 
t_ 
<D 
X 

LU 

' Average Fuel Ceill Stack Efficiencyj= 0.6204: 
Averagö Fuel Cejll System; Efficiency = 0.5643___ 

0.4 

0.3 

0.2 

0.1 

0 

Increasing 
Temperature 

Fuel Cell Stack 
Fuel Cell System 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 
Current Density [A/cm2] 

0.8        .0.9 1 

Figure 4.8: FUDS Fuel Cell and Fuel Cell System Time Varying Exergetic 
Efficiency vs. Current Density 

109 



FUDS Power vs. Current Density 

50 

45 

40 

35 

30 

n=z 

Fuel Cell Stack Power Produced 
System Net Power Produced 
Expander Power Produced 
Auxiliary Power Consumed 

T T 

0.3 0.4 0.5 0.6 0.7 

Current Density [A/cm2] 

Figure 4.9: FUDS Fuel Cell, Fuel Cell System, and Auxiliary Components Dynamic 
Power vs. Current Density 

110 



not reach nominal operating temperature of 353K (Fig. 4.5) and the cooling system never 

turns on during the cold-start cycle. Power consumed by the air humidification pump and 

the hydrogen humidification pump is negligible. 

4.3.2. FHDS Simulation Results 

Warm-start of the vehicle is simulated during the FHDS cycle by assuming initial 

fuel cell stack operating temperature is nominal fuel cell operating temperature. Figure 

4.10 shows the 765-second FHDS cycle used during simulation. The fuel cell system 

generally meets the load demand. During the simulation, hydrogen consumption is 

0.1817 kg. Fuel economy during the FHDS simulation is 58.5 mpg. 

Figure 4.11 shows the change in fuel cell operating temperature with time during 

the cycle. The fuel cell is initially at fuel cell operating temperature, 353K. As the fuel 

cell stack operates for longer periods, heat transfer due to the cell reactions causes the 

fuel cell stack temperature to rise. When the fuel cell temperature reaches 355K, the 

thermostatically controlled cooling system turns on. When the fuel cell temperature 

drops below 35 IK, the cooling system turns off. 

Figure 4.12 displays instantaneous variation of fuel cell stack and fuel cell system 

exergetic efficiencies with current density during the FHDS cycle. The average exergetic 

efficiency over the cycle for the fuel cell stack is 64.12% while that for the fuel cell 

system is 58.13%. Since the fuel cell stack operating temperature remains close to the 

nominal operating temperature throughout the FHDS cycle, the trace of the exergetic 

efficiency reflects the shape of the exergetic efficiency-current density curve for constant 

fuel cell operating temperature as shown in Fig. 3.7. As mentioned in Sec. 4.3.1, if the 

efficiency associated with conversion of feedstock into compressed hydrogen stored 
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on-board the vehicle is considered, fuel cell stack and fuel cell system total exergetic 

efficiency values will be substantially lower than those cited above that are based on the 

chemical exergy of the hydrogen stored on-board the vehicle. 

Figure 4.13 compares the power produced by the fuel cell stack and the fuel cell 

system. The figure also indicates the magnitude of auxiliary power produced and 

consumed. Component power consumption percentages during the FHDS cycle are 

similar to the percentages associated with results in Sec. 4.2 since the fuel cell stack in 

both cases operates at or near nominal fuel cell operating temperature. The air 

compressor has the greatest power consumption (-94.2%) followed by the radiator fan 

(-4.6%), the hydrogen recirculation pump (-0.6%), and the cooling water pump (-0.6%). 

Power consumed by the air humidification pump and the hydrogen humidification pump 

is negligible. 

4.3.3. Sensitivity Analysis 

Sensitivity analysis uses a specified base case simulation to compare other 

simulations in which one selected design or operational parameter has been changed from 

the base case. For the base case simulations in the direct-hydrogen fuel cell vehicle 

study, the following operational and design parameters were used: nominal fuel cell 

stack operating temperature of 353K, anode pressure of 2 aim, fuel utilization of 0.8, 

molar air-fuel ratio of 2, compressor efficiency ranging between 49% and 71% dependent 

on air flow, reformate and air relative humidity of 100% at the fuel cell stack electrode 

inlets, expander efficiency ranging between 63% and 81% dependent on air flow, 

individual fuel cell active area of 400 cm2 with 220 cells in the stack, ambient 

temperature of 293K, and vehicle mass of 1452 kg. 
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In this study sensitivity analysis compares consequent percent change in fuel 

economy from the base case fuel economy to percent change in a selected system 

parameter from the base case parameter value. The quotient from dividing the percent 

change in fuel economy by the percent change in parameter value quantifies the 

sensitivity of fuel economy to the varied parameter and is referred to as sensitivity. 

Equation 4.1 is used to determine sensitivity: 

(       AFuel Economy 

yBase Case Fuel Economy) ,4 y. 

(       AParameter Value       ^ 

^ Base Case Parameter Value ) 

Since it is non-dimensional, sensitivity provides a measure of the relative impact 

of changing various system parameters on fuel economy. A positive sensitivity value 

indicates fuel economy increases with increasing parameter value or fuel economy 

decreases with decreasing parameter value. A negative sensitivity value indicates fuel 

economy increases with decreasing parameter value or fuel economy decreases with 

increasing parameter value. Sensitivity analyses were conducted for the direct-hydrogen 

fuel cell vehicle operating on the FUDS and FHDS cycles and results for are provided in 

Tables 4.1 and 4.2 respectively. 

For the cold-start FUDS simulations, fuel economy is most sensitive to vehicle 

mass. As shown in Table 4.1, a five percent increase in vehicle mass produces a 4.7% 

decrease in fuel economy. The sensitivity value of-0.94 for this case indicates that fuel 

economy decreases by 0.94% for each percent increase in vehicle mass from the base 

case. Fuel economy is next most sensitive to average compressor efficiency. A 9.9% 

decrease in average compressor efficiency resulted in a 2.1% decrease in fuel economy, a 
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Parameter 
Base Case 

Value 

% Change in 
Parameter 

% Change in 
Fuel Economy Fuel Economy 

Sensitivity 

Fuel Economy 
fmpgl 52.9 - - - — 
■   fbi       — 

Vehicle Mass 
1452 +5.0 -4.7 -0.94 

1452 +10.0 -9.1 -0.91 

Avg Compressor 
Efficiency [%] 53.7 -9.9 -2.1 0.21 

53.7 +5.0 +0.8 0.15 

Molar Air Fuel 
Ratio 2 -25.0 +2.8 -0.11 

2 25.0 -2.8 -0.11 

Avg Expander 
Efficiency f%l 73.6 -10.0 -0.8 0.08 

73.6 +4.9 +0.2 0.04 

Hydrogen 
Utilization 0.8 -10.0 -0.1 0.01 

0.8 +10.0 +0.0 0.00 

Nominal FC 
Temp [Kl 353 -3.0 0.0 0.00 

353 +3.0 0.0 0.00 

Table 4.1: Cold-Start FUDS Cycle Sensitivity Analysis for Direct-Hydrogen Fuel 
Cell Vehicle 
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Parameter 
Base Case 

Value 

% Change in 
Parameter 

% Change in 
Fuel Economy 

r+/-i 
Fuel Economy 

Sensitivity 

Fuel Economy 
fmpg] 58.5 _ _ _   

Nominal FC 
Temp [Kl 353 -3.0 -2.2 0.73 

353 +3.0 +2.1 0.70 

Vehicle Mass 
Ikgl 1452 +5.0 -2.7 -0.55 

1452 +10.0 -5.5 -0.55 

Avg Compressor 
Efficiency [%1 54.4 -9.6 -1.9 0.20 

54.4 +4.8 +0.7 0.14 

Molar Air Fuel 
Ratio 2 -25.0 +2.4 -0.10 

2 25.0 -2.6 -0.10 

Avg Expander 
Efficiency \%\ 70.2 -9.8 -0.7 0.07 

70.2 +5.0 +0.2 0.04 

Hydrogen 
Utilization 0.8 -10.0 -0.1 0.01 

0.8 +10.0 +0.0 0.00 

Table 4.2: Warm-Start FHDS Cycle Sensitivity Analysis for Direct-Hydrogen Fuel 
Cell Vehicle 
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sensitivity of 0.21. Similarly, increasing average compressor efficiency by 5% resulted 

in an average fuel economy increase of 0.8%, a sensitivity of 0.15. Fuel economy is next 

sensitive to molar air fuel ratio, which has a sensitivity of-0.11. Fuel economy did not 

show sensitivity to nominal fuel cell operating temperature during cold-start FUDS since 

the actual fuel cell operating temperature never reached the nominal fuel cell operating 

temperature during the cycle. 

Sensitivity analysis results for the warm-start FHDS simulations reported in Table 

4.2 indicate that fuel economy is most sensitive to nominal fuel cell operating 

temperature. Since the FHDS simulation is warm-start, actual fuel cell operating 

temperature remains near the nominal fuel cell temperature throughout the cycle and thus 

changes to this temperature impact fuel economy. A 3% decrease in operating 

temperature results in a 2.2% decrease in fuel economy, a sensitivity of 0.73. Similarly, a 

3% increase in operating temperature results in a 2.1% increase in fuel economy, a 

sensitivity of 0.70. Fuel economy is next most sensitive to vehicle weight with a 

sensitivity of-0.55. Decreasing average compressor efficiency by 9.6% results in a 1.9% 

decrease in fuel economy, a sensitivity of 0.2. Increasing average compressor efficiency 

by 4.8% results in a 0.7% increase in fuel economy, a sensitivity of 0.14. 

By examining results from sensitivity analyses, fuel cell system developers can 

identify component developmental and operational improvements that will afford greater 

fuel economy: 

(1) For cold-start FUDS operation, limiting vehicle weight, choosing a 

compressor with high efficiency, and operating with low air fuel ratio result in improved 

fuel economy. 
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(2) For warm-start FHDS operation, sustaining high nominal fuel cell 

temperature, limiting vehicle weight, and choosing a compressor with high efficiency are 

three parameter improvements that are most promising for fuel economy improvement. 

4.4. Summary 

Assessment of a stand-alone fuel cell system indicates that the compressor is the 

auxiliary component with the largest power consumption. Reducing compressor power 

consumption through either component improvement or component control would 

contribute most to increased fuel cell system net power output. Performance of a direct- 

hydrogen fuel cell vehicle was assessed for cold-start FUDS and warm-start FHDS 

cycles. Fuel economy was 52.9 mpg for FUDS and 58.5 mpg for FHDS. FUDS fuel 

economy showed most sensitivity to vehicle mass, followed by compressor efficiency 

and molar air fuel ratio. FHDS fuel economy showed most sensitivity to nominal fuel 

cell operating temperature followed by vehicle mass and compressor efficiency. 

Performance of a methanol reforming fuel cell vehicle during FUDS and FHDS is 

considered next in Chapter 5. 
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CHAPTER 5 

EFFECTS OF ON-BOARD REFORMING 

5.1. Introduction 

For automotive applications, PEM fuel cells require hydrogen provided directly 

from on-board storage tanks or produced via on-board reforming of a hydrogen-bearing 

fuel. The purpose of this chapter is to develop a reformer model for integration with the 

PEM fuel cell system model within the VP-SIM environment and to examine the effects 

of reforming on system efficiency and vehicle fuel economy. 

Methanol is selected as a representative fuel for the purpose of this study. Owing 

to exergy destruction within the methanol reformer, the overall performance is expected 

to be less than in a direct-hydrogen fuel cell vehicle, and this is the case. 

5.2. Literature Review 

As discussed in Sec. 2.1.3.2, there are four primary types of reforming: steam 

reforming, partial oxidation, decomposition, and autothermal reforming. Several current 

studies have investigated reforming processes for use in automotive applications. Brown 

(2001) examines partial oxidation and steam reforming processes for production of 

hydrogen from methanol, natural gas, gasoline, diesel fuel, aviation jet fuel, and ethanol 

to assess relative advantages and disadvantages of fuel choice for fuel cell-driven 

vehicles. Ogden et al. (2000) consider direct-hydrogen, steam reforming of methanol, 
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and partial oxidation of gasoline and natural gas derived synthetic liquids to compare fuel 

economy of fuel cell vehicles using these alternative fuels. Wegeng et al. (2001) describe 

microchannel technology development and technical challenges for use in components 

supporting fuel reforming. Pettersson and Westerholm (2001) review technology 

required for development of reformers that can process more than one type of fuel into 

hydrogen (multi-fuel reformers). By examining partial oxidation, steam reforming, 

autothermal reforming, and catalytic decomposition processes, they conclude potential 

for development is more promising for fuel reformers designed for processing one 

specific fuel than multi-fuel reformers. 

Ramaswamy et al. (2000) develop a methanol steam reformer model for integration 

with a fuel cell system in automotive applications. The fuel processor consists of a 

mixer/preheater chamber, a steam reformer, a catalytic burner, a water gas shift unit and a 

preferential oxidation unit. Effects of transient operation on fuel processor efficiency and 

strategies to optimize efficiency of the reformer are examined. The work of Kumar et al. 

(1996) is described in the next section and is the basis of the methanol reformer model 

developed in the current study. 

5.3. Methanol Reformer Model 

In this section a reformer model is developed and integrated with the VP-SIM fuel 

cell system model. Changes to the fuel cell system model due to addition of the reformer 

are discussed. 

5.3.1. Introduction 

Kumar et al. (1996) describe a low-temperature, catalytic methanol reformer that 

combines partial oxidation, steam reforming, decomposition, and water gas shift 
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reactions to produce hydrogen. Bench-scale tests using ambient-temperature methanol, 

water, and air at the inlet produced reformate at 200°C containing 50% hydrogen, 29% 

nitrogen, 20% carbon dioxide, and -1% carbon monoxide. Important for the current 

study, hydrogen production was approximately 90.9% of theoretical hydrogen 

production, a result of incomplete reaction of methanol. Also relevant to current 

modeling considerations, Kumar reports that during reformer cold-start, catalytic 

reactions were initially slow until reformer operating temperature was achieved. 

Consequently, hydrogen production percentage increased with rising temperature. With 

no external heat input, time to achieve bench-scale temperature and reformate 

composition was approximately 175 seconds. For PEM fuel cell usage, Kumar indicates 

that the reformate must be conditioned to reduce the carbon monoxide concentration to 

less than 10 ppm (Sec. 2.2.1), cooled to near fuel cell operating temperature, and 

humidified prior to entering the fuel cell anode. 

Ahmed and Krumpelt (2001) expand the autothermal reforming concept used by 

Kumar et al. (1996) to examine hydrogen production potential from any fuel in the family 

CnHmOp using idealized reaction stoichiometry. 

5.3.2. Reformer Model Description 

For methanol modeling purposes, the methanol reformer described by Kumar et 

al. (1996) is used for simplicity as the basis for this study. Simplicity of the methanol 

reformer results from the autothermal nature of the process and thus no requirement for 

external heat sources. Also, simply varying the rate at which reactants are provided to 

the reformer controls the amount of hydrogen produced. In addition, low-temperature 

reformer operation supports integration with the fuel cell system. 
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The reformer overall theoretical complete reaction to produce hydrogen is based 

on a combination of exothermic partial oxidation, endothermic steam reforming, 

endothermic decomposition, and endothermic water gas shift reactions and is given by 

Eq. 5.1: 

CH3OH(l) + x(02 + 3.76N2) + (L-2x)H20(l) -> (3-2x)H2 +C02 + 3.76xN2      (5.1) 

where x is the oxygen-to-methanol molar ratio. The value for x ranges between 0 and 

0.5. The value of x determines whether the overall reaction is endothermic, exothermic, 

or involves no net energy transfer. When* is 0, Eq. 5.1 becomes the endothermic steam 

reforming reaction. When* is 0.5, Eq. 5.1 becomes the exothermic partial oxidation 

reaction. As values of x increase from 0 to 0.5, the energy absorbed during the reaction 

decreases from a maximum (corresponding to x = 0) until no net energy is required 

(corresponding to the thermally neutral value for x). As values of x increase from the 

thermally neutral value, the energy evolved during the reaction increases to a maximum 

(corresponding to x = 0.5). The value of x for the thermally neutral case can be obtained 

from an energy balance assuming Eq. 5.1 for the reformer. Whether energy is absorbed 

or evolved during the reaction primarily affects the reformer temperature. The only heat 

transfer between the reformer and its surroundings is a convective loss. 

Since hydrogen mass flow is a principal element used by the fuel cell system 

model, the reformer model also must incorporate hydrogen mass flow to integrate the two 

systems. Accordingly, Eq. 5.1 is converted from a molar basis to a mass basis and 

normalized by the mass of hydrogen to determine quantities of reactants and products per 

kilogram of hydrogen produced. Equation 5.2 is the basis of the reformer model: 
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Mrunn xMo       „      3.76xMN (\-2x)MHO CHiOH CH OH + ^ O, + — Nn + 
2—H,0 -> 

(3-2x)MH       3 Q-2x)MHi   
2    (3-2x)MHi    

2    (3-2x)M„2 

Mcn 3.76xMN 
t + c-2> C02 + ^-iv2 2    (3-2x)M„ (3-2x)M„ 

H + c-2i CO, + —-^-JV, (5.2) 

where Af is the species molecular weight [kg/kmol]. 

At the reactor inlet, only the chemical exergy associated with the methanol is 

significant. Exergy is transferred from the reformer via mass flows of the reaction 

products and convective heat loss (if any). Exergy accompanying heat transfer from the 

reformer is considered a loss. At the exit, only the hydrogen component of the gas stream 

is important. Consequently, efficiency of the reformer is based on comparison of 

chemical exergy associated with hydrogen exiting the reformer to chemical exergy 

associated with methanol entering the reformer as indicated by Eq. 5.3. 

_ Mass Flowhydrogenout x Lower Heating Valuehydrogen 

enormer - M)m Flowmethanolin x Lower Heating Valuemethanol 

To account for the impact of cold-start effects and incomplete reaction reported in 

Kumar's bench-scale tests, the reformer model includes an initial 175-second temperature 

rise from ambient temperature to fully warm reformer temperature. Associated with the 

rising reformer temperature is a rising hydrogen concentration (mole fraction of hydrogen 

in the products) to a maximum of 100% of the theoretical hydrogen concentration at a 

fully warm reformer temperature of 200°C. Additionally, associated with all reformer 

reactions is a typical hydrogen concentration of 90% of theoretical hydrogen production 

due to reaction kinetics. By combining these hydrogen concentration effects, reformer 

model results approximate the bench-scale test results. 
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Instead of reducing hydrogen production, the reformer model includes 

adjustments to the methanol flow from the fuel tank due to two causes: 1) presence of 

unreacted methanol in the reformer products due to incomplete reaction during cold-start 

and 2) actual hydrogen production approximately 90% of theoretical complete reaction 

hydrogen production. To account for effects of incomplete reaction on reformer 

efficiency, methanol required is multiplied by a factor equal to the reciprocal of the cold- 

start hydrogen concentration in the reaction products. Additionally, required quantities of 

reactants are multiplied by a factor equal to the reciprocal of 90%. For example, during 

cold-start when the temperature is such that hydrogen concentration is 50% of theoretical 

complete reaction hydrogen concentration, the reformer model should require an 

increased input of reactants compared to theoretical input of reactants rather than a 

decreased hydrogen concentration compared to the theoretical concentration. Instead of 

reducing the hydrogen production, however, the flow of methanol input to the reformer is 

increased: the methanol input based on Eq. 5.2 is multiplied by the factors 1/0.5 and 

1/0.9 while the flows of air and water input to the reformer are multiplied by the factor, 

1/0.9. The effects of cold-start and incomplete reaction are reflected as an increase in 

reformer input flows and result in a corresponding decrease in reformer efficiency 

expressed by Eq. 5.3. 

As required by VP-SIM (Sec. 4.1), the reformer model is scalable. The approach 

used for scaling the reformer is different than for other VP-SIM components in that the 

scaling parameter used is based on fuel cell stack capability instead of physical 

dimensions associated with the reformer. Since reformer hydrogen production should not 

exceed fuel cell maximum hydrogen flow rate: the hydrogen flow rate associated with 
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fuel cell stack operation at maximum power, fuel cell maximum hydrogen flow rate is 

used to scale the reformer. Because fuel cell stack maximum power capability depends 

on the fuel cell stack size, reformer scaling is dependent on fuel cell stack size. 

5.4. Reformer Model Integration within VP-SEM 

Integration of the reformer with the fuel cell system requires changes in the 

direct-hydrogen fuel cell system model of Fig. 4.1. Figure 5.1 shows a schematic of the 

methanol reformer/fuel cell system model. Appendix C contains relevant equations 

associated with the reformer and its integration with the fuel cell system. Additional 

reformer auxiliary components including an air compressor, a fuel pump, and a water 

pump are required for pressurization of the reactants to specified anode pressure. Since 

the fuel cell stack provides power for these reformer auxiliary components, power 

requirements for these devices are included in the fuel cell system auxiliary requirements 

and affect net power produced by the fuel cell system, and thus the efficiency. The time 

needed to achieve reformer operating temperature can be decreased by burning unreacted 

methanol in the preheater also shown in Fig. 5.1. 

In the direct-hydrogen fuel cell system model, only hydrogen is present in the 

anode inlet stream. Water required for humidification of the anode inlet stream is based 

on the mass flow of hydrogen. For the methanol reforming fuel cell system, species in 

addition to hydrogen are present in the reformate flowing to the anode inlet. 

Consequently, the water requirement for humidification of the anode inlet stream is based 

on the mass flow of reformate instead of the mass flow of hydrogen alone. 

In the direct-hydrogen fuel cell system model, only hydrogen and water are 

present on the anode side. These two species are considered with the cathode species to 
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Reformer - 

A = Anode 
C = Cathode 
CM = Compressor 
E = Expander 
F = Fan 
FC = Fuel Cell Stack 
H = Humidifier 

HX = Heat Exchanger 
MT = Methanol Tank 
P = Pump 
PH = Preheater 
R = Reformer 
WS = Water Separator 
WT = Water Tank 

Figure 5.1: Reformer/PEM Fuel Cell System Schematic 
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determine heat transfer associated with the fuel cell stack reaction. In the methanol 

reforming fuel cell system, carbon dioxide and nitrogen in addition to hydrogen and 

water are present on the anode side. Although their effects on heat transfer are slight, 

these additional species must be included in computing heat transfer associated with the 

fuel cell stack reaction. 

Since reformate contains products in addition to hydrogen in the methanol 

reforming fuel cell system, the exhaust from the fuel cell stack anode is vented and not 

recirculated as in the direct-hydrogen fuel cell system. Because the anode exhaust is not 

used by the system, exergy associated with the anode exhaust is a loss. Thus when 

methanol reforming is used, fuel cell system efficiency is based on mass flow of 

hydrogen into the fuel cell stack: 

Net System Power ,, „ 
£ s = £  (5.4) 

**    Mass Flowhydwgenin x Lower Heating Valuehydroge„ 

For the direct-hydrogen case, fuel cell system efficiency is based on mass flow of 

hydrogen consumed by the fuel cell reaction (Eq. 3.14) instead of mass flow of hydrogen 

entering the fuel cell stack since any unused hydrogen in the stack reaction is 

recirculated. 

In accordance with Eq. 1.2, total exergetic efficiency for the combined 

reformer/fuel cell system measures the extent of the conversion of the exergy input, 

chemical exergy associated with methanol, to the desired exergy product, fuel cell system 

net power. Since the hydrogen exiting the reformer equals the hydrogen entering the fuel 

cell system, total exergetic efficiency is the product of£ref0rmer and SsyS; that is 
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£ total 

 Net System Power  ,^ ^ 
Mass Flowmethanolin x Lower Heating Va!uemelhmo, 

Due to effects of irreversibilities and losses associated with the reformer, the total 

efficiency for the system consisting of the reformer and fuel cell system is lower than that 

of the direct-hydrogen fuel cell system. 

5.5. Simulation Results 

Using the same vehicle parameters, fuel cell sizing, and fuel cell operational 

parameters previously used for the direct-hydrogen fuel cell vehicle simulations in Sec. 

4.3.1 and Sec. 4.3.2, vehicle simulations were conducted for the fuel cell vehicle with 

methanol reforming. With methanol reforming cold-start FUDS cycle uses ambient 

temperature for the reformate initial temperature as well as ambient temperature for the 

fuel cell stack initial temperature as was used in direct-hydrogen cold start in Sec. 4.3.1. 

Warm-start FUDS cycle uses an initial reformate temperature of 200°C while initial fuel 

cell stack temperature is nominal fuel cell stack temperature as was used in direct- 

hydrogen warm start in Sec. 4.3.2. Comparison between direct hydrogen and methanol 

reforming fuel cell vehicle performance measures for cold-start FUDS and warm-start 

FHDS cycles is shown in Table 5.1. Exergy destruction associated with the irreversible 

chemical reactions in the reformer significantly reduces overall performance of the fuel 

cell vehicle compared to the direct hydrogen fuel cell vehicle performance. 

For the cold-start FUDS cycle as indicated in Table 5.1, direct-hydrogen fuel cell 

system efficiency is 56.4% while fuel cell system efficiency using methanol reforming is 

38.6%, about two-thirds of the direct-hydrogen case. The substantial decrease in fuel cell 

system efficiency when using methanol reforming is primarily due to exergy losses 
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Performance Measure 
Cold-Start 

FUDS 
Warm-Start 

FHDS 
Direct 

Hydrogen 
Methanol 
Reforming 

Direct 
Hydrogen 

Methanol 
Reforming 

Fuel Cell System Efficiency [%] 56.4 38.6 58.1 44.3 

Reformer Efficiency [%] — 75.8 — 81.1 

Total Efficiency [%] 56.4 29.2 58.1 35.9 

Fuel Economy [mpg] 52.9 24.8 58.5 35.5 

Table 5.1: FUDS and FHDS Performance Measures for Direct-Hydrogen and 
Methanol Reforming Fuel Cell Vehicles 
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associated with venting of unused hydrogen from the fuel cell stack. For the direct- 

hydrogen fuel cell system, total system efficiency is the same as fuel cell system 

efficiency, 56.4%. Total efficiency for the methanol reformer/fuel cell system is 29.2%. 

The lower total system efficiency associated with methanol reforming reflects lower fuel 

cell system efficiency detailed above as well as exergy destruction due to chemical 

reaction in the reformer. Table 5.1 also shows the methanol reforming vehicle fuel 

economy is roughly half that of the direct-hydrogen fuel cell vehicle. 

Warm-start FHDS cycle results shown in Table 1 indicate improved performance 

for both direct-hydrogen and methanol-reforming systems compared with their respective 

cold-start FUDS cycle results. Direct-hydrogen fuel cell system efficiency is 58.1% 

while fuel cell system efficiency using methanol reforming is 44.3%, again reflecting 

exergy losses due to venting of hydrogen. The total system efficiency using direct- 

hydrogen is 58.1%. As a result of lower fuel cell system efficiency and exergy 

destruction in the reformer the total system efficiency with methanol reforming is just 

35.9%. These considerations also are reflected in the fuel economy values. 

As mentioned in Sees. 4.3.1 and 4.3.2, considering the process associated with 

conversion of feedstock into compressed hydrogen results in total efficiencies that are 

about 61% of those shown for the direct hydrogen cases in Table 5.1. With like 

reasoning, using the methanol conversion efficiency of 65% in Table 1.1, total 

efficiencies for the methanol reforming cases are reduced significantly when considering 

the effects of producing methanol from feedstock. Thus, when the conversion from 

feedstock to fuel on-board is considered, direct-hydrogen maintains its advantage but by 

a smaller margin. 
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To assess the relative effect on performance due to fuel cell stack and reformer 

warm/cold start, FUDS and FHDS simulations were conducted varying the warm- 

start/cold-start combinations for the fuel cell stack and reformer. Reformer warm start 

corresponds to initial reformate temperature of 200°C while reformer cold start 

corresponds to initial reformate temperature of ambient temperature. Fuel cell warm-start 

corresponds to initial fuel cell stack temperature of nominal fuel cell temperature while 

fuel cell cold-start corresponds to initial fuel cell stack temperature of ambient 

temperature. Results are presented in Table 5.2. 

As expected for both FUDS and FHDS total efficiency and fuel economy are 

highest when both the fuel cell stack and reformer start warm. Conversely, total 

efficiency and fuel economy are lowest when both components start cold. Individually, 

fuel cell system efficiency and reformer efficiency are higher with warm-start compared 

to cold-start. 

There is interdependence between the fuel cell system and the reformer. 

Operating conditions of one component may affect either adversely or favorably the 

individual performance of the other component as illustrated next. 

Comparing Runs 2 and 3 in Table 5.2, total efficiency and fuel economy are better 

with warm-start fuel cell stack and cold-start reformer than with cold-start fuel cell stack 

and warm-start reformer. This indicates that the effect of fuel cell stack cold-start 

impacts overall performance more than reformer cold-start. However, the reformer 

model includes a preheater that uses unreacted methanol to increase the rate of 

temperature rise in the reformer compared to the rate of temperature rise without using a 

preheater. Reformer efficiency is significantly reduced when a preheater is not used. 
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Runl Run 2 Run 3 Run 4 

Fuel Cell Stack Warm Warm Cold Cold 

Reformer Warm Cold Warm Cold 

Fuel Cell System Efficiency \%] 40.7 40.7 38.6 38.6 

Reformer Efficiency [%] 78.2 75.4 78.5 75.8 

Total Efficiency [%1 31.8 30.7 30.3 29.2 

Fuel Economy [mpg] 26.9 26.0 25.6 24.8 

(a)FUDS 

Runl Run 2 Run 3 Run 4 

Fuel Cell Stack Warm Warm Cold Cold 

Reformer Warm Cold Warm Cold 

Fuel Cell System Efficiency [%1 44.3 44.2 42.4 42.4 

Reformer Efficiency [%] 81.1 78.2 81.2 78.4 

Total Efficiency [%] 35.9 34.6 34.5 33.2 

Fuel Economy [mpg] 35.5 34.3 34.0 32.9 

(b) FHDS 

Table 5.2: Fuel Cell Stack and Reformer Warm-Start/Cold-Start Analysis: 
(a) FUDS and (b) FHDS 
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The small increase in reformer efficiency from Run 2 to Run 4 is due to increased 

hydrogen flow required by the cold-start fuel cell stack compared to the warm-start fuel 

cell stack to meet the electric motor current demand. Greater hydrogen demand by the 

fuel cell stack causes higher reformer reactant flows and reaction rates that produce faster 

temperature rise in the reformer with accompanying lower degree of incomplete reaction. 

The small increase in reformer efficiency from Run 1 to Run 3 is also due to 

increased hydrogen flow required by the cold-start fuel cell stack compared to the warm- 

start fuel cell stack to meet the electric motor current demand. Greater hydrogen demand 

by the fuel cell stack causes higher reformer reactant flows. During warm-start reformer 

conditions, higher reactant flows produce greater heat transfer rates associated with the 

reformer reaction. As a consequence, the average value of x in Eq. 5.1 is slightly lower 

resulting in higher hydrogen production per amount of methanol used. 

5.6. Sensitivity Analysis 

Using Eq. 4.1 sensitivity analyses were conducted for the methanol reforming fuel 

cell vehicle operating on the FUDS and FHDS cycles. For the base case simulations in 

this study the following operational and design parameters were used: nominal fuel cell 

stack operating temperature of 353K, anode pressure of 2 atm, fuel utilization of 0.8, 

molar air-fuel ratio of 2, compressor efficiency ranging between 49% and 71% dependent 

on air flow, reformate and air relative humidity of 100% at the fuel cell stack electrode 

inlets, expander efficiency ranging between 63% and 81% dependent on air flow, 

individual fuel cell active area of 400 cm2 with 220 cells in the stack, ambient 

temperature of 293K, and vehicle mass of 1452 kg. Results for FUDS and FHDS 

analyses are provided in Tables 5.3 and 5.4 respectively. 
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Parameter 
Base Case 

Value 

% Change in 
Parameter 

f+/-l 

% Change in 
Fuel Economy Fuel Economy 

Sensitivity 

Fuel Economy 
fmpgl 24.8 _ — — _ _ _ 

Hydrogen 
Utilization 0.8 -10.0 -10.3 1.03 

0.8 +10.0 +10.4 1.04 

% Reformer 
Reaction 90 -11.1 -11.4 1.03 

90 +5.6 +5.7 1.02 

Nominal FC 
Temp [Kl 353 -3.0 -2.8 0.93 

353 +3.0 0.0 0.00 

Vehicle Mass 
[kel 1452 +5.0 -3.6 -0.72 

1452 +10.0 -7.1 -0.71 

Avg Compressor 
Efficiency \%] 54.7 -10.9 -2.6 0.24 

54.7 +4.7 +1.1 0.23 
Molar Air Fuel 

Ratio 2 -25.0 +3.4 -0.14 

2 25.0 -3.1 -0.12 

Avg Expander 
Efficiency \%\ 74.3 -10.0 -0.6 0.06 

74.3 +5.0 +0.4 0.08 

Table 5.3: Cold-Start FUDS Cycle Sensitivity Analysis for Methanol Reforming 
Fuel Cell Vehicle 
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Parameter 
Base Case 

Value 

% Change in 
Parameter 

[+H 

% Change in 
Fuel Economy Fuel Economy 

Sensitivity 

Fuel Economy 
[mpgl 35.5 ... • _ — ... 

Hydrogen 
Utilization 0.8 -10.0 -10.2 1.02 

0.8 +10.0 +10.2 1.02 

% Reformer 
Reaction 90 -11.1 -11.4 1.02 

90 +5.6 +5.7 1.02 

Nominal FC 
Temp [Kl 353 -3.0 -3.2 1.07 

353 +3.0 +2.8 0.93 

Vehicle Mass 
[k»l 1452 +5.0 -3.0 -0.60 

1452 +10.0 -5.9 -0.59 

Avg Compressor 
Efficiency \%\ 55.6 -9.6 -2.4 0.25 

55.6 +4.8 +1.0 0.21 

Molar Air Fuel 
Ratio 2 -25.0 +2.8 -0.11 

2 25.0 -2.9 -0.12 

Avg Expander 
Efficiency [%] 71.6 -9.9 -0.7 0.07 

71.6 +5.0 +0.3 0.06 

Table 5.4: Warm-Start FHDS Cycle Sensitivity Analysis for Methanol Reforming 
Fuel Cell Vehicle 
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For the cold-start FUDS simulations, fuel economy is most sensitive to hydrogen 

utilization. As shown in Table 5.3, a ten percent decrease in hydrogen utilization results 

in a 10.3% decrease in fuel economy, sensitivity of 1.03. Similarly a ten percent increase 

in hydrogen utilization results in a 10.4% increase in fuel economy, sensitivity of 1.04. 

Fuel economy is next most sensitive to the extent of complete reaction within the 

reformer. Decreasing the extent of reaction by 11.1% results in a corresponding decrease 

in fuel economy by 11.4%, which is sensitivity of 1.03. Increasing the extent of complete 

reaction by 5.6% resulted in a 5.7% increase in fuel economy, sensitivity of 1.02. Fuel 

economy is next sensitive to nominal fuel cell temperature but only if this temperature is 

reached during the simulation. Fuel economy showed a sensitivity of 0.93 when the 

nominal temperature was reduced by 3%, however, fuel economy showed no sensitivity 

when the nominal temperature was increased by 3% because the fuel cell stack never 

reached the nominal fuel cell temperature. Fuel economy is next sensitive to vehicle 

mass showing sensitivity of-0.72 with a 5% increase in vehicle mass. Fuel economy 

also shows relative sensitivity to reduced and increased average compressor efficiency 

(0.24 and 0.23 respectively). 

For the warm-start FHDS simulations, fuel economy shows significant sensitivity 

to hydrogen utilization, extent of complete reaction in the reformer, and nominal fuel cell 

temperature. As shown in Table 5.4, a ten percent decrease in hydrogen utilization 

results in a 10.2% decrease in fuel economy, sensitivity of 1.02. Similarly a ten percent 

increase in hydrogen utilization results in a 10.2% increase in fuel economy, sensitivity 

of 1.02. These results mirror the cold-start FUDS simulation results. Fuel economy also 

shows strong sensitivity to extent of reforming reaction with sensitivity of 1.02. Since 
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mass represents a 5.6% increase in vehicle mass from the direct-hydrogen vehicle. From 

the sensitivity analysis results, the methanol reforming fuel cell vehicle FUDS fuel 

economy would be 1.0 mpg less while the FHDS fuel economy would be 1.2 mpg less 

than the respective fuel economy results reported in Table 5.1. 

5.6.2. Conclusions 

The following conclusions are drawn from study of these sensitivity analyses: 

(1) Since reformer use precludes recycling of unreacted hydrogen in the reformate 

exiting the fuel cell stack anode, there is a loss of hydrogen exergy and thus fuel 

economy is very sensitive to hydrogen utilization. One opportunity for increased fuel 

economy may exist by burning the discarded hydrogen to provide heat input for the 

methanol reformer, thus driving the average value of x in Eq. 5.1 down. By operating the 

reformer in this way, more hydrogen is produced per amount of methanol used. 

(2) Compared with the direct-hydrogen fuel cell vehicle sensitivity results, 

sensitivity results for the methanol reforming fuel cell vehicle indicate parameters 

affected by reformer use (hydrogen utilization and extent of reformer reaction) have 

greater impact on fuel economy compared with those of the fuel cell system. 

(3) Development of improved catalysts to support chemical reactions is important 

for maintaining a high extent of reaction in the reformer. 

(4) Attaining high fuel cell operating temperature contributes to increased fuel 

economy. 
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(5) Maintaining maximal hydrogen utilization, extent of reformer reaction, and 

fuel cell operating temperature, as well as limiting vehicle weight contribute most to fuel 

economy for both cold-start FUDS and warm-start FHDS for the methanol reforming fuel 

cell vehicle. 
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CHAPTER 6 

FUEL CELL SYSTEM/BATTERY HYBRID SIMULATION 

6.1. Introduction 

The purpose of this chapter is to apply the direct-hydrogen PEM fuel cell system 

model in a fuel cell system/battery hybrid configuration for automotive applications. The 

vehicle performance simulator determines fuel economy and allows consideration of 

control strategies. The simulator is used to explore relevant regions of the fuel cell 

powered hybrid electric vehicle design space by conducting simulations using two simple 

supervisory-control strategies: thermostatic control and proportional control. During the 

simulations power provided by the battery and fuel cell system and operational limits on 

battery state of charge and fuel cell system current density are varied while maintaining 

minimum component sizing to meet vehicle performance criteria. Analysis of results 

from these simulations provides component power sizing and limits of operation suitable 

for development of a more advanced supervisory vehicle control strategy for a fuel cell 

vehicle. 

6.2. Control Strategies 

A schematic of the hybrid configuration considered in this chapter is shown in 

Fig. 6.1. The fuel cell system is coupled to the DC high voltage battery bus through a 

power converter. The battery bus is coupled to the electric motor through another power 
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Figure 6.1: Battery/Fuel Cell System Hybrid Configuration Schematic 
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Figure 6.2: Thermostatic and Proportional Control Strategies: 
(a) Thermostatic Control, (b) Proportional Control 
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system operates at its low current density setting when the battery is at or above its high 

state of charge threshold. When the battery state of charge is between its high and low 

state of charge limits, fuel cell system current density is related linearly to the state of 

charge as shown in Fig. 6.2(b). The methodology used for component sizing is described 

next. 

6.3. Component Sizing and Specifications 

For a minimum required power input to the electric motor, numerous simulations 

using both control strategies are conducted to examine the effects of varying five 

operational parameters: 1) fuel cell power, 2) battery power, 3) difference between 

battery high and low state of charge thresholds, 4) fuel cell system low current density 

setting, and 5) fuel cell system high current density setting. To conduct the simulations, 

stipulation of type of vehicle to be represented and electric motor, battery, and fuel cell 

system sizing is required. 

For these simulations a 3200 lb, SUV-type vehicle is represented. Four minimum 

performance criteria are specified: 1) ability to sustain 85 mph cruise speed, 2) ability to 

sustain pulling a 2000 lb trailer on a 6% grade at 45 mph, 3) ability to accelerate from 0 

to 60 mph in less than 9.5 seconds, and 4) ability to attain atop speed of at least 100 

mph. Table 6.1 lists specifications used for the two cases considered: vehicle alone and 

vehicle with trailer. 

6.3.1. Electric Motor Sizing 

Sizing of the electric motor, battery, and fuel cell system is based on component 

power output capability. The first component sized is the electric motor. The electric 

motor is modeled as a simplified, traction application AC induction machine with the 
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Specification Vehicle Vehicle with Trailer 

Mass [kg] 1452 2360 

Frontal area [m2] 2.7 4 

Coefficient of drag 0.4 0.75 

Coefficient of rolling resistance 0.015 0.015 

Grade [%] 0 6 

Table 6.1: Vehicle Specifications 
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following characteristics: 1) maximum speed of 8000 rpm, 2) a 2.5 flexibility ratio (ratio 

of maximum speed at which nominal power is available to minimum speed at which 

nominal power is available), 3) constant torque operation speed range from 0 to 3200 

rpm, 4) constant nominal power operation speed range from 3200 to 8000 rpm, and 5) 

ability to produce twice the nominal power for short periods. Electric motor efficiency is 

estimated in the vehicle simulator by a simplified linearization approach described by 

Rizzoni et al. (2000). The sizing parameter for the electric motor is the nominal power. 

The electric motor must provide power necessary to meet all minimum performance 

criteria. Four tests are required for appropriate electric motor sizing: 1) cruise speed at 

85 mph to determine continuous power requirement, 2) cruise speed at 45 mph while 

pulling trailer on 6% grade to determine continuous power requirement, 3) ten-second 

acceleration to determine time from 0 to 60 mph, and 4) 300-second acceleration to 

determine top speed. 

At vehicle constant speed of 85 mph the required electric motor power output is 

48.8 kW while power input is 59.0 kW. These values were determined by applying the 

following methodology to the vehicle simulator. Using the specifications for the vehicle 

in Table 6.1, impose a constant speed demand of 85 mph in the driver block by 

disconnecting the cycle velocity input and inserting a constant input of 38 m/s (85 mph). 

Tune the proportional, integral, and derivative (PID) control in the driver mask for these 

vehicle specifications. Values used were P=0.2*2,1=0.2*0.1, and D=0. Using a 0.5 time 

step and setting the drive cycle to Federal Highway Driving Schedule (FHDS), run the 

simulation for approximately 100 seconds. Plot speed versus time to ensure the vehicle 

maintains a constant 85 mph speed during the test. For a time at which the speed is 85 
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mph, determine the power output from the electric motor by multiplying the electric 

motor output torque (T) by the electric motor output rotational velocity (oo), which gave 

48.8 kW. Determine the power input to the electric motor at 85 mph by multiplying the 

electric motor input voltage (V) by the electric motor input current (I) at the selected 

time, which gave 59.0 kW. 

At vehicle constant speed of 45 mph while pulling a trailer on a 6% grade, the 

required electric motor power output is 53.3 kW while power input is 70.25 kW. These 

values were determined by applying the following methodology to the vehicle simulator. 

Using specifications for the vehicle with trailer in Table 6.1, impose a constant speed 

demand of 45 mph in the driver block by disconnecting the cycle velocity input and 

inserting a constant value of 20.1 m/s (45 mph). Tune the PID in the driver mask for the 

new vehicle specifications. Values used were P=0.2*l, 1=0.2*0.1, and D=0. Using a 0.5 

time step and setting the drive cycle to FHDS, run the simulation for approximately 100 

seconds. Plot speed versus time to ensure the vehicle maintains a constant 45 mph speed 

during the test. Selecting a time at which the speed is 45 mph, determine the power 

output from the electric motor by multiplying the electric motor output torque (T) by the 

electric motor output rotational velocity (co), which gave 53.3 kW. Determine the power 

input to the electric motor at 45 mph by multiplying the electric motor input voltage (V) 

by the electric motor input current (I), which gave 70.25 kW. On completion of the first 

two tests, reconnect the cycle velocity input in the driver block. 

Based on the results of the first two tests, the electric motor is sized to meet the 

more stringent continuous output power requirement: 53.3 kW while pulling trailer on 

6% grade at 45 mph. Electric motor continuous power rating is set at 54 kW with a 
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corresponding continuous torque rating of 162 N-m based on the 2.5 flexibility ratio. For 

this electric motor size the vehicle reaches 60 mph in 8.7 seconds and attains top speed of 

112.2 mph indicating the electric motor is adequately sized to meet all four minimum 

performance criteria. These values were determined by applying the following 

methodology to the vehicle simulator. Using the specifications for the vehicle in Table 

6.1 and resetting the control PID values to the values used in Test 1, select the 

acceleration test in the driver mask. Using a 0.05 time step and setting the acceleration 

test time to 10 seconds, run the simulation. Plot speed versus time to determine the time 

required for the vehicle to reach 60 mph, which was 8.7 seconds. Using a 0.5 time step 

and setting the acceleration test time to 300 seconds, rerun the simulation. Plot speed 

versus time to determine the top speed reached by the vehicle, which was 112.2 mph. 

6.3.2. Battery and Fuel Cell System Sizing 

The battery and the fuel cell stack are then sized. Due to battery energy storage 

limitation, the fuel cell system must be able to provide all power for sustained cruise 

speed. The fuel cell system and battery together provide power required for acceleration. 

The battery is modeled as a nickel metal hydride battery with nominal voltage of 

300 V and specific power of 500 W/kg and specific energy of 50 Wh/kg, representative 

of nickel metal hydride battery pack short-term target upper bound values. The sizing 

parameter is the maximum power available from the battery. In VP-SIM changing the 

battery maximum current setting varies battery power. 

Maximum power required by the electric motor during acceleration from 0 to 60 

mph in less than 9.5 seconds is 126.5 kW. This value was determined by applying the 

following methodology to the vehicle simulator. For convenience use battery power 
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alone to determine required power input to the electric motor to achieve acceleration 

from 0 to 60 mph in less than 9.5 seconds. Reduce the fuel cell stack size to a single cell 

(N=l). Vary the battery size and repeat the ten-second acceleration test until the time to 

accelerate from 0 to 60 mph approaches 9.5 seconds. When the battery maximum current 

was 472 amperes, the time to reach 60 mph was 9.49 seconds. The corresponding 

maximum power required by the electric motor was 126.5 kW while the maximum 

current required was 472 A. Run the 300-second acceleration test to check the top speed 

achieved. Top speed reached was 111 mph, well above the 100 mph top speed 

requirement. Consequently, the battery and fuel cell system together must provide a 

minimum of 126.5 kW of power. 

Since the fuel cell system must provide the power for sustained cruising, the 

minimum power required from the fuel cell system is 70.25 kW (the more stringent 

electric motor continuous input power requirement from tests 1 and 2). The fuel cell 

design and operating parameters used for this study are representative of those used in 

automotive applications and are shown in Table 6.2. The fuel cell sizing parameter is the 

number of cells. For the specified fuel cell design and operating parameters fuel cell 

stack sizing of 366 cells provides a maximum fuel cell system power of 70.3 kW at 

nominal fuel cell operating temperature of 353K. Consequently, the minimum fuel cell 

stack size must be 366 cells. Fuel cell system power sizing relative to battery power 

sizing is considered as part of the analysis. This study looks at three other battery/fuel cell 

system size combinations, which produce total power of at least 126.5 kW. The four 

specified battery/fuel cell system combinations used are listed in Table 6.3. Figures 6.3 

and 6.4 illustrate representative fuel cell system model power and exergetic efficiency 
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Input Parameter Value 

Active Area [cm2] 400 

Nominal operating temperature [K] 353 

Air and hydrogen inlet temperature \K\ 333 

Air and hydrogen inlet relative humidity [%] 100 

Anode pressure [atm] 2 

Fuel utilization 0.8 

Ambient temperature [K] 293 

Stack Current Density for Maximum Power at 
Nominal Operating Temperature [A/cm2] 

0.98 

System Current Density for Maximum Power 
at Nominal Operating Temperature [A/cm2] 

0.84 

Table 6.2: Fuel Cell Stack Input Parameters 
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Battery Fuel Cell System 

Case 
No. 

Maximum 
Current 

[A] 

Maximum 
Battery 

Power [kW] 

Number 
of 

Cells 

Maximum 
FC System 

Power 
[kW] 

Maximum 
Total 
Power 
[kW] 

0 to 60 mph 
Acceleration 

Time 
[si 

1 190 56.5 366 70.3 127.3 9.49 

2 173 51.9 390 74.9 126.8 9.48 

3 156 46.8 415 79.7 126.5 9.46 

4 140 42.0 440 84.5 126.5 9.42 

Table 6.3: Battery Size/Fuel Cell System Size Combinations 
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440 Cells, 400 cm2 Active Area 

0.2 0.4 0.6 0.8 
Fuel Cell System Current Density [A/cm2] 

Figure 6.3: Effects of Fuel Cell Operating Temperature and System Current 
Density on Fuel Cell System Power 
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Figure 6.4: Effects of Fuel Cell Operating Temperature and System Current 
Density on Fuel Cell System Exergetic Efficiency 
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characteristics respectively for a fuel cell stack containing 440 cells with individual active 

areas of 400 cm2 corresponding to Case 4 in Table 6.3. Both of these figures clearly 

show the strong effect of operating temperature on power and efficiency as mentioned 

previously in Sec. 3.1.2. 

6.4. Simulation Thresholds and Settings 

Preliminary Federal Urban Driving Schedule (FUDS) and Federal Highway 

Driving Schedule (FHDS) simulations were conducted using the four battery/fuel cell 

system combinations (Table 6.3) to determine appropriate values for battery state of 

charge high and low thresholds and the fuel cell system high and low current density 

settings. Note that the power required during FUDS and FHDS is not nearly as high as 

the power required to meet the minimum performance criteria. Consequently, during 

these cycles maximum power available from the battery/fuel cell system is not required. 

For the FUDS simulations, the fuel cell starts at ambient temperature to represent 

cold start. For the FHDS simulations, the fuel cell starts at nominal fuel cell operating 

temperature to represent a fully warmed vehicle. Initial battery state of charge is the 

average of the high and low battery state of charge thresholds. Based on preliminary 

simulation runs using various battery state-of-charge thresholds and fuel cell system 

current density settings, the relevant range of values used for the study was established. 

Table 6.4(a) provides a summary of the battery state of charge limits used for the 

control analyses. Minimum battery low state of charge threshold is selected as 50% to 

ensure reserve power is available. Battery high state of charge is set at 80% to allow 

capacity for regenerative braking. Low battery state of charge limit is considered 

between 50% and 70% equating to a state of charge difference ranging from 30% 
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Battery Battery Battery Initial         1 
Low State High State State of Charge 
of Charge of Charge [%] 
Threshold Threshold fSOCHigh+SOCLow^ 

[%] l%] I                2                J 
50 80 65 
60 80 70 
70 80 75 

(a) 

Fuel Cell Fuel Cell 
System Low System High 

Current Density Current Density 
Settings Settings 

Considered Considered 
[A/cm2l [A/cm2l 

0.1 
0.00 0.2 
0.01 0.3 
0.02 0.4 
0.03 0.5 

0.6 

(b) 

Table 6.4: Battery State of Charge Thresholds and Fuel Cell System Current 
Density Settings: 

(a) Battery State of Charge Thresholds and 
(b) Fuel Cell System Current Density Settings 
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to 10%. Preliminary runs showed that battery charge and discharge occur more often as 

the difference between the limits of battery high and low states of charge is reduced. 

Table 6.4(b) summarizes the fuel cell system settings considered for the study. 

The preliminary runs indicated fuel cell system low current density setting should not 

exceed 0.03 A/cm2 (5.3% of maximum power at nominal temperature) to prevent 

overcharge of the battery. Since maximum power available from the battery/fuel cell 

system is not required during FUDS and FHDS, fuel cell system high current density 

setting is limited to 0.6 A/cm2, which equates to 86.5% of maximum power at nominal 

temperature. Since fuel cell system efficiency increases as current density decreases, 

lowering the high current density setting results in improved efficiency over the cycles 

(see Fig. 6.4). 

For each control strategy, a total of 288 possible design candidates with FUDS 

and FHDS performance data are generated. For each design candidate, fuel usage is state 

of charge-corrected based on the electricity used (reflected by the difference between 

battery final state of charge and initial state of charge), using the corresponding average 

fuel cell system efficiency from that simulation to convert net electricity usage to 

equivalent fuel consumption. Furthermore, the corrected fuel (hydrogen) usage is then 

converted to equivalent gasoline usage based on the relative lower heating value of 

hydrogen and gasoline. All fuel economy figures listed in this chapter are converted in 

the same fashion. The formula to determine fuel economy (mpg) is shown in Eq. 6.1: 

LHV. gas 

mpg 

MJ 

kg 

V 
gas 

kg 

m 
WmjflOOO kT 

MJ 

\ 

elec _used[kj] 

\^sys pjlbatt   chg ) ) 

\\     ( 
HI mHXkg]xLHV} 
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rkJ^ 

kg 

V 
264.2 gal 

m3J 

(6.1) 

1609.3 
m 

mile 



where: 

LHVgas = gasoline lower heating value [MJ/kg]; (LHVgas = 43.5 MJ/kg) 

pgas = gasoline density [kg/m ] (pgas = 755 kg/m ) 

JC = cycle distance [m]; (JCFUDS = 11,989 m and XFHDS = 16,495 m) 

elecjused = battery electricity used during cycle [kJ]; (positive or negative value) 

£sys = average fuel cell system efficiency for cycle 

T]batt_chg = battery charging efficiency (0.85) 

mm = mass of hydrogen used during cycle [kg] 

LHVm = hydrogen lower heating value [kJ/kg]; {LHVm = 119,950 kJ/kg) 

6.5. Evaluation Criteria 

Analysis of simulation results is based on four criteria of evaluation: 1) FUDS 

fuel economy, 2) FHDS fuel economy, 3) FUDS fuel cell system efficiency, and 

4) FHDS fuel cell system efficiency. Two techniques are used to analyze the simulation 

results: dominance filtering and principal component analysis. 

Josephson et al. (1998) describe dominance filtering. A design candidate 

dominates another candidate if it is superior or equal to the other candidate in every 

criterion of evaluation and absolutely superior for at least one criterion. Dominated 

candidates are eliminated. Surviving candidates are Pareto optimal: improvement on 

any criterion will reduce value on another. This approach is ideally suited for multi- 

criteria optimization, as it does not require the a priori weighting of the various criteria. 

Trade-off analysis can be performed a posteriori on the remaining survivor candidates. 

Principal component analysis is a multivariate statistics technique that considers a 

group of variables together rather than each variable individually. Principal component 
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analysis transforms the four criteria of evaluation into a new set of four variables or 

principal components. The principal components are linear combinations of the original 

criteria of evaluation and form a new orthogonal basis for the data space. Projection of 

the original criteria of evaluation onto each principal component defines data in the new 

coordinate system The first principal component is chosen such that the variance of the 

newly defined data is maximum among all possible choices for the first axis. Subsequent 

principal components are chosen in a similar manner. Total variance of the original data 

can be described by the variability associated with each principal component. In other 

words, principal component analysis optimally projects the available data on a new 

coordinate system. 

6.6. Thermostatic Control Simulation Results and Analysis 

Based on results from the simulation runs, a graphical overview of the 288 design 

candidates is shown in Fig. 6.5 using fuel economy and fuel cell system efficiency for 

FUDS and FHDS as axes. Figure 6.5(a) indicates a high correlation between FUDS and 

FHDS fuel economy. Figures 6.5(b) and 6.5(c) indicate that the correlations between 

FHDS fuel cell system efficiency and FHDS fuel economy and between FUDS fuel cell 

system efficiency and FUDS fuel economy are strongly positive. Figures 6.5(d) indicates 

a high correlation between FUDS and FHDS fuel cell system efficiency. 

Two cases of non-charge sustaining design candidates are eliminated from further 

consideration: 1) candidates that have a final battery state of charge less than the battery 

low state of charge threshold and 2) candidates that do not begin thermostatic cycling 

during either FUDS or FHDS. Figure 6.6 illustrates why candidates that do not initiate 
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thermostatic cycling are not charge sustaining. For thermostatic control Runs 220 and 

244, thermostatic cycling begins during FUDS but does not begin during FHDS. 

Examination of Figs. 6.6(b) and 6.6(d) indicates these candidates are not charge 

sustaining during FHDS. The battery never fully charges from its initial state of charge 

to the high state of charge limit, 0.8. The battery state of charge slowly decreases during 

the cycle while the fuel cell system operates at its high current density setting, 0.1 A/cm . 

Results from this analysis suggest that candidates that do not begin thermostatic cycling 

during either FUDS or FHDS cannot meet the average vehicle power requirement and 

should be eliminated as non-charge sustaining. 

From the original 288 candidates, 48 design candidates are eliminated as non- 

charge sustaining (24 for the first case and 24 for the second case) leaving 240 

candidates. The 48 design candidates eliminated as non-charge sustaining comprise all of 

the candidates using a fuel cell system high current density of 0.1 A/cm2. These 48 

candidates are identified in Fig. 6.5. 

Dominance filtering is applied to the 240 charge-sustaining design candidates 

using fuel economy and fuel cell system efficiency as criteria of evaluation. Two 

separate analyses are conducted using the following sets of criteria for dominance 

filtering: 1) highest FUDS and FHDS fuel economy and 2) highest FUDS and FHDS 

fuel economy and fuel cell system efficiency. 

Dominance filtering using the first set of criteria produces three surviving design 

candidates while using the second set of criteria produces five survivors. The three 

survivors using the first set of criteria are among the five survivors using the second set 
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of criteria. The surviving candidates are identified in Fig. 6.5. Performance data for all 

five survivors are given in Table 6.5. For the FUDS cycle shown in Fig. 6.7(a), battery 

state of charge, fuel cell system current density, and fuel cell operating temperature levels 

during the cycle are indicated for survivor Run 56 in Figs. 6.7(b) and 6.7(c) and for 

survivor Run 248 in Figs 6.7(d) and 6.7(e). The corresponding FHDS information for 

these two runs is shown in Fig. 6.8. 

Since all candidates using a fuel cell system high current density setting of 

0.1 A/cm2 have been eliminated as non-charge sustaining, the minimum value for fuel 

cell system high current density, which is charge sustaining, is 0.2 A/cm2. All surviving 

candidates have a fuel cell system high current density setting of 0.2 A/cm . These 

results indicate that consistently operating the fuel cell at lower current density where 

fuel cell system power output is close to the average power demand is more efficient than 

operating the fuel cell with bursts of high current density. Figure 6.4 illustrates why fuel 

cell systems operating with a small high current density limit are more efficient. A fuel 

cell system functioning with a high current density limit of 0.2 A/cm2 at a relatively cool 

313K operating temperature has an efficiency of 58% while a fuel cell functioning with a 

high current density limit of 0.6 A/cm2 at a fully warm 353K operating temperature has 

an efficiency of 48%. 

Principal component analysis applied to the 240 charge-sustaining candidates 

reveals the percentage of total variance of the original criteria of evaluation explained by 

each principal component: first principal component explains 93.5%, second principal 

component explains 6.1%, and third and fourth principal components each explain less 

than 0.5%. This result indicates that the first principal component alone provides most of 
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FUDS Cycle 
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Figure 6.7: Thermostatic Control Survivor Performance for FUDS: (a) FUDS 
cycle, (b) Run 56 Battery SOC & FCS Current Density, (c) Run 56 Temperature, 

(d) Run 248 Battery SOC & FCS Current Density, (e) Run 248 Temperature 
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the information given by the four original criteria of evaluation. Principal component 

analysis reinforces the conclusion of strong correlation among the criteria of evaluation 

as noted in the analysis of Fig. 6.5. 

To assess regenerative braking effects, the 288 simulations were rerun without 

regenerative braking. Forty-eight non-charge sustaining candidates were eliminated. 

Dominance filtering produced five survivors based on the first set of criteria and eight 

survivors based on the second set of criteria. Considering the first set of criteria 

survivors, the average fuel economies were 51.6 mpg for FUDS and 58.2 mpg for FFIDS 

compared with 57.7 mpg for FUDS and 60.1 mpg for FHDS for the comparable three 

survivors using regenerative braking. Results indicate that regenerative braking is 

advantageous over no regenerative braking especially for the FUDS cycle, which shows 

an 11.8% increase in fuel economy. 

6.7. Proportional Control Simulation Results and Analysis 

A graphical overview of the 288 proportional control design candidates is shown 

in Fig. 6.9 using fuel economy and fuel cell system efficiency for FUDS and FHDS as 

axes. As observed for the thermostatic control candidates, the proportional control 

candidates also show strong, positive correlation between FUDS and FHDS fuel 

economy, between FHDS fuel cell system efficiency and FHDS fuel economy, between 

FUDS fuel cell system efficiency and FUDS fuel economy, and between FUDS and 

FHDS fuel cell system efficiency. 
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Forty-eight design candidates are eliminated as non-charge sustaining leaving 240 

design candidates. The non-charge sustaining candidates eliminated are indicated in Fig. 

6.9. These eliminated candidates comprise all candidates with a high current density 

limit of 0.1 A/cm2. 

Dominance filtering is applied to the 240 design candidates using the same sets of 

criteria previously used for thermostatic control analysis: 1) highest FUDS and FHDS 

fuel economy and 2) highest FUDS and FHDS fuel economy and fuel cell system 

efficiency. Dominance filtering using the first set of criteria produces five surviving 

design candidates while using the second set of criteria produces eight survivors. The 

five survivors using the first set of criteria are among the eight survivors using the second 

set of criteria. All eight surviving candidates use the largest size fuel cell stack 

considered. To produce a given power, larger fuel cell stacks require less power per cell 

resulting in operation at a lower current density where the efficiency is higher.   The 

surviving candidates are identified in Fig. 6.9. Performance data for all eight survivors 

are given in Table 6.6. All candidates are nominally equal based on fuel economy. For 

two of the survivors (Runs 222 and 248), battery state of charge, fuel cell system current 

density, and fuel cell operating temperature levels during FUDS and FHDS are shown in 

Figs. 6.10 and 6.11 respectively. 

Principal component analysis applied to the 240 charge-sustaining candidates 

produces results similar to those of thermostatic control. Percentage of total variance of 

the original criteria of evaluation explained by each principal component is as follows: 

first principal component explains 91.6%, second principal component explains 7.5%, 

third principal component explains 0.6%, and fourth principal components explains 0.3%. 
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The first principal component alone provides most of the information given by the four 

original criteria of evaluation. Principal component analysis results reinforce the 

conclusion of strong correlation among the criteria of evaluation observed in Fig. 6.9. 

To assess regenerative braking effects, the 288 simulations were rerun without 

regenerative braking. Forty-eight non-charge sustaining candidates were eliminated. 

Dominance filtering produced three survivors based on the first set of criteria and nine 

survivors based on the second set of criteria. Considering the first set of criteria 

survivors, the average fuel economies were 56.2 mpg for FUDS and 62.7 mpg for FHDS 

compared with 62.1 mpg for FUDS and 64.5 mpg for FHDS for the comparable five 

survivors using regenerative braking. Results again indicate that regenerative braking is 

advantageous over no regenerative braking especially for the FUDS cycle, which shows a 

10.5% increase in fuel economy. 

Sensitivity analyses using Eq. 4.1 were conducted for the direct-hydrogen fuel 

cell system/battery hybrid vehicle proportional control survivor run #248 operating on the 

FUDS and FHDS cycles. Results are provided in Tables 6.7 and 6.8 respectively. For 

the cold-start FUDS simulations, fuel economy shows most sensitivity to vehicle mass 

followed by fuel cell system air compressor isentropic efficiency and molar air-fuel ratio. 

For the warm-start FHDS simulations, fuel economy shows most sensitivity to vehicle 

mass followed by decreased nominal fuel cell stack operating temperature and fuel cell 

system air compressor isentropic efficiency. 

During proportional control simulations, fuel cell system operation is similar to 

that of the survivors from thermostatic control strategy: operation at minimal fuel cell 

system current density to maintain high battery state of charge. The proportional control 
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Parameter 
Base Case 

Value 

% Change in 
Parameter 

% Change in 
Fuel Economy 

K/-1 
Fuel Economy 

Sensitivity 

Fuel Economy 
fmpg] 62.0 . . - ... 

Vehicle Mass 
IM 1452 +5.0 -3.9 -0.77 

1452 +10.0 -7.7 -0.77 

Avg Compressor 
Efficiency f%] 53.0 -10.0 -1.4 0.14 

53.0 +5.0 +0.4 0.10 

Molar Air Fuel 
Ratio 2 -25.0 +1.9 -0.08 

2 25.0 -1.9 -0.08 

Avg Expander 
Efficiency [%1 75.0 -10.0 -0.5 0.05 

75.0 +4.9 +0.2 0.04 

Hydrogen 
Utilization 0.8 -10.0 -0.0 0.00 

0.8 +10.0 +0.0 0.00 

Nominal FC 
Temp [Kl 353 -3.0 0.0 0.00 

353 +3.0 0.0 0.00 

Table 6.7: Cold-Start FUDS Cycle Sensitivity Analysis for Direct-Hydrogen Fuel 
Cell System/Battery Vehicle (Proportional Control Run #248) 
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Parameter 
Base Case 

Value 

% Change in 
Parameter 

% Change in 
Fuel Economy Fuel Economy 

Sensitivity 

Fuel Economy 
fmpg] 64.5 .. .. _   

Vehicle Mass 
1452 +5.0 -2.5 -0.50 

1452 +10.0 -4.8 -0.48 

Nominal FC 
Temp [K] 353 -3.0 -0.9 0.31 

353 +3.0 +0.2 0.05 

Avg Compressor 
Efficiency \%] 52.6 -10.8 -1.4 0.13 

52.6 +4.2 +0.5 0.12 

Molar Air Fuel 
Ratio 2 -25.0 +1.9 -0.07 

2 25.0 -2.0 -0.08 

Avg Expander 
Efficiency [%] 73.9 -11.9 -0.6 0.05 

73.9 +2.8 +0.2 0.07 

Hydrogen 
Utilization 0.8 -10.0 -0.2 0.02 

0.8 +10.0 +0.0 0.00 

Table 6.8: Warm-Start FHDS Cycle Sensitivity Analysis for Direct-Hydrogen Fuel 
Cell System/Battery Vehicle (Proportional Control Run #248) 
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results reinforce the conclusion drawn from thermostatic control analysis: operating the 

fuel cell system at low current density results in higher fuel cell system efficiency and 

fuel economy. With regard to FUDS and FHDS fuel economy and fuel cell system 

efficiency, the proportional control survivors outperform all surviving candidates from 

the thermostatic control analysis. 

6.8. Implications of Control Strategy Results 

For consistency the same control parameters have been used for both thermostatic 

control and proportional control. For practical applications the fuel cell system must be 

able to operate over the full range of current density between 0 and current density 

maximum limit: current density corresponding to maximum power. As indicated by the 

simulation results, using these current density limits with thermostatic control would be 

inefficient. However, as shown in Fig. 6.12, a practicable proportional control strategy 

can be developed from the proportional control survivors by extrapolating the line of 

proportionality up to the fuel cell system current density maximum limit and down to 0 

current density. A proportional control strategy is then defined by a slope (gain) and the 

battery state of charge that corresponds to the point at which the fuel cell system current 

density maximum limit is reached. Results from the proportional control analysis can be 

used to define a proportional control strategy that serves as a basis of comparison for 

more advanced supervisory-level control strategies. Only control strategies that produce 

higher state of charge-corrected fuel economy should be implemented. 
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Figure 6.12: Practicable Proportional Control Strategy 
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6.9. Additional Considerations 

The methodology used to explore the hybrid vehicle design space identifies 

component power sizing and limits of operation that offer potential for high system 

efficiency and fuel economy. The conclusions drawn here are strictly valid only for the 

criteria employed. 

Results from this analysis consider the exergetic efficiency of the fuel cell system 

based on the chemical exergy of the hydrogen stored on-board the vehicle. If the 

efficiency associated with conversion of feedstock into compressed hydrogen stored on- 

board the vehicle is considered, total efficiency values will be substantially lower than 

those determined during the simulations, as discussed in Sees. 4.3.1 and 4.3.2. 

Vehicle mass is assumed constant for all four fuel cell system/battery 

configurations considered in this analysis. Consideration of variance in total vehicle 

mass with changes in component sizes is possible using sensitivity analysis results in 

Tables 6.7 and 6.8. The fuel cell system specific power target of 300 W/kg (or mass per 

power capability of 1/0.3 kg/kW) quoted by Chalk et al. (2000) is used to determine fuel 

cell system mass based on power capability. Additional assumptions for the nickel metal 

hydride battery pack include power density of 500 W/kg (or mass per power capability of 

2 kg/kW) and specific energy of 50 W-hr/kg specified in Sec. 6.3.2. Using the 1452 kg 

fuel cell vehicle with a 42 kW-capacity fuel cell system basis from Chapter 4, added mass 

for the four configurations (cases) in Table 6.3 can be determined. Considering Case 1 

with maximum battery power of 56.5 kW and maximum fuel cell system power of 

70.3 kW, added mass is computed as follows: 
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Added Mass due to battery: 56.5 kWx (2 kgAW) = 113.0 kg 

Added Mass due to fuel cell system:      (70.3 kW- 42 kW)x [(1/0.3) kg/kW] =   94.3 kg 

Total added mass: 20Z 3 kS 

Similar computations for the other three cases result in additional masses of 213.5 kg, 

219.3 kg, and 225.7 kg respectively. Expected fuel economy for the four cases would 

show corresponding decline of 6.8 mpg, 7.0 mpg, 7.2 mpg, and 8.0 mpg for FUDS and 

decline of 4.6 mpg, 4.7 mpg, 4.9 mpg, and 5.0 mpg for FHDS. 

Considering impacts of fuel conversion efficiency and vehicle mass fuel economy 

adjustments, dominance filtering results would provide alternative candidates with high 

fuel cell system efficiency and fuel economy potential. Conclusions may differ 

depending upon choice of chemical exergy input to the system and total vehicle mass 

considered. 
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CHAPTER 7 

PERFORMANCE COMPARISON BY VEHICLE CONFIGURATION, 
SOURCE FUEL, AND POWER CAPACITY 

7.1. Introduction 

Simulation results for a direct-hydrogen fuel cell vehicle with maximum fuel cell 

stack power capacity of 50 kW and maximum fuel cell system net power capacity of 42 

kW at nominal temperature are described in Chapter 4. For the same size fuel cell system 

simulation results for a methanol reforming fuel cell vehicle are described in Chapter 5. 

In Chapter 6 four combinations of fuel cell stack and battery component sizes are 

considered for a direct-hydrogen hybrid (fuel cell system/battery) vehicle. Two control 

strategies were applied to the hybrid vehicle to determine the component sizing and 

operational parameters that offer the greatest potential for high fuel economy. The aim of 

this chapter is twofold: (1) to compare performance of the fuel cell vehicle with that of 

the hybrid vehicle using the same size fuel cell stack (power capacity) for both vehicles 

and (2) to examine performance of the fuel cell vehicle using two different size fuel cell 

stacks. For these analyses, both direct-hydrogen and methanol reforming are considered 

as a source fuel. 

7.2. Results for Vehicle Configurations with Constant Size Fuel Cell Stack 

Vehicle performance for four cases is considered: direct-hydrogen and methanol 

reforming fuel cell vehicle and direct-hydrogen and methanol reforming hybrid vehicle. 
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To compare relative fuel economy and fuel cell system efficiency among the four cases 

considered, constant total vehicle mass is maintained and the same size fuel cell stack is 

employed in each case for consistency. The fuel cell stack size selected is based on one 

of the proportional control survivors, Run #248. All simulations use proportional control 

run #248 fuel cell system power capacity: 84.5 kW (fuel cell stack size of 440 cells each 

with active area of 400 cm2). For the hybrid vehicle simulations, electric motor size, 

battery size, and operational parameters also correspond to those of proportional control 

run #248. Additionally, proportional control strategy is used during the hybrid vehicle 

simulations. 

Results for the four cases are shown in Table 7.1. For both pure fuel cell vehicle 

and hybrid vehicle cold-start FUDS and warm-start FHDS simulations, fuel cell system 

efficiency, total efficiency, and vehicle fuel economy using methanol reforming are lower 

than those associated with the corresponding direct-hydrogen vehicle. Fuel cell system 

efficiency is higher for the direct-hydrogen fuel cell vehicle since hydrogen in the fuel 

cell stack anode exhaust can be recirculated and reused in the stack. When methanol 

reforming is used, the anode exhaust cannot be recirculated due to the presence of species 

other than hydrogen and water. Consequently, hydrogen is lost through venting of anode 

exhaust. For the direct-hydrogen vehicles, total efficiency corresponds to fuel cell system 

efficiency.   For the methanol reforming vehicles, reformer inefficiencies primarily due to 

incomplete chemical reaction and heat rejection from the reformer result in total 

efficiencies significantly lower than those associated with the direct-hydrogen vehicles. 

Lower total efficiency is reflected by lower fuel economy for methanol reforming 

vehicles. 
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Fuel Cel Vehicle Hybrid Vehicle 

Cold-Start FUDS 
Direct- 

Hydrogen 
Methanol 
Reforming 

Direct- 
Hydrogen 

Methanol 
Reforming 

Fuel Cell System 
Efficiency \%\ 61.3 44.5 66.5 51.7 

Reformer Efficiency 
[%1 68.0 - - _ 67.2 

Total Efficiency 
61.3 30.3 66.5 34.7 

Fuel Economy 
fmpgl 56.6 25.7 62.1 30.6 

(a) Cold-Start FUDS 

Fuel Cell Vehicle Hybrid Vehicle 

Warm-Start FHDS 
Direct- 

Hydrogen 
Methanol 
Reforming 

Direct- 
Hydrogen 

Methanol 
Reforming 

Fuel Cell System 
Efficiency \%\ 63.9 49.7 65.1 51.0 

Reformer Efficiency 
[%1 77.8 — — - 77.8 

Total Efficiency 
[%1 63.9 38.7 65.1 39.6 

Fuel Economy 
fmpgl 63.8 38.3 64.5 38.9 

(b) Warm-Start FHDS 

Table 7.1: Fuel Cell System Efficiency, Reformer Efficiency, Total Efficiency, and 
Fuel Economy Comparison among Direct-Hydrogen Fuel Cell Vehicle, Methanol 
Reforming Fuel Cell Vehicle, Direct-Hydrogen Fuel Cell System/Battery Hybrid 

Vehicle, and Methanol Reforming Fuel Cell System/Battery Hybrid Vehicle Using 
84.5 kW Fuel Cell System and Constant Total Vehicle Mass of 1452 kg: 

(a) Cold-Start FUDS and (b) Warm-Start FHDS 
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For each fuel source considered (direct-hydrogen and methanol reforming), the 

hybrid configuration produces higher fuel cell system efficiency and higher fuel economy 

compared with the pure fuel cell vehicle using the same fuel source. These results 

indicate that a hybrid vehicle operating on direct hydrogen has the potential for highest 

fuel economy. 

7.3. Results for Fuel Cell Vehicles with Different Size Fuel Cell Stacks 

Table 5.1 consolidates results from the direct-hydrogen fuel cell vehicle 

simulations in Chapter 4 with results from the methanol reforming fuel cell vehicle 

simulations in Chapter 5. In both of these simulations the fuel cell stack size (220 cells) 

was such that fuel cell system power capacity was 42 kW. Table 7.1 also includes results 

for simulations involving the direct-hydrogen fuel cell vehicle and the methanol 

reforming fuel cell vehicle. In these simulations the fuel cell stack size (440 cells) was 

such that fuel cell system power capacity was 84.5 kW. In order to compare performance 

of fuel cell vehicles with the same total vehicle mass but with different fuel cell system 

sizes, fuel cell vehicle simulation results from Table 5.1 and Table 7.1 are consolidated in 

Table 7.2. 

As expected fuel cell system efficiency is lower when the small fuel cell stack is 

used. The small fuel cell stack must operate at higher average current density than the 

large fuel cell stack to produce the same power. As explained in Sec. 3.1.2, operating at 

high current density results in lower fuel cell stack efficiency. 

It is interesting to note that reformer efficiency is significantly higher when the 

small fuel cell stack is used during cold-start FUDS cycle. This occurs because the small 

fuel cell stack requires a high mass flow of hydrogen to produce a high average current 
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Direct-Hydrogen Methanol Reforming 

Cold-Start FUDS 
42 kW 

Fuel Cell 
System 

(220 CeUs) 

84.5 kW 
Fuel Cell 
System 

(440 CeUs) 

42 kW 
Fuel Cell 
System 

(220 CeUs) 

84.5 kW 
Fuel Cell 
System 

(440 CeUs) 
Fuel Cell System 

Efficiency [%] 56.4 61.3 39.5 45.3 
Reformer Efficiency 

... 81.1 73.6 
Total Efficiency 

56.4 61.3 32.0 33.3 
Fuel Economy 

fmpgl 52.9 56.6 27.3 28.4 

(a) Cold-Start FUDS 

Direct-Hydrogen Methanol Reforming 

Warm-Start FEDS 
42 kW 

Fuel CeU 
System 

(220 CeUs) 

84.5 kW 
Fuel CeU 
System 

(440 CeUs) 

42 kW 
Fuel Cell 
System 

(220 CeUs) 

84.5 kW 
Fuel Cell 
System 

(440 CeUs) 
Fuel Cell System 

Efficiency \%] 58.1 63.9 44.4 50.1 
Reformer Efficiency 

83.8 83.6 
Total Efficiency 

[%1 58.1 63.9 37.3 41.9 
Fuel Economy 

fmpgl 58.5 63.8 36.9 41.4 

(b) Warm-Start FHDS 

Table 7.2: Fuel Cell System Efficiency, Reformer Efficiency, Total Efficiency, and 
Fuel Economy Comparison using 84.5 kW Fuel Cell System and 42 kW Fuel Cell 
System for Direct-Hydrogen Fuel Cell Vehicle and Methanol Reforming Fuel Cell 

Vehicle (Constant Total Vehicle Mass of 1452 kg): 
(a) Cold-Start FUDS and (b) Warm-Start FHDS 
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density. Consequently, during cold-start conditions the reformer reactant flows and 

reaction rates are higher resulting in faster temperature rise and lower degree of 

incomplete reaction. When the large fuel cell stack is used, the average current density is 

lower resulting in lower demand for hydrogen from the reformer. As a consequence, 

there is slower temperature rise in the reformer and a higher degree of incomplete 

reaction. 

Total efficiency and fuel economy are higher with the large fuel cell stack for 

both direct-hydrogen and methanol reforming. Considering the cold-start FUDS 

methanol reforming case, high methanol reforming efficiency is associated with lower 

fuel cell system efficiency for the small size fuel cell stack while low methanol reforming 

efficiency is associated with higher fuel cell system efficiency for the large size fuel cell 

stack.  The large size fuel cell stack has the greater total efficiency and fuel economy 

indicating that fuel cell system efficiency has a stronger influence on overall efficiency 

and fuel economy than reformer efficiency. 

7.4. Total Efficiency Considerations 

The total efficiency values shown in Tables 7.1 and 7.2 are based on the chemical 

exergy of the source fuel stored on-board the vehicle. Indeed, values for total efficiency 

will differ depending on whether feedstock or fuel stored on-board the vehicle is 

considered as the chemical exergy input to the system. If the efficiency associated with 

conversion of feedstock into the source fuel stored on-board the vehicle is considered, 

total efficiency values will be substantially lower than those shown in these tables, as 

discussed in Sees. 4.3.1,4.3.2, and 5.5. 
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7.5. Closing Comment 

The analyses considered in this chapter illustrate the utility of the vehicle 

simulator embedded with the fuel cell system model and the methanol reformer model. 

Other cases that might be considered include performance of vehicles that have 

parameters different from those considered in this study, vehicle performance during 

driving cycles that require higher average power than the FUDS and FHDS cycles, and 

consideration of alternative control strategies for hybrid vehicle operation. There are 

many possibilities for use of this analysis tool. 
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY 

8.1. Introduction 

Contemporary interest in developing power systems that achieve increased system 

exergetic efficiency and/or decreased environmental impacts is strong. Fuel cells do not 

require an intermediate combustion process to accomplish exergy conversion. 

Elimination of the combustion process reduces inherent combustion exergy destruction 

and may lower/eliminate undesirable emissions. Consequently, fuel cells have the 

potential to provide more power from a given supply of fuel and be less polluting than 

conventional engines. 

This study has focused on fuel cells in automotive applications. Issues associated 

with fuel cells, modeling of fuel cells, and simulation of fuel cell systems in automotive 

applications have been considered: 

• This study has developed models for a PEM fuel cell stack, direct- 

hydrogen fuel cell system, and methanol reforming fuel cell system. The 

exergetic efficiency associated with each model has been examined and in-vehicle 

sources of inefficiency have been identified. 

• The models developed in this study were embedded in a vehicle simulator. 

Using the FUDS and FHDS driving cycles, fuel economy was determined in four 
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cases: direct-hydrogen fuel cell vehicle, methanol reforming fuel cell vehicle, 

direct-hydrogen hybrid (fuel cell system/battery) vehicle, and methanol reforming 

hybrid vehicle. 

• Additionally, for the direct-hydrogen hybrid vehicle, thermostatic control 

and proportional control strategies for the fuel cell system and battery were used 

to examine component sizing and operational limits. Dominance filtering was 

employed to identify component sizing and operational limits that provide the 

potential for highest fuel economy. Results of this analysis can be used as a point 

of departure to develop more advanced control strategies. 

8.2. Summary of Primary Findings 

Several tasks were completed in the current study. A summary of the primary 

findings associated with these tasks is provided below: 

(1) During development of a PEM fuel cell stack model for incorporation into the 

vehicle simulator, GCtool was used to determine PEM fuel cell performance trends while 

several parameters were varied. Findings for PEM fuel cell performance include: 

(a) Increasing cathode pressure results in higher voltage for a given 

current density with the onset of concentration polarization occurring at higher 

current densities as cathode pressure increases (Figs 3.1 through 3.3). Generally 

as temperature increases, the voltage for a given current density increases. This 

trend changes at high current density in the region of concentration polarization 

dominance. The onset of concentration polarization occurs at lower current 

densities as fuel cell operating temperature increases (Figs 3.10 through 3.12). 
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(b) For a given fuel cell operating temperature and cathode pressure, as 

current density increases, power density reaches a maximum value and then 

sharply declines. Increasing cathode pressure results in greater power density for 

a given current density (Figs 3.4 through 3.6). Increasing fuel cell operating 

temperature results in increased power density for a given current density. As 

fuel cell operating temperature increases, the maximum power density occurs at 

higher current density (Figs 3.13 through 3.15). 

(c) Fuel cell exergetic efficiency is directly proportional to fuel cell power, 

which is directly proportional to voltage for a given current density. 

Consequently, fuel cell exergetic efficiency exhibits trends with respect to 

pressure and temperature similar to those for voltage: increasing cathode pressure 

and increasing temperature result in higher efficiency for a given current density 

(Figs. 3.7 through 3.9). 

(2) For a fuel cell stack to be functional, auxiliary components are required for air 

flow, fuel flow, cooling, and humidification. These auxiliary components were 

incorporated with the fuel cell stack model to develop a fuel cell system model (Fig. 

3.19). Findings associated with the fuel cell system are: 

(a) As most auxiliary components in the fuel cell system consume power 

(compressor, pumps, fan), net power production by the fuel cell system is less 

than that by the fuel cell stack (Sec. 4.2). 
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(b) Similarly, since some auxiliary components in the fuel cell system 

consume power and all have associated exergy destruction, the exergetic 

efficiency of the fuel cell system is characteristically less than for the fuel cell 

stack (Sec. 3.2.3). 

(c) The air compressor has by far the greatest average power consumption 

of the auxiliary components in the fuel cell system. Consequently, reduction in 

compressor power consumption would contribute most to increased fuel cell 

system net power output (Sec. 4.2). 

(d) Opportunities exist for performance improvement via fuel cell system 

component control efforts. Low-level control efforts targeting the compressor 

have the greatest potential for improved system performance (Sec. 4.2). 

However, to develop compressors able to maintain high isentropic efficiency over 

a large range of mass flows, advances in technology and innovations in 

component control are required. 

(3) The fuel cell system model described in Sec. 3.2.3 was embedded into a 

vehicle simulator (Sec. 4.1), which was used to perform direct-hydrogen fuel cell vehicle 

simulations operating under cold-start FUDS and warm-start FHDS driving cycles. 

Findings from these simulations are: 

(a) FUDS fuel economy showed most sensitivity to vehicle mass, followed 

by compressor efficiency and molar air fuel ratio (Sec. 4.3.3). 

(b) FHDS fuel economy showed most sensitivity to nominal fuel cell 

operating temperature followed by vehicle mass and compressor efficiency (Sec. 

4.3.3). 
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(4) A methanol reformer model (Sec. 5.3) was developed and integrated with the 

fuel cell system model (Fig. 5.1) in the vehicle simulator. Simulations of a methanol 

reforming fuel cell vehicle operating under cold-start FUDS and warm-start FHDS 

driving cycles were conducted to determine the effects of fuel reforming on fuel cell 

system performance and overall vehicle fuel economy. Findings from these simulations 

are: 

(a) Exergy destruction associated with the irreversible chemical reactions 

in the reformer significantly reduces overall performance of the fuel cell vehicle 

compared to the direct-hydrogen fuel cell vehicle performance (Sec. 5.5). Table 

5.1 compares results for direct-hydrogen and methanol reforming fuel cell vehicle 

simulations. 

(b) For both FUDS and FHDS the fuel cell stack and reformer perform 

best when these components start warm resulting in highest total efficiency and 

fuel economy. Conversely, the fuel cell stack and reformer perform worst when 

these components start cold resulting in lowest total efficiency and fuel economy 

(Table 5.2). The effect of fuel cell stack cold-start impacts overall performance 

more than reformer cold-start since the reformer model uses unreacted methanol 

in a preheater to rapidly raise reformer temperature during simulations. 

(c) There is interdependence between the fuel cell system and the 

reformer. Operating conditions of one component may affect either adversely or 

favorably the individual performance of the other component (Sec. 5.5). 

193 



(d) Since reformer use precludes recycling of unreacted hydrogen in the 

reformate exiting the fuel cell stack anode, there is a loss of hydrogen exergy and 

thus fuel economy is very sensitive to hydrogen utilization (Sec. 5.6). 

(e) Compared with the direct-hydrogen fuel cell vehicle sensitivity results 

(Sec. 4.3.3), sensitivity results for the methanol reforming fuel cell vehicle (Sec. 

5.6) indicate parameters affected by reformer use (hydrogen utilization and extent 

of reformer reaction) have greater impact on fuel economy compared with those 

of the fuel cell system. 

(f) Development of improved catalysts to support chemical reactions is 

important for maintaining a high extent of reaction in the reformer. 

(g) Maintaining maximal hydrogen utilization and extent of reformer 

reaction, as well as limiting vehicle weight contribute most to fuel economy for 

both cold-start FUDS and warm-start FHDS for the methanol reforming fuel cell 

vehicle. Additionally, maintaining fuel cell operating temperature at an 

appropriate level contributes to fuel economy in warm-start FHDS (Sec. 5.6). 

(5) Thermostatic control and proportional control strategies were employed in 

direct-hydrogen hybrid simulations to assess system performance in vehicles operating 

under FUDS and FHDS driving cycles. Findings from these simulations are: 

(a) Both thermostatic control and proportional control results support the 

conclusion that operating the fuel cell system at low current density results in 

higher fuel cell system efficiency and fuel economy (Sees. 6.6 and 6.7). 
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(b) With regard to FUDS and FHDS fuel economy and fuel cell system 

efficiency, proportional control survivors outperform all surviving candidates 

from the thermostatic control analysis (Sec. 6.7). 

(c) To produce a given power, larger fuel cell stacks require less power per 

cell resulting in operation at a lower current density where efficiency is higher 

(Sec. 6.7). 

(d) Regenerative braking is advantageous over conventional braking 

especially for the FUDS cycle, which shows a 10.5% increase in fuel economy 

(Sec. 6.7). 

(e) Results from the proportional control analysis can be used to define a 

proportional control strategy that serves as a basis of comparison for more 

advanced supervisory-level control strategies (Sec. 6.8). 

(6) Simulations were conducted to compare performance of the fuel cell vehicle 

with that of the hybrid vehicle using the same size fuel cell stack for both vehicles. 

Additionally, performance of the fuel cell vehicle using two different size fuel cell stacks 

was examined. Both analyses considered direct-hydrogen and methanol reforming. 

Findings from these simulations are: 

(a) For both pure fuel cell vehicle and hybrid vehicle cold-start FUDS and 

warm-start FHDS simulations with same size fuel cell stacks and total vehicle 

mass, fuel cell system efficiency, total efficiency, and vehicle fuel economy using 

methanol reforming are lower than those associated with the corresponding direct- 

hydrogen vehicle (Table 7.1). 
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(b) Hybrid vehicles operating on direct hydrogen have the potential for 

highest vehicle fuel economy (Sec 7.1). 

(c) Using larger fuel cell stacks in fuel cell vehicles with the same total 

vehicle mass results in higher total efficiency and fuel economy (Table 7.2). 

(d) For methanol reforming fuel cell vehicles fuel cell system efficiency 

has a stronger influence on overall efficiency and fuel economy than reformer 

efficiency (Sec. 7.3). 

(e) Values for total efficiency vary depending on whether feedstock or fuel 

stored on-board the vehicle is considered as the chemical exergy input to the 

system. (Sec. 7.4). Exergetic efficiency based on chemical exergy of fuel stored 

on-board the vehicle neglects the inherent exergy destruction and losses 

associated with conversion of feedstock. Consequently, total efficiency based on 

chemical exergy of fuel stored on-board the vehicle is higher than that based on 

chemical exergy of feedstock. 

(f) When comparing efficiencies of fuel cell systems, with or without 

reforming, to efficiencies of conventional internal combustion engines, 

consideration should be given to conversion of feedstock to fuel stored on-board 

the vehicle. 

8.3. Future Work 

Opportunities for future work using the results of the current study exist in three 

areas: (1) reformer, fuel cell system, and battery model improvements, (2) model 

applications and analyses, and (3) operational laboratory support. Each of these areas is 

discussed further in the following sections. 
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8.3.1. Model Improvement 

The current reformer model is based on theoretical complete chemical reactions 

that do not include carbon monoxide as a product. In actual methanol reforming PEM 

fuel cell systems, carbon monoxide management is an important issue due to its 

detrimental effect on platinum catalysts used in PEM fuel cell stacks. Incorporation of 

incomplete reaction kinetics for the reformer and auxiliary processes for carbon 

monoxide removal would significantly improve the current reformer model. These 

improvements could provide insight into exergy requirements associated with carbon 

monoxide reduction and their effects on overall system performance. Additionally, the 

relative magnitude of harmful emissions such as the greenhouse gases carbon monoxide 

and carbon dioxide could be assessed. 

The current reformer model also applies only for methanol as the fuel. 

Development of models to accommodate other hydrogen-bearing fuels would provide 

greater flexibility in the choice of fuel considered for analysis. Overall fuel economy 

using various fuels could be compared to identify fuels having significant fuel economy 

advantage. 

Results from sensitivity analyses in Sec. 4.3.3, Sec. 5.6, and Sec. 6.7 indicate that 

fuel economy is particularly sensitive to vehicle mass. By explicitly incorporating into 

the vehicle simulator mass associated with fuel cell stack, reformer, and battery sizing, 

total vehicle mass could be adjusted based on size of component selected. Response to 

load demand and resulting fuel economy could be examined for various size components. 

Incorporation of dynamics associated with components such as compressors, fans, 

and pumps would allow consideration of response time to changes in flow demands. 
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Response time associated with these components would influence component-level 

control strategy in order to meet the overall load demand by the vehicle and the resulting 

fuel economy. Since there is strong interaction between low-level component control and 

supervisory control strategy, inclusion of component dynamics would also influence 

choice of supervisory control strategy. For example, ability of fuel cell system individual 

components to respond rapidly to load demand changes may influence whether the fuel 

cell system is used in a load following or a load leveling capacity for hybrid 

configurations. Trade-off analyses using various strategies for component-level control 

and supervisory control could identify control strategies to achieve best overall 

performance. 

Incorporation of volume and costs associated with fuel cell stack and auxiliary 

components, reformer, and battery sizing also would improve overall analysis capability. 

Component volume information could help identify total space requirements for the 

engine compartment. Configurations greatly exceeding appropriate space and/or total 

cost thresholds might be eliminated from consideration. 

In the direct-hydrogen fuel cell system model, cathode inlet temperature was 

specified as an average temperature of 333K, which was within 3% of the temperature 

associated with the average compressor pressure ratio during simulations (Sec.4.3). 

Since actual cathode inlet temperature varies with ambient temperature, compressor 

pressure ratio, compressor isentropic efficiency, and humidification, the fuel cell system 

model would be nominally more accurate by computing actual electrode inlet 

temperature rather than assuming an average value. 
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8.3.2. Model Applications and Analyses 

The current study considered performance of a fuel cell system in an SUV-type of 

vehicle. The model also could be applied to other types of vehicles such as heavy trucks 

and military vehicles to examine fuel economy and perform trade-off analysis on 

component sizing and operational limits for hybrid configurations. 

As mentioned in Sec. 4.2, consideration of alternative air flow strategies at the 

fuel cell stack cathode inlet would indicate which strategy most favorably affects system 

efficiency while maintaining required system performance level. The model could be 

used to examine such alternative air flow strategies and to conduct trade-off analyses for 

load demand response capability, overall fuel economy, and system complexity with 

associated costs. 

Continuing the work of Sec. 6.8, the model could be used to assess performance 

of alternative supervisory-level control strategies for the fuel cell system and battery in a 

hybrid configuration. Using results of the current study as a basis, fuel economy 

resulting from such control strategies could be compared to the fuel economy from the 

current study to identify potentially effective strategies worthy of further development. 

Based on assessment of relative effect on performance due to fuel cell stack and 

reformer warm/cold start (Sec. 5.5), direct-hydrogen and methanol-reforming vehicle 

simulations might incorporate use of a fuel cell stack preheater. Results of these 

simulations could quantify any relative advantage/disadvantage of a fuel cell stack 

preheater on overall system efficiency and fuel economy. 

In the current methanol reforming fuel cell system, fuel cell stack anode exhaust 

is vented resulting in hydrogen loss and lower system efficiency. Alternative uses of this 
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exhaust gas such as fuel cell stack preheat or power production via expansion might be 

considered to determine whether potential for significant efficiency improvement exists. 

Since the models developed and used in the current study do not include the 

effects of dynamics but operate with immediate response to load demand changes, results 

of this study represent best-level performance of realizable systems. Results from this 

study can serve as a benchmark for comparison with results from future model 

incorporation of effects of dynamics. 

8.3.3. Operational Laboratory Support 

The fuel cell system and reformer models resulting from the current study could 

be used in tandem with an actual fuel cell system and/or reformer laboratory. 

Operational parameters associated with actual system components such as isentropic 

efficiencies, temperature, pressure, etc., could be adjusted in the model to determine 

limits of operation. Laboratory test results can provide information for improvements in 

the model. Effects of varying species mass flows on fuel cell stack and reformer 

operations, time response associated with auxiliary components such as compressors, 

fans, pumps, and expanders, component-level control strategy implementation and 

resulting performance, and emissions associated with reforming could be incorporated 

into the model to expand its capability. Understanding the effects of dynamics associated 

with individual components and using appropriate control strategies to improve total 

system performance is key to realizing the benefits of fuel cell system integration for 

automotive applications. 

200 



8.4. Closing Comments 

Stimulated by the need for more fuel-efficient vehicles that produce fewer 

harmful emissions, fuel cell vehicle research and development will continue. Since a fuel 

cell system contains many interrelated components, consideration of the effects of change 

in one component on overall system performance is critical. Use of vehicle simulators 

and fuel cell system models such as developed in this study will allow engineers to 

identify component design parameters, operational parameters, and control strategies that 

offer the highest potential for overall fuel cell system improvement. 

Before fuel cell vehicles become widely accepted by the general public, these 

vehicles will have to match existing commercially available vehicles in the areas of 

performance, refueling simplicity, and cost. Results from this study indicate that direct- 

hydrogen fuel cell vehicles have the potential for significantly higher fuel economy while 

methanol reforming fuel cell vehicles only show potential comparable to current 

conventional vehicles. On the other hand, on-board storage and refueling of hydrogen 

pose greater challenges than on-board storage and refueling of methanol. These findings 

suggest that significant hurdles remain to be overcome before fuel cell vehicles are in 

widespread use. 
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APPENDIX A 

MATLAB PROGRAM 

The following MATLAB program determines fuel cell stack efficiency and fuel cell 
system efficiency. 

%Fuel Cell Program 
%filename=fcmodel. m 

clear; %Clears all previous inputs 

%Define Constants 
LHV_h2=l 19950; %Lower heating value of hydrogen [kJ/kg] 
T_amb=293; % Ambient air temperature [K] 
T ref=298; %Reference temperature for liquid water heat of formation [K] 
MW_h2=2.016; %Molecular weight of H2 [kg H2/kmol H2] 
MW_o2=32; %Molecular weight of 02 [kg 02/kmo! 02] 
MW_n2=28.01; %Molecular weight of N2 [kg N2/kmol N2] 
MW_h2o=18.02; %Molecular weight of H20 [kgH20/kmol H20] 
MW_air=28.97; %Molecular weight of air [kg air/kmol air] 
R_u = 8.314;   %Universal gas constant [kJ/(kmol-K)] 
k_air=1.4; %Specific heat ratio of air 
Cp_air=1.004; %Specific heat of air [kJ/(kg-K)] 
k_h2=1.4; %Specific heat ratio of hydrogen 
Cp_h2=14.36; %Specific heat of H2 [kJ/(kg-K)] 
Cp_o2=0.923; %Specific heat of 02 [kJ/(kg-K)] 
Cp_n2=1.04; %Specific heat of N2 [kJ/(kg-K)] 
Cp_h2ov=1.874; %Specific heat of H20(v) [kJ/(kg-K)] 
Cp_h2ol=4.19; %Specific heat of H20(1) [kJ/(kg-K)] 
rho_h2o=998; %Liquid water density [kg/m3] 
hf_h2ol=-285830; %Enthalpy of formation of liquid water [kJ/kmol] 
F=96487000; %Faraday's constant [Couiomhs/kmol equiv e-] 

%Defme operating parameters 
P_cath=2; %Cathode Pressure [atm] 
P_an=2; %Anode Pressure [atm] 
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Area_fc=400; %Fuel Cell Active Area [cm2] 
T_fc=353; %Fuel Cell Stack Temperature [K] 
T_air=333; %Air temperature at cathode inlet [K] 
T_h2=333; %H2 temperature at anode inlet [K] 
mu_h2=0.8014; %fuel utilization 
AF=2; %Molar air-fuel ratio [kmol air/kmol H2] 
rh_airin=l; %Relative Humidity of air at cathode inlet 
rh_h2in=l; %Relative Humidity of H2 at anode inlet 
curden=0.5; %Current density [A/cm2] 

%Computation of Saturation Pressures (Ve) (Equation 3.12) 
Pg_Th2=exp(11.7384-(3875.52/T_h2)-(159296/(T_h2A2))-(10651805/(T_h2A3)))... 

%Saturation pressure at T_h2 [atm] 

Pg_Tair=exp(11.7384-(3875.52/T_air)-(159296/(T_airA2))-(10651805/(T_airA3)))... 
%Saturation pressure at Tair [atm] 

Pg_Tfc=exp(11.7384-(3875.52/T_fc)-(159296/(T_fcA2))-(10651805/(T_fcA3)))... 
%Saturation pressure at T_fc [atm] 

%Computation of hydrogen enthalpy values (h h2> 
R_h2 = R_u/MW_h2; %Gas constant for H2 [kJ/kmol-K] 

A_h2 = [0.30574el 0.26765e-2 -0.58099e-5 0.55210e-8 -0.18123e-ll -0.98890e3]; 
%Vector of coefficients to calculate enthalpy values 

h_h2_TJc = R_h2.*TJc.*((A_h2(l)+A_h2(2)/2.*T_fc+A_h2(3)/3.*T_fc.A2+... 
A_h2(4)/4.*T_fc A3+A_h2(5)/5.*T_fc A4+Aja(6)./T_fc)); %Hydrogen enthalpy at 
fuel cell operating temperature [kJ/kg] 

h_h2_T_h2 = R_h2.*T_h2.*((A_h2(l)+A_h2(2)/2.*T_h2+A_h2(3)/3.*T_h2 A2+... 
A_h2(4)/4.*T_h2 A3+A_h2(5)/5.*T_h2A4+A_h2(6).n,_h2)); %Hydrogen enthalpy at 
H? temperature at anode inlet [kJ/kg] 

%Computation of oxygen enthalpy values (h o2) 
R_o2 = R_u/MW_o2; % Gas constant for 02 [kJ/kmol-K] 

A_o2 = [0.36256el -0.18782e-2 0.70555e-5 -0.67635e-8 0.21556e-ll -0.10475e4]; 
% Vector of coefficients to calculate enthalpy values 

h_o2_T_fc = R_o2.*T_fc.*((A_o2(l)+A_o2(2)/2.*T_fc+A_o2(3)/3.*T_fc.A2+... 
A_o2(4)/4.*T_fc A3+A_o2(5)/5.*T_fc A4+A_o2(6).AT_fc)); %Oxygen enthalpy at 
ftiel cell operating temperature [kJ/kg] 
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h_o2_T_air = R_o2.*T_air.*((A_o2(l)+A_o2(2)/2.*T_air+A_o2(3)/3.*T_airA2+... 
A_o2(4)/4.*T_air A3+A_o2(5)/5.*T_air A4+A_o2(6).AT_air)); %Oxygen enthalpy at 
air temperature at cathode inlet [kJ/kg] 

%Computation of nitrogen enthalpy values fh n2) 
R_n2 = R_u/MW_n2; % Gas constant for N2 [kJ/kmol-K] 

A_n2 = [0.36748el -0.12082e-2 0.23240e-5 -0.63218e-9 -0.22577e-12 -0.10612e4]; 
%Vector of coefficients to calculate enthalpy values 

h_n2_T_fc = R_n2.*T_fc.*((A_n2(l)+A_n2(2)/2.*T_fc+A_n2(3)/3.*T_fcA2+... 
A_n2(4)/4.*T_fc A3+A_n2(5)/5.*T_fc A4+A_n2(6)./T_fc)); %Nitrogen enthalpy at 
fuel cell operating temperature [kJ/kg] 

h_n2_T>r = R_r^.*T_air.*((A_r^(l)+A_r^(2)/2.*T>r+A_r^(3)/3.*T_airA2+... 
A_n2(4)/4.*T_air A3+A_n2(5)/5.*T_air A4+A_n2(6)./nr_air)); %Nitrogen enthalpy at 
air temperature at cathode inlet [kJ/kg] 

»/»Computation of water vapor enthalpy values (h h2ov) 
R_h2ov = R_u/MW_h2o; % Gas constant for water vapor [kJ/kmol-K] 

A_h2ov= [0.4070lei -0.11084e-2 0.41521e-5 -0.29637e-8 0.80702e-12 -0.30280e5]; 
%Vector of coefficients to calculate enthalpy values 

h_h2ov_T_fc = 
R_h2ov. *T_fc. *((A_h2ov( 1 )+A_h2ov(2)/2. *T_fc +A_h2ov(3)/3. *T_fc A2+... 
A_h2ov(4)/4.*T_fc A3+A_h2ov(5)/5.*T_fc A4+A_h2ov(6)./T_fc)); %Water vapor 
enthalpy at fuel cell operating temperature [kJ/kg] 

h_h2ov_T_air = 
R_h2ov.*T_air.*((A_h2ov(l)+A_h2ov(2)/2.*T_air+A_h2ov(3)/3.*T_air.A2+... 
A_h2ov(4)/4. *T_air A3+A_h2ov(5)/5. *T_air A4+A_h2ov(6)./T_air)); %Water vapor 
enthalpy at air temperature at cathode inlet [kJ/kg] 

h_h2ov_T_h2 = 
R_h2ov.*T_h2.*((A_h2ov(l)+A_h2ov(2)/2.*T_h2+A_h2ov(3)/3.*T_h2 A2+... 
A_h2ov(4)/4.*T_h2A3+A_h2ov(5)/5.*T_h2A4+A_h2ov(6)./T_h2));%Water vapor 
enthalpy at H2 temperature at anode inlet [kJ/kg] 

%Computation of carbon dioxide enthalpy values (h co2) (Used with reforming) 
R_co2 = R_u/MW_co2;   % Gas constant for N2 [kJ/kmol-K] 

A= [0.24008el 0.87351e-2 -0.66071e-5 0.20022e-8 0.63274e-15 -0.48378e5]; 
%Vector of coefficients to calculate enthalpy values 
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h co2 T_fc = R_co2.*T_fc.*((A_co2(l)+A_co2(2)/2.*T_fc+A_co2(3)/3.*T_fcA2+... 
^co2(4)/4.*TJcA3+Aj:o2(5)/5.*TJc.A4+A_co2(6)./Tjc);%CaitonciiOxide 

enthalpy at fuel cell operating temperature [kJ/kg] 

h co2 T h2 = R_co2.*T_h2.*((A_co2(l)+A_co2(2)/2.!i=T_h2+A_co2(3)/3.*T_h2A2+... 
A_cÖ2(4)/4.*T_h2 A3+A_co2(5)/5.*TJi2 A4+A_co2(6)./T_h2); %Carbon dioxide 

enthalpy at H2 temperature at anode inlet [kJ/kg] 

rp_comp=2; %Pressure ratio 
eff_comp=0.85; %Compressor isentropic efficiency 

%Defi.ne hydrogen p«nii>,.coR§iMHM 
rp_pumph2=l.ll; %Pressure ratio 
eff_pumph2=0.8; %Pump isentropic efficiency 

delP_pumpairhumid=2.4; %Pressure change through pump [aim! 
eff_pumpairhumid=0.8; %Pump isentropic efficiency 

tejp^mm^^ change through pump [atm] 
eff_pumph2humid=0.8; %Pump isentropic efficiency 

delP_pumpcool=a7;%Pressure change through pump [atm] 
eff_pumpcool=0.8; %Pamp isentropic efficiency 
delTcw_fc=10; %Increase in cooling water temperature through the fuel eels [K] 
delTcw_hx=10; ^Decrease in cooling water temperature through the heat exchanger iK 

rp_fan=1.003; %Pressure ratio 
eff_fan=0.85; %Fan isentropic efficiency 
delTair_hx=30; %1'ncrease in air temp through the heat exchanger [Kj 

eff_exp=0.85; %hxpander iseiuropic efficiency 

Po2=(8*P_cath)/(38.0955+(37.9751*(rh_mrin*Pg_Tair)/(P_cath-(rh_airin*Pg_Tair)))); 

%Maxirnurn current density is based on maximum power density 
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%(Row I, Column 1 position (0) JS not t 
^combination correspond to maximum ■ 

smneraiures in first column 
■im). Table entries for each row-column 
current densitv tor that combination. 

imax_max_pwr=[0 1.0 1.5 2.0 2.5 3.0 3.5; 
243 0.2 0.2 0.210.210.210.21; 
253 0.23 0.24 0.24 0.24 0.24 0.24; 
263 0.27 0.27 0.28 0.28 0.29 0.29; 
273 0.33 0.33 0.34 0.34 0.35 0.35; 
283 0.41 0.42 0.43 0.44 0.45 0.45; 
293 0.54 0.56 0.58 0.60 0.61 0.62; 
303 0.70 0.77 0.82 0.87 0.91 0.95; 
313 0.70 0.78 0.84 0.89 0.94 0.98; 
323 0.69 0.78 0.85 0.92 0.96 1.01; 
333 0.66 0.76 0.85 0.92 0.98 1.04; 
343 0.60 0.74 0.83 0.92 0.99 1.05; 
353 0.510.68 0.80 0.90 0.98 1.06; 
363 0.36 0.59 0.75 0.86 0.96 1.05]; 

curden_max=table2(imax_max_pwr,T_fc,P_cath); %Maximum current density 
corresponding to specified fuel cell operating temperature and cathode pressure 
determined by double interpolation in Table above [A/cm2] 

% Verify input current density does not exceed mn%\mjjmturJ3M^S3Sil 
if curden > curdenmax 

'Current density exceeds maximum' 
curden=curden_max; % [A/cm"] 

else 
curden=curden; % [A/cm ] 

end 

%Caiculate voltage (V) based on current density 
if curden>0.001 % [A/cm2] 

ifT_fc>303.15%[K] 
Vact=1.05-(0.055*logl0(1000*curden))-((l-0604-(0.002493*T_fc))*curden)+. 

(0.055*loglO(Po2)) % (Equation 3.6) 
else 

Vact-1.05-(0.055*logl0(1000*curden))-((8.966-(0.02857*T_fc))*curden)+... 
(0.055*logl0(Po2)) % (Equation 3.7) 

end 
else 

Vact=1.0+(0.055*loglO(Po2)); % {Equation 3.8) 
end 

iJim=1.4+(3.924*((Po2/P_cath)-0.21))+(0.2*(P_cath-3.0)); % (Equation 3,9) 
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if curden<i_lim % [A/cir/] 
V=Vact+(0.1*log(l-(curden/i_lim))) % (Equation 3.10» [V] 

else 
V=0; 

end 

PA_fc=(V*curden)/1000 %Power density [kW/cnf ] 

%CommitejnIeH^ 
mfuelAJn=(curden*MW_h2)/(2*F*mu_h2) %[kg H?/(cnr-s; 

mfuelA_cons=mfuelAJn*mu_h2 %[kg IVicm'-s)] 

mfuelA_out=(l-mu_h2)*mfuelAjn; %[kg R2/{cn^-$)] 

^£omj}utewgteu^^ 
mvA_h2=8.94*rh_h2in*Pg_Th2*mfuelA_in/(P_an-(rh_h2in*Pg_Th2)) 

°/o[kg H>0/(cm2-s)] 

mairAJn=34.343*AF*mfuelA_cons %[kg air/Ccnr-s}] 

^£jjmjT^e e.xit air mass flow per.Mg£LilMll2Li*ltl 
mairA_out=(8*(AF-l)+26.343*AF)*mfuelA_cons %[kg air/(cnr -s)] 

mvA_air=0.622*rh_airin*Pg_Tair*mairA_in/(P_cath-(rh_airin*Pg_Tair)) 

%[k«H:0/(cm:-s)] 

%Compute M'afeUJiMiiMSL£ei.are^ ^tijr£g atJJEorfeJIHfe^QAMMUaiJJ. 
"■■o^ssumipi? anode is saturated) 
mh2oAaout_vap=8.94*(l-mu_h2)*mfuelA_in*Pg_Tfc/(P_än-Pg_Tfc); 

%[kg H:0/(cn\2-s)] 

%CoMMMARMäLwä!^^ 
%*'assun"iirse anode is saturated) 
mh2oAcout_tot=mvA_h2 + mvA_air + 9*mfuelA_cons - mh2oAaout_vap; 

%[kg H20/(cm?'-s}] 
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%£<MMMiL^^ 
o :/iiimk2()C'.}vä sat) 
mh2oAcouT^^^ 

%FkgH:>0/(enr-s)] 

if mh2oAcout_sat <= mh2oAcout_tot 
rh_airout=l; .,    . 
mh2oAcoutJiq = mh2oAcoutJot - mh2oAcout_sat; %[kg H?ü/(cm"-sij 
mh2oAcout_vap = mh2oAcout_sat; %[kg hbO/Ccrrr-s); 

else 
mh2oAcout_liq = 0; ,    _ 
mh2oAcout vap = mh2oAcoutJot;c'o[kg HiO/fcn^-s}] 
rh_airout=(mh2oAcout_vap*P_cath)/(Pg_Tfc*(9.01*((2.38095*AF)-0.5)*... 

mfuelAcons + mh2oAcout_vap)); 
end 

delhÄ=(-mfüel"Ä_cons*hlh2_T_fcj+(-8*mfuel A_cons*h_o2_T_fc)... 
+((mh2o Aaout_vap+mh2oAcout_vap-mvA_h2-mvA_air)*h_h2ov_T_fc)... 
+(mh2oAcout_liq*((hf_h2olMW_h2o)+(Cp_h2ol*(T_fc-T_ref)))).. 
+ mfuelA_in*(h_h2_T_fc - h_h2_T_h2)... 
+ 8*AF*mfuelA_cons*(h_o2_T_fc - h_o2_T_air)... 
+ 26.343*AF*mfuelA_cons*(h_n2_T_fc - h_n2_T_air)... 
+ mvA_h2*(h_h2ov_T_fc - h_h2ov_T_h2)... 
+ mvA_air*(h_h2ov_T_fc - h_h2ov_T_air); %[kW/enr] 

QAJc = delhA + PA_fc %[k W/crrr] 

%£ojnjgute air e<K«i>rKSorj}OSMi>ML^^ 
PAj;omp=(mairÄ_in*Cp_air*T_amb/eff_comp)*(rp_compA((k_air-l)/k_air)-l)... 

%[k\V/cm2] 

PA_exp=(mairA_out*Cp_air*T_amb*eff_comp)*(l-((l/P_cath)A((k_air-l)/k_air)))... 

%[k.W/cnr] 

PA^3ümph2=(((mfuelÄ_out*Cp_h2)+(mh2oAaout_vap*Cp_h2oy))* . 
T_fc/eff_pumph2)*(rp jpumph2A((k_h2-1 )/k_h2)-l) % [kW/crcr] 
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pÄIpümpairhumTd=(TÖl'.325*mvA_air*delP_pumpairhumid)/. 
(rho_h2o*eff_pumpairhumid)%[kW/cmi] 

PA_pumph2humid=(101.325*mvA_h2*delP_pumph2humid)/... 
(rho_h2o*eff_pumph2humid) %[kW/c-?r] 

^^h2o=-QAJc/(Cp_h2ol*delTcwJc) %[kg H20/(cnr -s)] 

%ComBäS_HM£OM!MJ2S^ 

PAjumpcooK101.325*mcoolA_h2o*delPjumpcool)/(rho_h2o*eff_pumpcool) 

%[kW/cm2] 

^£^mnute heat exchanggLaiiJBgw per area requiretMOliiajdEAJlSl 
mair A_hx-(mcool A_h2o*Cp_h2ol*delTcw_hx)/(Cp_air*delTair_hx)... 

%[kg asr/(orn2~8)] 

^£fl!£ll!A^ilM!lg.fa» oower per areaxefllÜISBJegiiMJl*^ 
PAJan^WrAJix*Cpjrir*Tjimb/eff^^^ 

% Co ny? i«L«LS vj^alisiEia^^iiiik MkkmiJsKjxillEmMmiMIi 
efflsys=(?AJc+ PAlexp -PA_comp-PA_pumph2-PA_pumpairhumid-... 

p"A_pumph2humid-PA_pumpcool-PA_fan)/(mfuelA_cons*LHV_h2) 

efF_fc=PA_fc/(mfuelA_cons*LHV_h2) 
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APPENDIX B 

DIRECT-HYDROGEN FUEL CELL SYSTEM RELEVANT EQUATIONS 

B.l. Specified Parameters: 

The following parameters are user-specified. During vehicle simulations, current 
density request is automatically generated based on load demand. 

Parameter Symbol Units 

Current Density i Amp/cm'1 

Anode Pressure p 1 an atm 

Air Inlet Temperature T 1 air K 

Hydrogen Inlet Temperature Th2 
K 

Air Inlet Relative Humidity Yair,in 

Hydrogen Inlet Relative Humidity <fol2.in 

Air-Fuel Ratio AF kmol air/kmol H2 consumed 

Fuel Cell Operating Temperature Tcell K 

Fuel Utilization M 

kmol H2 consumed/ 
kmol H2 in 

Active Fuel Cell Area A cm"1 

Pressure Drop through Cathode A Pcalh atm 

Ambient Temperature *amb K 

Hydrogen Pump Isentropic Efficiency eff pumph2 
Hydrogen Pump Pressure Ratio rp_pumph2 
Compressor Isentropic Efficiency eff comp 
Compressor Pressure Ratio rp comp 
Expander Isentropic Efficiency eff_exp 
Air Humidification Pump Isentropic 
Efficiency eff_pumpairhumid 
Pressure Change through Air 
Humidification Pump delP_pumpairhumid atm 
Hydrogen Humidification Pump 
Isentropic Efficiency eff_pumph2humid 
Pressure Change through Hydrogen 
Humidification Pump delPjpumpb.2hu.mid atm 
Temperature Change of Cooling Water 
through Fuel Cell Stack delTcwJc K 
Cooling Pump Isentropic Efficiency eff pumpcool 
Pressure Change through Cooling Water 
Pump delP_pumpcool atm 
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Parameter 
Temperature Change of Cooling Water 
through Radiator (Heat Exchanger) 
Temperature Change of Air through 
Radiator (Heat Exchanger)  
Fan Isentropic Efficiency 

Symbol 

delTcw hx 

delTair hx 

Fan Pressure Ratio 

effjan 

Units 

K 

K 

rpjan 

B.2. Balanced Cell Reaction for hydrogen and oxygen; 

H2+-02^H20 
2    2   2 

is converted from molar basis to mass basis using species molecular weights: 

l{kmolh2)i 
k8i,i 

kmolh2)    2 

1    1 ■ \ 
+ -(kmolo2) x 3< 

fa 

kmol 
-> l(W,2(>18 e>h'2o 

02 J 
kmol, hlo J 

(2 kg) H2 + (16 kg) 02->(18 kg) H20 

(1 kg) H2 + (8 kg) 02-> (9 kg) H20 

to produce the following result: 

For every kg H2 consumed,    8 kg 02 are consumed, 
9 kg H20 are produced. 

B.3. Balanced Cell Reaction for stoichiometric hydrogen and air; 

H + _L(0.21O2 + 0.79 N2)-+H20 + 
0.42 

^0.79" 

0.42 
\N, 

is converted from molar basis to mass basis using species molecular weights (assuming 
molecular weight of air is based on 21% oxygen and 79% nitrogen): 

\{kmoih2 )x: 
' to- \ 

kmol 

-r l\K,,uvlh2<) j~ iu 

0.42 
(kmolair)x 28.8479 

f   kS>>*>   \!>a!(kmol„,)x28.01 
kmol,^„ j   0.42 

,v£> air 

^ kmolair j 

f 

\ hlo ) 

kg „2 

kmol »2 ) 

(2 kg) H2 + (68.6855 kg) air ->(18 kg) H20 + (52.6855 kg) N2 

(1 kg) H2 + (34.343 kg) air -»(9 kg) H20 + (26.343 kg) N2 
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to produce the following result: 

For every kg H2 consumed,    34.343 kg air are consumed 
(8 kg O2 are consumed, 
26.343 kg N2 are consumed), 

9 kg H2O are produced, 
26.343 kg N2 are produced. 

B.4. Balanced Cell Reaction for hydrogen and air with air fuel ratio: 

A / 0.79^1 
H, + (AFV-{02\O2 + 0J9N2)-> H20 + 

2    v     ;0.42v 

AF-l 
02+AF 

0.42 
N, 

converted from molar basis to mass basis using species molecular weights (assuming 
molecular weight of air is based on 21% oxygen and 79% nitrogen): 
is 

\(bnolh2)x2\ fjg« 
ykmol) 

+ ■ 
hlj 

AF 

0.42 
{kmolair)x 28.8479 kga 

kmolairJ 

-> l(W,2f> isf -%-l + °J9„*f'(kmoljx 28.0l| 
kmoi hlo ) 0.42 

r kgn7 
[ kmol 

(2 kg) H2 + (68.6855 AF kg) air -*(18 kg) H20 + (16 ( AF -1) kg) 02 + (52.6855 AF kg) N2 

(1 kg) H2 + (34.343 IF kg) air ^ (9 kg) H20 + (8 (ÄF -1) kg) 02 + (26.343 AF kg) N2 

to produce the following result: 

For every kg H2 consumed,    34.343 AF kg air are consumed 
(8 AF kg 02 are consumed, 
26.343 AF kg N2 are consumed) 

9 kg H20 are produced, 
8 (AF - 1) kg 02 are produced, 
26.343 AF kg N2 are produced. 

B.5. Water Requirements for Humidification. 

(a) Water requirement for humidification of air at cathode inlet: 
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Determine mass flow of water required to humidify air. (Assumption: air and 
water vapor are ideal gases.) Specific ratio of water in air is defined as the ratio of water 
vapor mass to the ratio of dry air mass: 

PAMJ 
m„      mv RT 
ma„    mair 

p v(M   )    P  (M   ) 1 air r VYX air /       A air V " air / 

p (M   I P vV   h>o} = 0.622-^ = 0.622 
P - P x cathode.in v 

RT 

Relative Humidity (4>) is defined as the ratio of the partial pressure of water vapor 
(Pv) to the saturation pressure (Pg) at the specified temperature and pressure: 

# = 
fR^ 
, p 

T,P 

Substituting Pv=<f> Pg, mass flow rate of water required to humidify air to relative 

humidity ($,,,) is: 

m„ = 0.622wfl 

( <t>airP, 

y *■cathode.in      Yair*g y Tcathode.Pcalhode.in 

For humidification of air when fuel and air with air fuel ratio are used, water mass 
flow required is: 

m =0.622 x 34.343 AF 
( <PaA A 

raw- g 

\*cathode.in      Yair   g Jrcathode.Pcathode.il 

( 
m= 21.361 AF 

<t>airPg 
p 

\* cathode.in ■tairPg) Tcathode, Pcathode.in 

(b) Water requirement for humidification of hydrogen at anode inlet: 

Determine mass flow of water required to humidify hydrogen. (Assumption: 
hydrogen and water vapor are ideal gases.) Specific ratio of water in hydrogen is defined 
as the ratio of water vapor mass to the ratio of hydrogen mass: 
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PÄM>Ho) 
m„      mv PXM>ho) 
mh2     mh 

p p 
"■ = 8.94-       v 

P     -P 1 anode v 

FT 

Mass flow rate of water required to humidify hydrogen at anode inlet to relative 

humidity (^2) is: 

m, = 8.94 m, 
Panode ~ Yht"g j Tanode.Panode 

B.6. Compressor Performance Parameters: 

If constant compressor pressure ratio and isentropic efficiency are not used, 
compressor performance is based on air mass flow as summarized in the following table: 

Percent Flow 
[%] 

K,r [kg/s] 

Isentropic Efficiency [%] 
(includes 85% 

motor/controller efficiency) Pressure Ratio 

100 0.076 68 3.2 

80 0.0608 71 3.2 

60 0.0456 69 2.7 

40 0.0304 64 2.1 

20 0.0152 49 1.6 

10 0.0076 53 1.3 

For the required air mass flow based on the fuel consumption mass flow, the 
cathode pressure results from compressor performance. 

B.6. Pressure Drop through Cathode: 

Pressure drop through cathode is proportional to the square of air flow through the 
compressor: 

AP = a (jfiflfr)
2 

For nominal flow of 0.076 kg/s through compressor, a pressure drop of 0.4 atm is 
experienced by the flow through the fuel cell cathode. Using this criterion, solve for the 

constant, a. 

0.4 
a = 

(0.076)2 
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Relationship for pressure drop through cathode is: 

AP[atm] = 69.25 O0/,[kg/s])2 

Exit pressure from cathode is the inlet cathode pressure minus the pressure drop: 

Pcathode,out = *cathode,in ~ A* 

B.8. Expander Performance Parameters: 

If constant expander isentropic efficiency is not used, expander performance is 
based on air mass flow as summarized in the following table: 

Percent Flow 
[%1 

mair [kg/s] 
Isentropic Efficiency [%] 

(includes 85% 
motor/controller efficiency) 

100 0.082 81 
80 0.0656 81 
60 0.0492 80 
40 0.0328 78 
20 0.0164 63 
10 0.0082 75 

B.9. Saturation Pressure of Water at Cathode Inlet Temperature: 

Equation to determine saturation pressure of water, Psat [atm], at a specified 
temperature was developed using regression analysis of temperature-saturation pressure 
data. 

ln(Psat)[atm] = 11.7384-3875.52 
1 

T[K\ 
-159,296 

1 

T[K\ 
-10,651,805 

1 

T[Kl 

Solving for Psat'- 

11.7384-3875.52 
V 

f 1 ^ 
T[K\ 

-159,296 
f   1   ^ -10,651,805 

T[K] 

3^ 

(3.12) 

B.10. Calculate partial pressure of oxygen entering cathode. 

(a) Molar flow rate of oxygen into cathode («02,™) [kmol/s] based on balanced 
cell reaction for hydrogen and air with air fuel ratio is: 

SxAFf. ^ 
rio2,in =    mia.com 

Mo2   { 
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(b) Total molar flow rate of all species entering cathode {ncathin) [kmol/s] based 

on balanced cell reaction for hydrogen and air with air fuel ratio and mass flow of water 
required to achieve desired relative humidity is: 

lcath,in 

%xAF    26.343x AF    21.361 x AF  + +  
M o2 M «2 

M hlo 

Yair ,/n    J air,m    g 

*cathode,in       Yair M    t s; Tairjn 

f 
ffl hi,cons 

\ 

(Xoi)'- 

(c) Derive the expression for the mole fraction of oxygen entering the cathode 

n 
Xo2 

o2,in 

™cath,in 

%xAF / 
M 

\mh2. .) 
o2 

lo2 
%xAF    26.343x^F    21.361x.4F 
 + + 
M o2 

M »2 
M h2o 

<t>air,inPi air,in    g 

p 
\     cathodejn ■fair,in P< % J fair,in 

\nh2,cons ) 

M o2 
Xo2 = 

8      26.343    21.361 
— + + 

r 

Mo2      Mn2 M h2o 

Yairjn^g 

* cathodejn      Yair,in   \ % J fair,in 

8^ 
32 

Xo2 ~~ 

8  26.343 21.361 

32 + 28.01   18 

( 
Yair,in * g 

cathodejn Yairin1i 8 /Tairjn 

Xo2 — 

38.0955 + 37.9751 
Yair,in    g 

* cathodejn       Yair in *s y1 cathodejn >'"    S J Tairjn 

(d) Partial pressure of oxygen entering cathode is: 

•■ o2 — X 02    cathodejn 

223 



8xP cathodein 

02 

38.0955 + 37.9751 
Tairjng 

*cathode.in      Y air,in ri \ ■* cathodeJn £ / Tairjn 

B.11. Compute output voltage (H using appropriate equation for specified current 
density and fuel cell temperature. 

For i> 0.001 ^ and Tcell> 303.15K: 
cm 

V , = 1.05-0.055log(l000/)-(1.0604-0.0024937^,> + 0.055log(Po2//?) (3.6) 

For7/ce//<303.15K: 

Vacl =1.05- 0.055 log(l 000/)- (8.966 - 0.028577^, > + 0.055 log(P<)2/„) 

For /< 0.001 Amp/cm2: 

Vacl = 1.0+0.0551og(Po2>,„) 

The actual cell voltage is adjusted based on a limit current (//«,): 

+ 0.2(Pa,,Wcv„-3.0) ^ =1.4 + 3.924 
r p        ^ r<>2. — 0.21 
^ r cathode Jn ) 

If/ < i/™, then Fac/ is adjusted as: 

F = Foc,+0.11n 
V        'lim 7 

If i >///„„ then F=0. 

B.12. Compute power density (P/Al fkW/cm21 produced bv fuel cell. 

P _ Vxi 
7 ~ 1000 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

(Units: p 

A 

' kW~ 

_cm2 _ 
= V[v]xi Amp 

_cm2 _ 
X 

W 

VAmp 
X 

kW 

_1000JT_ 
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B.13. Compute fuel cell anode inlet fuel mass flow per area. (mfuelA in) 
|kgh, in/fcm -s)l based on specified fuel utilization. 

y" 

nh2,com X Mh2 
ixAxM m 

IF 

1 

mfuel _ in 

ixM hi 

2F x mfuelA _ in 

mfuelA _ in ■ 
ixM hi 

2Fß 

(Units:   mfuelA_in kgi hl.in 

cm xs kmol 
kmol hl.cons 

i 
Amp 

cm1 _ 
xMh2 

"■ghl.cons 

kmolh2cons _ 

x 96,487,000 
Coulomb 
kmol - 

XJU 
"■Sh2,cons 

kghl.in 

X 
Ampxs 
Coulomb 

B.14. Compute consumed mass flow of fuel per area (mfuelA cons) 
rkghVnn./(cm2-s)1: 

mfuelA _ cons = jux mfuelA _ in 

(Units:  mfuelA   cons ^bhl.cons 

cm1 xs _ 
= M 

""b hw.com 

k§hl,in 

x mfuelA   in 
kShi.i, 

cm xs 

B.15. Compute exit fuel mass flow per area (mfuelA out) [kgh2n,.*/(cm -s)l from 
anode: 

mfuelA _ out = mfuelA _ in - mfuelA _ cons 

(Units:  mfuelA   out kg,,!,, 
cm xs 

= mfuelA   in kgh2. 
cm' x s 

- mfuelA   cons "•Shl.cons 

cm2 xs 

B.16. Compute water requirement per area to humidify incoming fuel (mvA b.2) at 
anode. (Assumption: hydrogen from tank has zero relative humidity.) 

P                 P 
= 8.94^ = 8.94 r- 

-Tv^V 

mv RT PMh2o 

™hl 
PhVMh 

"2              "l PhMhi 1 anode 

RT 
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m„ = 8.94m,, hA 
* anode      Yh2 *g J Tanode,Panode 

On a per area basis, water requirement to humidify hydrogen [kg H20/(cm -s)] is: 

mvA _hl = %.9AmfuelA KP, '2*8 

p 
y    anode ■KP, 8 J Tanode,Panode 

B.17. Determine cathode inlet air mass flow per area (mairA in) [kg air/(cm -s)l: 

mairA _ in = 34.343 x AF x mfuelA _ cons 

B.18. Determine water requirement per area to humidify the cathode incoming air 
(mvA air): (Assumption: ambient air has zero relative humidity.) 

P/M.0 

m„ PM 
= —ST— =    v   h>° = 0.622^- = 0.622- 

m        PaiyMair     p. M alr asr 

~RT 
air      air 

P 
* air 

P - P ■* calhode.in v 

( 
w„ = 0.622m„ 

KA 
V Tcalhode,Pcalhode,in 

P -ih    P x calhode.in       ralr    g J -j 

On a per area basis, water requirement to humidify air (mvA_air) [kg H20/(cm^-s)] is: 

mvA   air = 0.622mairA   in 
<t>airPg 

^    calhodejn KA S J Tcathode,Pcathode,in 

B.19. Compute water mass flow per area exiting at anode (mh2oAaout vap) 
[kg H?Q/(cm2-s)l. (Assumptions: hydrogen exiting anode is fully saturated (<|)=1) and 
hydrogen has no pressure drop from anode inlet to exit.) 

r   p 
mKloAaout _ vap = %.9A(mfuelA _ in - mfuelA _ cons) — 

^   anode j 8 J J-cell,Panode 
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B20   Compute total water mass flow ner area exiting at cathode (mh2oAcout tot) 
Fko H,Q/fcm*Hrtl. Total water mass flow exiting at cathode is the amount of water 
ending at the anode and cathode and the water produced during the cell reaction minus 
the water exiting at the anode. 

mh2oAcoutJot = mvA_h2 + mvA_air + 9(mfuelA_cons) - mh2oAaout_vap 

B.21. Determine cathode exit pressure P«dtofew,Jatni]. (Assumption: depleted air 
exiting cathode has a pressure drop from cathode inlet to exit.) 

Pcathode.ont = Pcathode.in _ A Pcathode 

B 22. Determine the water vapor mass flow per area needed for saturation of 
depleted air at the exit of the cathode ft"^"*™"» sa*) fkg H,Q/(cm -rtl. 

mhloAcout _ sat = 9.0l(2.38095^F - 0.s)nfuelA _ cons 
(        p \ 
  g 

P -P y ■* cathode,out g J Tcell, Pcathode, out 

B.23. Determine whether liquid water exits the cathode. 

(a) If the amount of water vapor mass flow per area for saturation of depleted air 
at the exit of the cathode (mh2oAcout_sat) is less than or equal to the total water mass 
flow per area exiting the cathode (mh2oAcout_tot), then the depleted air exits the cathode 
saturated ($=1). The mass flow per area of water vapor exiting the cathode is the water 
vapor mass flow per area needed for saturation of depleted air at the cathode exit: 

mh2oAcout_yap = mh2oAcout_sat. 

The mass flow per area of liquid water exiting the cathode (mh2oAcout_liq) [kg 
H20/(cm2-s)] is the difference between the total and the saturated water mass flows per 
area for the cathode exit: (Assumption: water vapor and liquid water are in 
thermodynamic equilibrium at the cell temperature.) 

mh2oAcout_liq = mh2oAcout_tot - Mh2oAcoutjat 

(b) If the amount of water vapor mass flow per area for saturation of depleted air 
at the exit of the cathode (mh2oAcout_sat) is greater than the total water mass flow per 
area exiting the cathode (mh2oAcout_tot), then the depleted air exiting the cathode is not 
saturated and no liquid water exits the cathode. The mass flow per area of water vapor 
exiting the cathode is the total water mass flow per area exiting the cathode: 

mh2oAcout_vap = mh2oAcout_tot. 
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B.24. rnmnute the ch^e in enthalpy per area fdelhA) [kW/cm2l (the right hand 
side of the energy balance helow^ for the fuel cell reaction. 

Q-W = Y mF
hp(Tcell)-\        Y.™RanodehR,a»ode{Ta„ode) +        J MR,cathodehR,catlwdeV cathode) 

&?d yReacl,mwde Re act,cathode 

(a) Anode reactants are H2 and H20(vap). Cathode reactants are 02, N2, and 
H20(vap). Products at the anode are H2 and H20(vap). Products at the cathode are 02, 
N2, H20(vap), and H20(liq). 

(b) By adding to and subtracting from the energy equation above the following 
terms: 

2 ™R,anodehR,anode(Fcell )+ ZJ ™ R,cathodehR,cathodeVcell ) 
Re. act,anode ' Re act,cathode 

the change in enthalpy can be expressed in two parts: a change in enthalpy due to a 
change in mass flow of species at Tee,, and a change in enthalpy due to a change m 
temperature. The resulting equation is: 

Q-W = (mh2,0jOU, " rhhi Ate }l(Tcetl )h2 + K ,c,out ~K ,c,in Wcell )o2 

+ V«»2,a,<"" ~ ™n2,a,in p{Tcell )n2 + \mh2om,c,out PVcell )h2o(hq) 

+ {^h^vaplafiu, + ™h2o(vap),c,out ~ ^h2ol,vap),a,m ~ ™'h2o(vap),c,m PVcdl )h2o(vap) 

+ **, ,.*, (h{Tcell )-h(Th2;n))+ m0i,Jn (h(Tcell)- h(TalrJn))+ mn^in (h{Tcell)- h{TairJn)) 

+ rhh2l)(vaplaJn (h{Tcell)- h(Th2Jn))+ m V(rap),c,,„ (h{Tcell)- h{fairJn)) 

+ 

(c) Since nitrogen does not participate in the chemical reaction, the mass flow of 
nitrogen into the cathode equals the mass flow of nitrogen exiting the cathode. 
Consequently, the term 

(™„2,a,ou, -™ni,a,tn) hiTcell)„2 

is zero and is dropped from the energy balance equation. 

(d) Liquid water enthalpy value is computed using assumption that 

h\/cell)h2o(vap) 

(    1°     \ hf 

KMh20j 

+ Ch2o(tiq)Vcell      *ref ) 
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(e) Energy balance equation becomes: 

Q-W = (mhi ,.„„, - mhl ,a,in M
rc,// \ + K ,cou, ~™o2 ,,in Wee» \ 

" Xnh2o(liq),c,out , 
hf 

+ ^hlo(liq) V cell      *■ ref ) 

+ yhhlo(vap).a,out + mh2o(vapU;oUl ~ ™h2o(vap),a,m      mh2a(wp),c,m PV cell )h2o(vap) 

+iC* wr-")-h^- y+< ** ^Tcen)- ^ ^** ** ^Tce")_ ^ ^ 
+ mhi0(mphaM (h(Tce„)- Aft,,,))+ rhhi0(vap),c,in (h{Tcell)- /fc,,,)) 

Enthalpy values for all ideal gas species are computed from MATLAB routine included 

in Appendix A. 

(f) Change in enthalpy per fuel cell active area (delhA) [kW/cm2] is computed 
from right hand side of energy balance equation, substituting mass flows per area for 

mass flows. 

/ /•     i ä      ■   \i (m     \ I  mo2,c,oul       mo2,c,in 
delhA = (mfuelA _ out - mfuelA _ in)h\Tcdl ),h + 

A 
KTceil\ 

+ (mh2oAcout _liq) 

r -o \ 
hf 

yMh20j 

+ Chlo(liq) Vcell      Kef ) 

+ (mhloAaout _ vap + mhloAcout _ vap - mvA _hl- mvA _ air)h(jcd)hi0(vap) 

+ mfuelAJn{h(Tcd)-h(Th2^ 

+ mvA _ h2(h(Tcell)-h(Thzin))+ mvA _ air(h{Tce„)- h(TairJn)) 

B.25. Compute the heat transfer per area (OA fc\ fkW/cm21 from the energy 
balance equation 

QAjc = delhA + PAJc 

B.26. Compute power per area associated with auxiliary components. 

(a) Compute air compressor power per area requirement (PA_comp) [kW/cm ]: 

air A   in x Cp   air x 7  b) I 
 = — —   rp _ comp 

eff_comp 
PA   comp = 

.   k    air   I      i 
rp_compK   -      -1 

V 

229 



(b) Compute expander power per area produced (PAexp) [kW/cm ]: 

PA_exp = eff_expx((mo2A_outxCp_o2)+(mn2A_outxCp_n2))x Tcell 
k   air 

p 
y' cathode.aut J 

(c) Compute hydrogen pump power per area requirement (PA_pumph2) 

[kW/cm2]: 

PA _ pumphl - 

((mfuelAout x Cp_h2)+(mh2oAaout_vapxCp_h2ov))x Tcell 
eff_pumph2 

rp_pumph2K   -    J -1 

(d) Compute water pump power per area requirement to humidify air 
(PA_pumpairhumid) [kW/cm2]: 

101.325 x mvA _ air x delP _ pumpairhumid 
PA   pumpairhumid = — — — — _ rho _ hlo *eff_ pumpairhumid 

(e) Compute water pump power per area requirement to humidify H2 

(PA_pumph2humid) [kW/cm2]: 

101.325 x mvA _h2x delP _ pumphlhumid 
PA   pumphlhumid = — — — —  

rho _h2oxeff_ pumphlhumid 

(f) Compute cooling water mass flow per area requirement (mcoolA_h2o) 
[kgH20/(cm2-s)]: 

mcoolA   Klo = — 

Cp _ hlol x delTcw_ fc 

(g) Compute water pump power per area requirement for cooling water 
{PA_pumpcooT) [kW/cm2]: 

,    101.325 x mcoolA _ hlo x delP _ pumpcool 
PA   pumpcool = — —  _ rho _hloxeff _ pumpcool 

(h) Compute heat exchanger air flow per area requirement (mairAJix) [kg 
air/(cm2-s)]: 

mcoolA   hloxCp_hlolx delTcw_hx 
mairAhx = —  

Cp _ air x delTair _ hx 

230 



(i) Compute cooling fan power per area requirement (PA Jan) [kW/cm2]: 

f (k   air-\\        ^ 
mairA _ hx x Cp _oirxTamh 

PA   fan = ——- " effJan 
,.     \   k    air   I      i 

rp _jan- -l 

V J 

B.27. Compute fuel cell stack exergetic efficiency (eff fc). 

ff  r. _ PA-fc (3-13) eJJ -J      mfuelA_consxLHV_h2 

B.28. Compute power density associated with auxiliary components (PA aux) 

fkW/cm2!. 

PA _ awe = PA _ exp- PA _ comp -PA_ pumpKl -PA_ pumpairhumid 

-PA_ pumphlhumid -PA_ pumpcool -PA_ fan 

B.29. Compute overall system exergetic efficiency {eff sys). 

PA_fc + PA_aux (314) 
e#-syS    mfi,elA_consxLHV_h2 
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APPENDIX C 

METHANOL REFORMING FUEL CELL SYSTEM RELEVANT EQUATIONS 

C.l. General Comment 

Equations in Appendix C are similar to those in Appendix B. Sections in 
Appendix C that contain equations that are new or reflect changes to those in Appendix B 
are marked with an asterisk (*). 

C.2. Specified Parameters 

The following parameters are user-specified. During vehicle simulations, current 
density request is automatically generated based on load demand. 

Parameter Symbol Units 

Current Density /' Amp/cm 

Anode Pressure *an atm 

Air Inlet Relative Humidity Yair.in 

Hydrogen Inlet Relative Humidity <i>h2.iii 

Air-Fuel Ratio AF kmol air/kmol H2 consumed 

Fuel Cell Operating Temperature Tcell K 

Fuel Utilization V kmol H2 consumed/kmol H2 in 

Active Fuel Cell Area A cm 

Pressure Drop through Cathode A Pcath atm 

Ambient Temperature * amb K 

Methanol Pump Isentropic Efficiency eff pumpmeth 

Pressure Change through Methanol 
Pump delP pumpmeth atm 

Reformer Water Pump Isentropic 
Efficiency eff_pumph2oref 

Pressure Change through Reformer 
Water Pump delP pumphloref atm 

Reformer Air Compressor Isentropic 
Efficiency eff compref 
Reformer Air Compressor Pressure 
Ratio rp compref 

FC Air Compressor Isentropic 
Efficiency eff comp 

FC Air Compressor Pressure Ratio rp comp 

Expander Isentropic Efficiency effexp  -— 
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Parameter Symbol Units 
Air Humidification Pump Isentropic 
Efficiency effjjumpairhumid 
Pressure Change through Air 
Humidification Pump delP_pumpairhumid arm 
Reformate Humidification Pump 
Isentropic Efficiency eff_pumprefhumid 
Pressure Change through Reformate 
Humidification Pump delPjpumprefhumid arm 
Temperature Change of Cooling Water 
through Fuel Cell Stack delTcw fc K 
Cooling Pump Isentropic Efficiency eff pumpcool 
Pressure Change through Cooling Water 
Pump del? pumpcool arm 
Temperature Change of Cooling Water 
through Radiator (Heat Exchanger) delTcw hx K 
Temperature Change of Air through 
Radiator (Heat Exchanger) delTair hx K 
Fan Isentropic Efficiency effjan 
Fan Pressure Ratio rp fan 

*C3. Theoretical Reformer Equation: 

CH3OH(l) + x(02 + 3.76JV2) + (1 -2x)H20(l) -»(3 -2x)H2 + C02 + 3J6xN2      (5.1) 

is converted from molar basis to mass basis using species molecular weights and 
normalized by the mass of hydrogen to determine quantities of reactants and products per 
kilogram of hydrogen produced: 

M, CH,OH        CHOH + 
xM, 3.76xM, (l-2x)MHO 

(3-2x)M„ 
0,       o+  —*,   N^^  — ^"ff2o_> 

(3-2x)M„ 0-2x)M„ (3-2x)M„ 

H2 + 
M, CO. 

(3-2x)MH. 
-co2 + 

3.76xMNi 

(3-2x)M„ 
-JV, (5.2) 

to produce the following result: 

For every kg H2 produced, 
M, CHJOH 

(3-2x)M„ 
kg CH3OH are consumed, 

XMr 

{3-2x)M„ 
kg O2 are consumed. 

233 



3J6xMNj 

{3-2x)MH2 

{\-2x)MHiC 

{3-2x)MHi 

M, CO, 

(3-2x)M„ 

3J6xMN 

kg N2 are consumed. 

kg H20(l) are consumed. 

kg CO2 are produced. 

kg N2 are produced. 
{3-2x)MH, 

*C4. Fuel Cell Balanced Reaction for hydrogen and air with air fuel ratio: 

-^0.79^ 
H2 + (AF\^-(021O2 + 0.79N2)-±H2O + 2    \     J0A2\ 

OF-0 
02+AF 

V0.42y 
JV, 

is converted from molar basis to mass basis using species molecular weights (assuming 
molecular weight of air is based on 21% oxygen and 79% nitrogen): 

l(WA2)x lf-%-1 ^(hnoljx 28.8479^ 
y kmolh2)    0.42 kmol. air J 

-» \{kmolh2o) xl8f_^- 
ykmoli hlo ) 

0.79 x AF 

0.42 
(kmoln2)x 28.01 

kmoln2 j 

(2 kg) H2 + (68.6855 AF kg) air -> (18 kg) H20 + (16 (AF -1) kg) 02 + (52.6855 AF kg) N2 

(1 kg) H2 + (34.343 AF kg) air -> (9 kg) H20 + (8 (ÄF -1) kg) 02 + (26.343 AF kg) N2 

to produce the following result: 

For every kg H2 consumed,    34.343 AF kg air are consumed 
(8 AF kg O2 are consumed, 
26.343 AF kg N2 are consumed) 

9 kg H20 are produced, 
8 {AF -1) kg O2 are produced, 
26.343 AF kg N2 are produced. 
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C.5. Water Requirements for Humidification. 

(a) Water requirement for humidification of air at cathode inlet: 
Determine mass flow of water required to humidify air. (Assumption: air and 

water vapor are ideal gases.) Specific ratio of water in air is defined as the ratio of water 
vapor mass to the ratio of dry air mass: 

m„ m„ 

mair    mair 

 y     v = 
Py7^°{ = 0.622^- = 0.622 

Pg,AMair)        PJMJ) Pair p -P 1 calhode.in v 

FT 

Relative Humidity ((|>) is defined as the ratio of the partial pressure of water vapor 
(Pv) to the saturation pressure (Pg) at the specified temperature and pressure: 

* = 

fp\ 

KPsJ T,P 

Substituting Pv=(f>Pg, mass flow rate of water required to humidify air to relative 

humidity ($,,>■) is: 

mv = 0.622mni, 
<PairPg 

p 
\   cathode,i, <t>airPg e J Tcathode.Pcathode.in 

For humidification of air when fuel and air with air fuel ratio are used, water mass 
flow required is: 

m =0.622 x 34.343 AF 
(       <PairPg        

N 

P -th   P y ■* calhode.in      Tair   g J Tcathode.Pcathode.in 

f 
m= 21.361 AF taiA 

O _{k    p 
^ A calhode.in      Yair1 g J Tcathode.Pcathode.in 

*(b) Water requirement for humidification of reformate at anode inlet: 

Determine mass flow of water required to humidify reformate. (Assumption: 
reformate and water vapor are ideal gases.) Specific ratio of water in reformate is defined 
as the ratio of water vapor mass to the ratio of reformate mass: 
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m„ m„ 

™ref        mref PrefV{Mref)       Pref{Mref)       Mref P -P V    anode v / 

iff 

Mass flow rate of water required to humidify reformate to relative humidity ($•<>/) 
is: 

7W„ =/n re/ 
M h,o 

KMref J 

*nfPt tf'g 

P       -d>       P \    anode      r reform    g J Tanode,Panode 

C.6. Compressor Performance Parameters: 

If constant compressor pressure ratio and isentropic efficiency are not used, 
compressor performance is based on air mass flow as summarized in the following table: 

Percent 
Flow 

[%] Kir [kg/s] 

Isentropic Efficiency [%] 
(includes 85% 

motor/controller efficiency) Pressure Ratio 

100 0.076 68 3.2 
80 0.0608 71 3.2 
60 0.0456 69 2.7 
40 0.0304 64 2.1 
20 0.0152 49 1.6 
10 0.0076 53 1.3 

For the required air mass flow based on the fuel consumption mass flow, the 
cathode pressure results from compressor performance. 

C.7. Pressure Drop through Cathode: 

Pressure drop through cathode is proportional to the square of air flow through the 
compressor: 

AP = a(mairf 

For nominal flow of 0.076 kg/s through compressor, a pressure drop of 0.4 atm is 
experienced by the flow through the fuel cell cathode. Using this criterion, solve for the 
constant, a. 

a= , °'4,. =69.25 
(0.076)2 
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Relationship for pressure drop through cathode is: 

AP[atm] = 69.25 (mair [kg/s])2 

Exit pressure from cathode is the inlet cathode pressure minus the pressure drop: 

Pcathode,oul ~ Pcathode,in " ^" 

C.8. Expander Performance Parameters: 

If constant expander isentropic efficiency is not used, expander performance is 
based on air mass flow as summarized in the following table: 

Percent Flow 
r%i 

mair [kg/s] 
Isentropic Efficiency [%] 

(includes 85% 
motor/controller efficiency) 

100 0.082 81 
80 0.0656 81 
60 0.0492 80 
40 0.0328 78 
20 0.0164 63 

10 0.0082 75 

C.9. Saturation Pressure of Water at Cathode Inlet Temperature: 

Equation to determine saturation pressure of water, Psat [arm], at a specified 
temperature was developed using regression analysis of temperature-saturation pressure 
data. 

1 
ln{Psa)[atm] = 11.7384-3875.52 

1 ^ r i v f i  v 

T[K\ 
-159,296 

T[K]) 
-10,651,805 

T[K\ 

Solving for Psat: 

Psat[atm]=exp 11.7384-3875.52 
T[Kl 

-159,296 
<   1   ^ 

<AAJ 
-10,651,805 

t  l ^3^ 

T[K]) 
(3.12) 

CIO. Calculate partial pressure of oxygen entering cathode. 

(a) Molar flow rate of oxygen into cathode («o2,m) [kmol/s] based on balanced 
cell reaction for hydrogen and air with air fuel ratio is: 
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%XAF( . } 
riol.m  ——— 1 fHh2,cons 

M ol 

(b) Total molar flow rate of all species entering cathode (hcathi„) [kmol/s] based 

on balanced cell reaction for hydrogen and air with air fuel ratio and mass flow of water 
required to achieve desired relative humidity is: 

n cathjn 

%xAF   26.343 xAF    21.361 xAF 
 + + 

M. o2 M, nl M hlo 

A P 

- cathodejn ■<f>airjnPf S J Tairjn 

7flh2,cons 

(c) Derive the expression for the mole fraction of oxygen entering the cathode 

{xoi): 
n 

*02=- 
o2,in 

n cathjn 

SxAFr 
M. 

\nh2,cons ) 

02 
vo2 

SxAF    26343xAF    21.361 xAF  + + 
M. 02 

M, «2 M h2o 

tairjnPg 

cathodejn ' Tair,in*£ 8 / Tairjn 

XP^hlcons) 

M, o2 
vo2 

8      26.343    21.361 + ; + 
M„,      M„,       M, lo2 m lh2o 

6     P Tairjn-' g 

1 cathodejn ■<f>airjnPf 8 JTairjn 

Xo2 ~ 

_8_ 
32 

8    26.343    21.361 
- + + 

f 

32     28.01        18 

Tairjn *-g 

P 
y J cathodejn -<t> P Tair,in* I S J Tairjn 

8 
vo2 ( 

38.0955 + 37.9751 
tairjn Pg 

\ 

P -6      P y * cathodejn       Tairjn    g J 
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(d) Partial pressure of oxygen entering cathode is: 

P    = Y   P 1 o2       Ao1    cathodejn 

Po2- 

8xP cathodejn 

38.0955 + 37.9751 
WairMi ,">    S 

cathodejn -6      P 
S J Tairjn 

C.ll. Compute output voltage (V) using appropriate equation for specified current 
density and fuel cell temperature. 

For / > 0.001 ^ and Tcell > 303.15K: 
cm 

Vact = 1.05 - 0.055 log(l000/)- (l.0604 - 0.002493rre// > + 0.055 log(Po2 ,„) (3.6) 

Forrce//<303.15K: 

Vacl = 1.05 - 0.055 log(l 000/)- (8.966 - 0.02857rcW/ > + 0.055 log(Po2 ,„) (3.7) 

For /< 0.001 Amp/cm2: 

Vact= 1.0 + 0.055 log(Po2;/„) 

The actual cell voltage is adjusted based on a limit current (///m): 

/lim =1.4+3.924 
^ 

o2,in 

p 
\* cathode J 

If/ < hm, then Vact is adjusted as: 

-0.21 + 0.2(PcarWe>/„-3.0) 

F = FflC,+0.11n 

(3.8) 

(3.9) 

(3.10) 

If/>//,„,, then F=0. 
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C.12. Compute power density (P/A) [kW/cm2l produced bv fuel cell. 

P    Vxi 

A    1000 

p 
A 

' kW' 
cm2 _ 

= V[v]xi Amp 

.cm2 . 
X 

W 
VAmp 

X 
kW 

_1000^_ (Units: 

C.13. Compute fuel cell anode inlet hydrogen mass flow per area. (mfuelA in) 
fkgi,? i„/(cm2-sll based on specified fuel utilization. 

M = 
nh2,C0„sxMh2 _(ixAxMh2 

»1,2* *Mh2 
IF 

ixM hi 

mfuel _in)    2Fx mfuelA _ in 

mfuelA_in = 
ixM, h2 

2Ffi 

(Units:   mfuelA_in kgh2,m 

cm2 xs 

i 
Amp 

cm2 . 
xMh2 

*Shi,cons 

kmolh2cons 

2 
kmol - e 

kmolh2fCom 

x96,4 87,000 
Coulc 

kmo 

mb 

e~ 

xju 
K§hl,cons 

kghljn 
X 

Ampxs 

Coulomb 

*C14. Compute fuel cell anode inlet reformate mass flow per area. (mreformA in) 
rkgr.fnrmin/(cm2-s)l based on inlet hvdrogen mass flow. 

mco2A in 
M, CO, 

{3-2x)MH_ 
-x mfuelA in 

3J6xMN ,   1A  . 
mn2Aa in= -. r—— x mfuelA in 

'       (3-2x)MH2 

mreformAin = mfuelAJn + mco2A_in + mn2 Aa_in 

C.15. Compute consumed mass flow of fuel per area (mfuelA cons) 
[kgh2,cons/(cm2-s)]: 

mfuelA _ cons = jux mfuelA _ in 

(Units:  mfuelA   cons K&hi, cons 

cm2 X S 
= ju 

^Shw,cons 

kgh2,in 

x mfuelA _ in kg hl,in 

cm xs 
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C.16. Compute anode exit fuel mass flow per area (mfuelA out) [kgh2n..t/(cm -s)l 
from anode; 

mfuelA _ out = mfuelA _ in - mfuelA _ cons 

(Units:  mfuelA  out 
kg, hl.out 

cm xs 
= mfuelA _in te hl.in 

cm xs 
- mfuelA   cons 

cm2xs 

*C.17. Compute water requirement per area to humidify incoming reformate at 
anode (mv A ref). (Assumption: incoming reformate has zero relative humidity.) 

m„      m„ 

™ref     mref PrefV{Mref)    Pref(Mref)    Mref 

RT 
P      -P V    anode v/ 

RT 

m„ =m 
'M    V 

ref 
\Mref ) 

trefP; tf    g 

^    anode      Yref    g J Tanode.Panode 

On a per area basis, water requirement to humidify reformate [kg H20/(cm -s)] is: 

<t>refPg 

fMuA( *     p ^ 
mvA _ ref = mfuelA 

h,o 

\Mref J ̂     anode      Yref    g ) Tanode.Panode 

C.18. Determine cathode inlet air mass flow per area (mairA in) [kg air/(cm -s)l: 

mairA _ in = 34.343 x AF x mfuelA _ cons 

C.19. Determine water requirement per area to humidify the incoming air 
(mvA air) at the cathode: (Assumption: ambient air has zero relative humidity.) 

pyMKo 

mv RT     _ PMh,0      P 

m       PairVMair     P M 

RT 

'— = Q.622— = 0.622 - 
P —P cathode.in v 

m„ = 0.622m „ 
<t>aiA atr~ g 

cathode in ■Y-alrPf S J TcathodePcathodeJn 
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On a per area basis, water requirement to humidify air (mvA_air) [kg H20/(cm -s)] is: 

(        <b   P ^ TairM g 
mvA   air = 0.622mairA   in 

P -d>   P * cathode in       T air    g  J., \^    cathodejn       T air    g J TcaShodePcathodejn 

*C20. Compute mass flow per area of depleted reformate exiting anode 
(mrefA out) [kg reform/cm2]. 

mco2A_out = mco2A_in 
mn2Aa_out = mnlAajn 
mrefA_out= mfuelA_out + mco2A_out + mn2Aa_out 

*C21. Compute Molecular Weight of depleted reformate exiting anode (MW) 
[kg ref/kmol refl. 

, ,     , ^^     mfuelA   out    mcdlA   out    mn2Aa   out 
total_kmol_DR = — = + = + =  

Mh2 Mco2 M„2 

mfuelA   out + mcolA   out + mrilAa   out 
MDR=-+ = = =  

total   bnol _DR 

*C22. Compute water mass flow per area exiting at anode (mh2oAaout vap) 
[kg H2Q/(cm2-s)1. (Assumptions: depleted reformate exiting anode is fully saturated 
((|>=1) and reformate has no pressure drop from anode inlet to exit.) 

P 
8 J Tcell.Panode 

M (           P 
mhloAaout   vap = —— (mrefA out}  

~           M MP      -P 1V1 DR \ranode      rg 

*C23. Compute total water mass flow per area exiting at cathode (mh2oAcout tot) 
[kg H2Q/(cm -s)l. Total water mass flow exiting at cathode is the amount of water 
entering at the anode and cathode and the water produced during the cell reaction minus 
the water exiting at the anode. 

mh2oAcout_tot = mvA_ref+ mvAjxir + 9(mfuelA_cons) - mh2oAaout_vap 

C.24. Determine cathode exit pressure PCathnde.out [atml. (Assumption: depleted air 
exiting cathode has a pressure drop from cathode inlet to exit.) 

■T cathode,out ~ -Tcathodejn ~ A "cathode 
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c 25. Determine the water vapor mass flow per area needed for saturation of 
denleted air at the exit of the cathode (inh2oAcout sat) [kg H2Q/(cm -s)]. 

mhloAcout _ sat = 9.0l(2.38095^F - 0.s)mJuelA _ cons 
Ps 

\ 

P -P \yX cathode,out g ) Tcell ,Pcalhode,out 

C.26. Determine whether liquid water exits the cathode. 

(a) If the amount of water vapor mass flow per area for saturation of depleted air 
at the exit of the cathode (mh2oAcout_sat) is less than or equal to the total water mass 
flow per area exiting the cathode (mh2oAcout_tot), then the depleted air exits the cathode 
saturated (<t>=l). The mass flow per area of water vapor exiting the cathode is the water 
vapor mass flow per area needed for saturation of depleted air at the cathode exit: 

mh2oAcout_vap = mh2oAcout_sat. 

The mass flow per area of liquid water exiting the cathode (mh2oAcout_liq) [kg 
H20/(cm2-s)] is the difference between the total and the saturated water mass flows per 
area for the cathode exit: (Assumption: water vapor and liquid water are in 
thermodynamic equilibrium at the cell temperature.) 

mh2oAcoutJiq = mh2oAcouttot-mhloAcout sat 

(b) If the amount of water vapor mass flow per area for saturation of depleted air 
at the exit of the cathode (mh2oAcout_sat) is greater than the total water mass flow per 
area exiting the cathode (mh2oAcout_tot), then the depleted air exiting the cathode is not 
saturated and no liquid water exits the cathode. The mass flow per area of water vapor 
exiting the cathode is the total water mass flow per area exiting the cathode: 

mh2oAcout_vap = mhloAcout Jot. 

C.27. Compute the change in enthalpy per area (delhA) [kW/cm2l (the right hand 
side of the energy balance below) for the fuel cell reaction. 

Q-W = y\mj,hP(Tce!l)-      ^mRanodehRa„ode{Ta„0de)+     \JnRcathodehRcathode\icaihode) 
VRe act, anode' React,cathode Prod 

*(a) Anode reactants are H2, C02, N2, and H20(vap). Cathode reactants are 02, 
N2, and H20(vap). Products at the anode are H2, C02, N2, and H20(vap). Products at the 
cathode are 02, N2, H20(vap), and H20(liq). 

243 



*(b) By adding to and subtracting from the energy equation above the following 
terms: 

X "tR,anode^R,anode Vcell )+ 2J ™R,cathode" R,cathode V cell ) 
Re act,anode ' Re act,cathode 

the change in enthalpy can be expressed in two parts: a change in enthalpy due to a 
change in mass flow of species at Tcdi and a change in enthalpy due to a change in 
temperature. The resulting equation is: 

Q-W ={mhiaoul -thhiaJnfl(rcell)hl + (™co2,a,o«, -^co2,a,inWcen)c0l 

+ {m„2,a,ou, -rhn2,a,inHTcell)„2 +KA* -tho1,cJnHT«»)oi 

+ yhn2,c,ou> ~™n2,c,m f^Fcell)„2 + ^h2o(liq),c,out PVcell )h2o(liq) 

+ \™h2o(,vap),a,out + ™ h2o(vap),c ,out ~ ™h2o(vap),a,in ~mh2o(vap),c,in PV cell )h2o(vap) 

+ ™h2,ajn Wee,, )-h(Th2Jn))+ mco2,a,,n (KTcell) " h(T„2jB )) + ™n2,ajn Wcell)'^hi,in)) 

+ ™02,c,in Wcel, )-h(TairJn ))+ m^jn WceuY^Jn )) 

+ rhh20{vaplaJn (h{Tce„)-h(Th2in))+ rhhAvaplcJn {h(Tcell)- h{TairJn)) 

*(c) Since nitrogen does not participate in the chemical reaction, the mass flow of 
nitrogen into the cathode equals the mass flow of nitrogen exiting the cathode. 
Consequently, the term 

(rn,h,a,ou< ~ ™„2,a,in ) h{Tcell )n2 

is zero and is dropped from the energy balance equation. Similarly, since carbon dioxide 
and nitrogen do not participate in the reaction in the anode, these mass flows do not 
change and appropriate terms are dropped from the energy balance equation. 

(d) Liquid water enthalpy value is computed using assumption that 

"Vcell)h,o(liq) 
hf 

KMhl0j 
+ Chlo(liq) Vcell      * ref } 
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*(e) Energy balance equation becomes: 

Q-W = (mhjftfM -thlh>flito)h{Tcel!\ + (m0itCjaul -m0ifijH)h(Tcell)0 

[Y    -a      \ 

+ \^h2o(liq),c,out ,      —, + Chlo(Uq) Vcell ~ ^ref ) 
yMh2o J 

+ y^h1o(-cap),a,out + ™h2o(vap),c,out ~mh1o(vap),a,in ~mh1o(vap),c,in P\   cell )h2o(vap) 

+ rhhi ,a,in (h(Tcell)-h(Th2j„))+ mCOi ,a,,, (h(Tcell)- h{Th2in))+ m„2 ^ (h{Tcell )-h(Th2Jn)) 

+ *'* Wce,i)-h{Tair,in))+ m„2 ,c,;„ (h(Tcell)- h(TairJn)) 

+ m h2o(vap),a,in Wee,,)- h(Th2,in))+ mhi0(vap),cM (h(Tcell)- h(TairJn)) 

Enthalpy values for all ideal gas species are computed from MATLAB routine included 
in Appendix A. 

*(f) Change in enthalpy per fuel cell active area (delhA) [kW/cm2] is computed from right 
hand side of energy balance equation, substituting mass flows per area for mass flows. 

delhA = (mfuelA _ out - mfuelA _ in)h(Tcell )Äj + 
"■o2,c,out       "lo,,c,in 

h{Tcell)02 

+ (mhloAcout _ liq) 

/    -o     \ 
hi 

yMh2oj 

+ *-h2o( liq) Vcell      -* ref ) 

+ (mhloAaout _ vap + mhloAcout _ vap - mvA _ ref - mvA _ air)h(Tcell )hi0(vap) 

+ mfuelA _ in(h{Tcell)-h(Th2in))+ mcolA - out(h(Tce!l)- h(Th2Jn )) 

mnlAa _ o«/(/i(rw/;)- A(rMito )) + 

A A 
+ mvA _ ref(h{Tcell)-h(Th2Jn))+ mvA _ air{h{Tcell)- h{fairin)) 

C.28. Compute the heat transfer per area (OA fc\ FkW/cm21 from the energy 
balance equation 

QAJc = delhA + PAjc 
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*C.29. Compute power per area associated with reformer auxiliary components. 

(a) Compute air compressor power per area requirement {PA compref) [kW/cm ]: 

PA   compref = 

(mairref _in 

I x Cp _ air x Tt amb 

eff   compref 

/•i   k   air   i      ■> 
rp _ comprefv   -      -1 

k_air-l'\        \ 

(b) Compute reformer water pump power per area requirement (PA_pumph2oref) 

[kW/cnf]: 

101.325x 
( mhloref _ in 

PA _ pumphloref = 

x delP _ pumphloref 

rho _ hlo xeff _ pumphloref 

(c) Compute reformer methanol pump power per area requirement 
(PA_pumpmeth) [kW/cm2]: 

101.325x 

PA _ pumpmeth = 

mmeth   in 
—— x delP _ pumpmeth 

rho _ hlo xeff _ pumpmeth 

C.30. Compute power per area associated with fuel cell system auxiliary 
components. 

(a) Compute air compressor power per area requirement (PAcomp) [kW/cm ]: 

J (k    air-]']        \ 

PA_comp = 
mairA _ in xCp _ air x Tamh 

eff _comp 
rpcomp k   air -1 

(b) Compute expander power per area produced (PAexp) [kW/cm ]: 

PA_exp = eff_expx ((mo2A_out x Cp_ol)+ {mn2A   out x Cp_nl))x Tcell 1- 
rcathode,out 

k _ air-l 

k   air 
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(c) Compute water pump power per area requirement to humidity air 
(PA_pumpairhumid) [kW/cm2]: 

101.325 x mvA _ air x delP _ pumpairhumid 
PA   pumpairhumid = — — —      — 

- rho _ hlo x eff _ pumpairhumid 

*(d) Compute water pump power per area requirement to humidity reformate 
(PAjJumprefhumid) [kW/cm2]: 

101.325 x mvA _ref x delP _pumprefhumid 
PA   pumprefhumid = — — —  

- rho   hlo x eff _ pumprefhumid 

(f) Compute cooling water mass flow per area requirement (mcoolA Jüö) [kg 
H20/(cm2-s)]: 

mcoolA   hlo = ~~ 
Cp _ hlol x delTcw_fc 

(g) Compute water pump power per area requirement for cooling water 
(PAjjumpcooI) [kW/cm2]: 

,    101.325 x mcoolA _ hlo x delP _ pumpcool 
PA   pumpcool = — —  _ rho _ hlo xeff _ pumpcool 

(h) Compute heat exchanger air flow per area requirement (mairAJtx) [kg 
air/(cm2-s)]: 

mcoolA   hloxCp_h2olxdelTcw_hx 
mairA   hx = —  

Cp _ air x delTair _ hx 

(i) Compute cooling fan power per area requirement (PA Jan) [kW/cm ]: 

nj    r       mairA   hxxCp   airxTamb PA   fan =———  
V 

eff _ fan 

C.31. Compute fiiel cell stack exergetic efficiency (eff fc\ 

y     \   k    air   j       1 rp_JanK   ~       -1 

eff_fc = ^^  (3.13) 
mfuelA _ cons x LEV _ hi 
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*C.32. Compute power density associated with auxiliary components (PA aux) 
fkW/cm2!. 

PA _ aux = PA_ exp- PA _ comp -PA_ pumpairhumid -PA_ pumprefliumid 

- PApumpcool -PA_ fan -PA_ compref -PA_ pumpreßlo -PA_ pumpmeth 

C.33. Compute overall system exergetic efficiency (eff sys). 

rr PA    fc + PA    aUX niA\ eff_sys = — =  (3.14) 
mfuelA _ cons x LHV   Kl 
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