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The following report summarizes the updated results of a DOE funded
cost assessment of fuel cell systems for transportation including
multi-fuel capable reformer, a PEM fuel cell, and balance-of-plant
components. This analysis is based on a 50 kW system analysis
conducted last year (2000) updated according to discussions with the
general fuel cell development community.

The results of the model should only be considered in conjunction
with the assumptions used in selecting and scaling the system
components. The components have been scaled using technology
assumed available in the near term and costed assuming production
volumes of 500,000 vehicles.

In developing the system configuration and component manifest we
have tried to capture all of the essential engineering components and
important cost contributors. However, the system selected for costing
does not claim to solve all of the technical challenges facing fuel cell
transportation systems or satisfy PNGV fuel cell vehicle performance
targets.

The system specifications and cost projections presented in this
report will continue to be updated during the Year 2001 based on
discussions with the general fuel cell development community.
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Program Manager: Nancy Garland
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Our program was supported by the system modeling group within Argonne
National Laboratory.

Program Overview    Project Team
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Program Overview    Tasks

In our second year, we have talked to developers to obtain feedback on the
baseline model and to assess the impact of technology advances.

Task 1:
PEMFC 
System

Technology
Synopsis

Task 2:
Develop Cost

Model and 
Baseline

Estimates

Task 3:
Identify 

Opportunities 
for System 

Cost Reduction

Tasks 
4, 5, 6 & 7:

Annual
Updates

Develop baseline
system specification
Project technology
developments
Assess impact on
system performance
Identify manufacturing
processes

Develop cost model
Specify manufacturing
processes and
materials
Develop production
scenarios
Baseline cost estimate

Perform sensitivity
analysis to key
parameters
Evaluate the impact of
design parameters and
potential technology
breakthroughs on
subsystem and overall
system costs
Identify and prioritize
opportunities for cost
reduction in transportation
PEMFC systems

Assess technology
evolution
Revise Year 1 cost
estimates based on
technology developments
and revised projections

Year 1 (1999)) Years 3, 4, and 5Year 2 (2000)

The cost model developed in Tasks 1 and 2 provided the baseline for
our efforts in Task 3.



EC/db/49739/6-28-01 6

The PEMFC cost model results reported here were developed based on the
critical assumptions listed below.

Fuel processor, fuel cell stack, and directly related balance-of-plant
components are included in the estimated factory cost of the PEMFC
system

Factory cost includes fixed and variable costs but excludes corporate
charges (e.g. profit, sales and general expenses)

Based on Year 2000 available technology
High efficiency commensurate with PNGV goals (e.g. 35-40%)
Water self-sufficiency
Fuel flexible (designed for gasoline)
Autothermal Reformer (ATR)
Turbocompressor (e.g. Honeywell)

Based on high production volumes (500,000 vehicles per year)

Program Overview     Critical Assumptions and Issues
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Arthur D. Little was not chartered to design a system which solves all of the
problems now facing developers. The design does not address or fully
address issues such as:

Simulated Driving Conditions

Fast Startup (PNGV goals listed in Appendix)

Freezing Conditions

Safety

Operation below the design point
Some components may only provide quoted efficiencies at full
power, e.g. the compressor/expander

Components necessary to accommodate transients or start-up may be
missing

Not all control issues have been addressed, or even identified

Consideration of the above issues will increase the cost of the system.

Program Overview     Other Assumptions and Issues
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Program Overview    Reformate Generator

Catalyst space velocities were based on catalyst activities published
by Argonne National Laboratory.

We used an integral reformate generator/shift reactor containing a: CATR,
air preheater, superheater, humidifier, HTS, ZnO sulfur removal bed, steam
generator, and LTS.

The general
design is similar
to that shown in
Arthur D. Little
(Nuvera) and
Rolls Royce
patents.

Source: Arthur D. Little patent (US 6,126,908). Source: Rolls Royce patent (US 5,458,857).
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After discussions with developers, we did not find justification for
increasing the baseline current density of 310 mA/cm2 at 0.8 volts.

Program Overview      Fuel Cell Polarization Curves
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Stack data from Energy Partners, Inc.  NG2000 was a
stack of 600 cm2 active area, NG 2000 - 292 cm2 active
area, NG 3000 - 596 cm2 active area.  Reformate
composition was 40 % H2, 40 % N2, 20 % CO2. H2/air =
1.2/2 Stoichiometry, pressure = 3 atm.

Single cell data from W. L. Gore and Associates
employing the PRIMEA@ MEAS.  Cell area area was 25
cm2. Reformate composition was 100 ppm CO, 100 ppm
CH4, 48 % H2, 31 % N2, 21 % CO2. H2/air = 1.5/2
Stoichiometry, pressure = 2.1 atm, temperature = 77 0C.

Source: B. Bahar, C. Cavalca, S. Cleghorn, J. Kolde, D. Lane, M. Murthy, and G. Rusch, J. New Mat. Elect. Sys., 2 (1999) 179

Stack DataStack Data Single Cell DataSingle Cell Data
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Packaging (Piping, Electrical, …..)
Start-up Power (battery); Anode Tailgas
Burner

A fuel cell vehicle would contain the PEMFC system modeled in this project
along with additional electric drive train components.

Included in DOE PEMFC System Analyzed

Fuel
Tank

Power
Conditioning
Electric Motor
Electric Drive
Train

Regenerative
Braking System
(Battery)

Managers (Controllers and Sensors)

Air Thermal Water Safety

Other:
AC/Heating
Driver
Interface

Fuel Processor Fuel Cell

Program Overview    Definition of DOE PEMFC System

Not included in system analyzed

Additionally, increasing attention is being given to hybrid fuel cell systems
to reduce the size of the fuel cell and to benefit from regenerative braking.
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Fuel Processor Sub-SystemFuel Processor Sub-System Fuel Cell Sub-SystemFuel Cell Sub-System Balance-of-PlantBalance-of-Plant

Reformate
Generator
ATR
HTS
Sulfur Removal
LTS
Steam Generator
Air Preheater
Steam Superheater
Reformate Humidifier
Reformate
Conditioner
NH3 Removal
PROX
Anode Gas Cooler
Economizers (2)
Anode Inlet Knockout
Drum

Fuel Cell Stack (Unit
Cells)
Stack Hardware
Fuel Cell Heat
Exchanger
Compressor/Expander
Anode Tailgas Burner
Sensors & Control
Valves

Startup Battery
System Controller
System Packaging
Electrical
Safety

Individual components have been distributed between the major sub-
systems as shown below.

Program Overview     Component Segmentation by Sub-System

Fuel Supply
Fuel Pump
Fuel Vaporizer

Sensors & Control Valves for each section

Water Supply
Water Separators (2)
Heat Exchanger
Steam Drum
Process Water
Reservoir
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The major components and sub-systems of the baseline system are shown
below:

Program Overview    System Schematic

Fuel Supply Reformate
Generator

Reformate
Conditioner Fuel Cell Stack

Fuel Processor
Water Supply

Stack Cooling
System

Integrated Tailgas
Burner

Compressed Air
Supply

Control &
Electrical System

Fuel
H2

O2

H2O
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Program Overview     Other Sub-Systems

The PNGV system description does not account for the complexity of many
of the components within the system.

ComponentComponent DescriptionDescription
Integrated Tailgas

Burner 3 reaction zones

Compressed Air
Supply

Compressor/expander, cathode
humidifier,air filter, valves

Fuel Processor Water
Supply

2 water separators, cathode
condenser, process water radiator,
process water pump, steam drum,

filters, valves, sensors

Stack Cooling System Stack radiator, stack cooling water
pump, valve, sensors

Startup Power Batteries, voltage regulator

Controls & Electrical
System

Main control board, main wire harness,
power wiring, contactor (safety)
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Per DOE’s direction, we have estimated the system cost up to and
including factory costs.

Project Overview     Definition of DOE Cost Basis

Direct
labor

Direct
Materials

Factory
Expense

General
Expense

Sales
Expense

Profit

AutomobileAutomobile
OEMOEM
PricePrice

Fixed Costs
• Equipment and Plant Depreciation
• Tooling Amortization
• Equipment Maintenance
• Utilities
• Indirect Labor
• Cost of capital

Variable Costs
• Manufactured Materials
• Purchased Materials
• Fabrication Labor
• Assembly Labor
• Indirect Materials

DOE Cost Estimate (Factory Cost)

Corporate Expenses (example)
• Research and Development
• Sales and Marketing
• General & Administration
• Warranty
• Taxes

Excluded from DOE Cost Estimate
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Project Overview    Cost Model Assumptions

We have assumed manufacturing and purchased part decisions are
consistent with current OEM or major vehicle integrator practices and
production volumes equal to 500,000 units per year.

Fuel
Processor

Balance
of

Plant

Fuel Cell
Module

Unit Cell Components
Assembly
Testing

Packaging (containers, piping)
Assembly

Packaging (containers, piping)
Assembly

ManufacturedManufactured

Raw  materials
Perfluorosulfonic acid film
Fuel Cell Hardware

Pump, valves, filters, fittings
Sensors
Catalysts
Heat exchangers

Pump, valves, filters, fittings
Sensors
Catalysts
Heat exchangers
Compressor/Expander
Batteries, regulator
Control board
Wiring harness

PurchasedPurchased

Source CategorySource Category
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Factory CostFactory Cost

Fuel CellFuel Cell

Fuel Fuel 
ProcessorProcessor

BOPBOP

SystemSystem
AssemblyAssembly

TotalTotal

($)($)

8,850

4,310

   500

1,040

14,700

($/kW)($/kW)

177

86

10

21

294

The estimated Year 2000 Baseline  fuel cell and fuel processor costs were
approximately $300/kW.

*Basis:  50 kWe net, 500,000 units/yr. Not complete without assumptions.

The system components were scaled by Year 2000 performance
assumptions, but cost modeled at high production volumes.

Sub-SystemSub-System
Yr 2000 Estimate*Yr 2000 Estimate*

2001 Baseline     2000 Baseline     Overall Cost

Yr 2000 Cost Breakdown by Sub-System Yr 2000 Cost Breakdown by Sub-System 

Balance of Plant
3%

Fuel Processor
29%

Fuel Cell
61%

Indirect
7%
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2001 Baseline      2000 Baseline     Power Density

SpecificSpecific
Power (W/kg)Power (W/kg)Sub-SystemSub-System WeightWeight

(kg)(kg)

Yr 2000 Baseline Estimate*Yr 2000 Baseline Estimate* 2000 PNGV2000 PNGV
TargetTarget

295 169 350

215 233 600

620 80 250

For reference, the fuel cell stack alone has a specific power of 315 W/kg
(56 kWe/179 kg). Specification of fuel cell operation at high efficiency (e.g.
0.8 volts) approximately doubles the size and cost of the fuel cell.

The estimated Year 2000 Baseline overall power density was 80 W/kg
compared to the PNGV target of 250 W/kg.

Fuel CellFuel Cell

Fuel Fuel 
ProcessorProcessor

TotalTotal11

*Basis:  50 kWe net, 500,000 units/yr. Not complete without assumptions.
1 Total includes Balance-of-Plant components.

Specific PowerSpecific Power
(W/kg)(W/kg)
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2001 Baseline     Changes from 2000

The Baseline Cost Model was modified to reflect inputs obtained after
discussions with the PNGV Tech Team and fuel cell developers.

System operational changes:
The ambient temperature design point was increased from 95 oF to 120 oF to
accommodate warm climate operation
Radiator fan design parameters changed to reduce parasitic power drain

Component design changes:
Included integrated frame and gasket around the MEA
Cooling plate ratio changed to 1 for every 2 unit cells
GDL layer thickness increased from 100 µm to 350 µm
Increased GDL porosity from 40% to 70%
Fuel processor bed volumes recalculated at system pressure

Manufacturing changes:
Based on inputs from developers changed yield assumptions in manufacturing
process
Increased cost basis for membrane material and catalyst materials
Reduced electrode ink solvent cost basis
Reduced times assumed for seam welding operations
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2001 Baseline     Changes from 2000      Fuel Cell Performance

Discussions with developers did not lead to changes to the fuel cell power
density and catalyst loadings assumed in our 2000 Baseline cost
projection.

Catalyst degradation has still not been factored into catalyst loading
requirements

Developers are starting to perform long-term testing with potential
contaminants to monitor catalyst degradation

Indications are that below 0.1 mg/cm2 catalyst degradation may be
significant

Degradation can also occur by loss of catalyst surface due to
agglomeration

Irreversible changes to PEM electrolyte
cation (metal ions, ammonia, etc.) binding with proton sites

Our discussions did not provide us with a basis or technology pathway for
projection of significantly improved performance or lower catalyst
loadings.
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2001 Baseline     Changes from 2000     Fuel Cell Operating Assumptions

Fuel cell operating assumptions were not changed for the 2001 Baseline.

Fuel Cell OperatingFuel Cell Operating
AssumptionAssumption UnitsUnits 2000/20012000/2001

BaselineBaseline

Unit Cell Voltage volts 0.8 1

Operating Temperature oC 80

Percent Anode Air Bleed % 1

Cathode Stoichiometry 2.0

1 This cell voltage was specified to satisfy overall system efficiency goals.
2 A current density of 310 mA/cm2 at 0.8 volts (250 mW/cm2) was selected on the basis of near term projections of

available stack and unit cell data.

Power Density mW/cm2 250 2

Fuel Utilization % 85

Given the tradeoffs between catalyst loadings and polarization and lack
of long term test data, we felt the 2000 parameters were still a reasonable
representation of the state of MEA technology.
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The ambient temperature design point was increased from 95oF to 120oF
Higher ambient temperatures decrease efficiency due to a higher radiator fan
parasitic load

Radiators become less efficient due to the smaller temperature gradient between
the fuel cell and cooling (ambient) air1

Higher cooling air flowrates result in a larger radiator fan power requirement
The air compressor parasitic load also increased slightly due to the higher inlet
(ambient) air temperature

To reduce the fan parasitic load and increase overall efficiency, the radiator fan
pressure drop was decreased

Decreased the radiator design pressure drop and required fan outlet pressure from 2”
to 0.5” wc2

Typical of an automotive-type fan design assuming no ram effects3

All other things being equal, decreases fan power requirement but increases
radiator size

Decreased radiator fan efficiency from 70% to 55%
More realistic for the low pressure operation of the fan
All  other things being equal, increases fan power requirement

2001 Baseline     Changes from 2000     System Operational Changes

The PNGV Tech Team recommended a higher ambient temperature design
assumption to better reflect the range of driving conditions in the U.S.

1 The radiator cooling air outlet temperature was kept constant while the inlet temperature (ambient) increased.
2 1 atm = 407” wc (water column).
3 We ignored the ram effect assuming the vehicle may need full power at low speeds.
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2001 Baseline     Changes from 2000     System Operating Assumptions

At the system level, the ambient temperature, fan pressure drop, and fan
efficiency were changed for the 2001 Baseline.

UnitsUnits 2000 Baseline2000 Baseline

1 This system was not modeled under simulated driving cycle conditions, where vehicles spend a small percentage of the time at full power.
2 Air side pressure drop on radiator. Affects radiator fan pressure requirement.  Note: 1 atm =  407 in. H2O.

2001 Baseline2001 Baseline

Compressor/Expander Efficiency % 70/80

Radiator Fan Pressure Drop2 2

Radiator Fan Efficiency % 70

in. H2O

70/80

0.5

55

Net Power1 kW 50

Ambient Temperature 95 (35)

System Pressure atm 3

oF (oC)

50

120 (49)

3

System OperatingSystem Operating
AssumptionAssumption
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A. Fuel Value of “gasoline”1

B. Fuel Value of H2 into PEM Fuel Cell2

C. Cold Gas Efficiency of Fuel Processor [B/A]

D. Output from PEM Fuel Cell

E. Fuel Cell Efficiency [D/B]

F. Output from Expander

G. Parasitic Loads

H. System Efficiency [(D+F-G)/A]

2000 Baseline2000 Baseline

135.8 kW

103.4 kW

76.2 %

2001 Baseline2001 Baseline

136.9 kW

103.9 kW

75.9 %3

56.3 kW

54.3% 54.2%

8.6 kW

14.9 kW

36.8% 36.5 %

Overall system efficiency did not significantly change with the ambient
temperature increase due to the change to a lower fan pressure drop.

I. Radiator Rejected Heat 77.2 kW

56.2 kW

8.2 kW

14.4 kW

75.1 kW
* All data based on lower heating values.
1 Assumes a lower heating value for gasoline of 42.81 MJ/kg.
2 Assumes a lower heating value for hydrogen of 120.0 MJ/kg.
3 Difference in efficiency from the 2000 Baseline resulted from slightly different fuel processor water to carbon ratios.

2001 Baseline     Changes from 2000     Energy Balance/Efficiency



EC/db/49739/6-28-01 25

2001 Baseline      Changes from 2000     Component Design Changes - Fuel Cell

Several changes were made to the fuel cell design based on discussions
with component and system developers.

An integrated frame and gasket was included around the MEA
Active area is now 75% of total frame area

The cooling plate ratio was changed from one cooling plate for every unit cell
to one cooling plate for every two unit cells

The GDL layer thickness was increased from 100 µm to 350 µm to reflect
industry practice

thinner layers are more fragile lowering process yields

GDL porosity was increased from 40% to 70%
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Catalyst BedsCatalyst Beds

ParameterParameter ATRATR HTSHTS LTSLTS PROXPROX

Temperature (oC)

Catalyst

Support

GSHV (1/hour)

Bed Volume1

(L)

Bed Weight1

(kg)

Clean-up  BedsClean-up  Beds

Resizing the fuel processor catalyst beds decreased the cost and size of
the whole fuel processor subsystem.

SulfurSulfur
RemovalRemoval

NHNH33
RemovalRemoval

2001 Baseline     Changes from 2000     Component Design Changes - Fuel Processor

Yr 2000

Yr 2001

Yr 2000

Yr 2001

1030 430 230 205

Pt/Ni Fe3O4/
CrO3

Cu/ZnO Pt

Alumina Alumina Alumina Alumina

15,000 10,000 5,000 10,000

10.3 13.3 26.5 13.3

13 17 37 15

490

ZnO

None

NA

2.8

8

80

Activated
Carbon

None

None

5.5

3

14.6 11.8 15.1 7.1 2.8 5.6

19 15 21 8 8 3
1 Catalyst bed volume and weight calculations for Yr 2001 were revised by using system operating pressure and temperature instead
of atmospheric (standard) pressure and temperature.
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2001 Baseline     Changes from 2000      Manufacturing Changes

Fuel cell developer inputs led to increases in fuel cell stack cost.

We decreased the yield assumption in the manufacturing process
Decreased cumulative yield from 90% to 85% overall (model contains
different values for individual steps)
Reduction of process steps and automation are critical to minimizing scrap

Increased cost basis for:
perfluorosulfonic acid membrane (e.g. Nafion®) material cost1 increased from
$50 to $100/m2

thickness kept constant at 40 µm
catalyst materials

added cost for conversion of PGM2 to dispersed catalyst material included (20% of
LME3)
included credit for PGM recycling from process scrap
increased LME price for platinum 10%, from $13.50 to $15/gram

· LME price of platinum has been higher (e.g. $20/gram)
Reduced times assumed for seam welding operations

Decreases assembly costs
1 Cost is based on a 40 µm thick membrane.
2 PGM = Platinum Group Metals.
3 LME = London Metal Exchange.
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2001 Baseline     Results of Changes     Overall Cost

The net impact of the operational, design and manufacturing changes
lead to a 10% increase in overall cost from the 2000 Baseline.

Factory Cost Estimate *Factory Cost Estimate *

Fuel CellFuel Cell

Fuel Fuel 
ProcessorProcessor

BOPBOP

SystemSystem
AssemblyAssembly

TotalTotal

($/kW)($/kW)

177

86

10

21

294

*Basis:  50 kWe net, 500,000 units/yr. Not complete without assumptions.

Sub-Sub-
SystemSystem

20002000
BaselineBaseline

221

76

10

17

324

+25

-12

0

-19

+10

%%
ChangeChange

($/kW)($/kW)

20012001
BaselineBaseline

Electrode and membrane material cost
basis revised resulting in net increase

DriverDriver

Catalyst bed calculation basis revised

No changes to 2000 Baseline

Reduction in assumed welding times

Overall increase due to fuel cell
subsystem cost increase
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2001 Baseline     Results of Changes     Overall Cost Breakdown

The 2001 Fuel Cell subsystem cost is now approximately 70% of the total
cost compared to approximately 60% estimated by the 2000 Baseline.

*Basis:  50 kWe net, 500,000 units/yr. Not complete without assumptions.

Yr 2001 Cost Breakdown by Sub-System Yr 2001 Cost Breakdown by Sub-System Yr 2000 Cost Breakdown by Sub-System Yr 2000 Cost Breakdown by Sub-System 

Fuel Cell
67%

Fuel Processor
24%

Balance of Plant
3%

Assembly & Indirect
6%

Balance of Plant
3%

Assembly & Indirect
7%

FuelCell
61%

Fuel Processor
29%
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Factory CostFactory Cost

Fuel CellFuel Cell
StackStack

TailgasTailgas
BurnerBurner

Air SupplyAir Supply

CoolingCooling
SystemSystem

TotalTotal

($)($)

9,035

   358

   992

  587

11,000

($/kW)($/kW)

181

   7

20

12

220

*Basis:  50 kWe net, 500,000 units/yr. Not complete without assumptions.

Fuel Cell Sub-Fuel Cell Sub-
SystemSystem

Yr 2001 Estimate*Yr 2001 Estimate*

2001 Baseline     Results of Changes     Fuel Cell Cost

Yr 2001 Fuel Cell Cost BreakdownYr 2001 Fuel Cell Cost Breakdown

The fuel cell stack continues to dominate the fuel cell sub-system cost.

Specification of high efficiency (0.8 V) design point for the fuel cell versus
high power (0.6 V) approximately doubles the cost of the fuel cell stack.

Fuel Cell Module
83%

Integrated Tailgas Burner
3%

Compressed Air Supply
9%

Stack Cooling System
5%
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2001 Baseline     Results of Changes     Stack Cost Breakdown

*Basis:  50 kWe net, 500,000 units/yr. Not complete without assumptions.

Yr 2001 MEA Cost BreakdownYr 2001 MEA Cost BreakdownYr 2001 Fuel Cell Stack Cost BreakdownYr 2001 Fuel Cell Stack Cost Breakdown

The membrane electrode assemblies (MEA), with their precious metal
loading and polymer electrolyte, dominate the cost of the fuel cell stack.

MEA
84%

Gaskets
2%

Bipolar Interconnect
6%

Bipolar Coolant
6%

End Plates
1% Packaging

1%
Gas Diffusion Layer

9%

Membrane
37%

Cathode 
26%

Anode 
28%
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Factory CostFactory Cost

ReformateReformate
GeneratorGenerator

ReformateReformate
ConditionerConditioner

Water SupplyWater Supply

Fuel SupplyFuel Supply

TotalTotal

($)($)

  1,760

     877

  1,072

     102

  3,810

($/kW)($/kW)

35

18

21

 2

76

*Basis:  50 kWe net, 500,000 units/yr. Not complete without assumptions.

FuelFuel
ProcessorProcessor

Sub-SystemSub-System

Yr 2001 Estimate*Yr 2001 Estimate*

2001 Baseline     Results of Changes     Fuel Processor Cost

Yr 2001 Fuel Processor Cost BreakdownYr 2001 Fuel Processor Cost Breakdown

The highest cost component in the fuel processor sub-system is the
reformate generator.

The reformate generator includes the autothermal reactor, shift beds,
desulfurization bed, and heat exchangers (i.e. preheaters, steam generator).

Fuel Supply
3%

Reformate 
Conditioner

23%

Reformate 
Generator

46%

Fuel Processor
 Water Supply

28%
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Control components and system packaging contribute significantly to the
2001 Fuel Processor subsystem cost.

*Basis:  50 kWe net, 500,000 units/yr. Not complete without assumptions.

Yr 2001 Fuel Processor Cost Breakdown byYr 2001 Fuel Processor Cost Breakdown by
MaterialMaterial

Yr 2001 Fuel Processor Cost Breakdown byYr 2001 Fuel Processor Cost Breakdown by
FunctionFunction

2001 Baseline     Results of Changes     Fuel Processor Cost Breakdown

Fuel Processing
35%

Thermal Management
6%

Water Management
5%

Steam Management
1%

Control System
28%

Packaging
25%

ATR Bed
15%

PROX Bed
8%

HTS Bed
4%

LTS Bed
9%

ZnO Bed
1%

7 Heat Exchangers
6%

15 Sensors
17%

10 Valves
15%

2 Pumps/ 1 Motor
5%

Stainless
18%

Other
2%
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Platinum pricing and loadings are significant factors in the economics of
the fuel cell system and contribute approximately 20% of the total system
cost.

ATRATR PROXPROX TailgasTailgas
BurnerBurner

Precious Metal (PM) Pt Pt Pt

Bed Weight (kg) 2.6 7.9 2.0

Fuel CellFuel Cell
MEAMEA

Pt

---

Ru

---
Loading

%

mg/cm2

0.5

---

0.2

---

0.5

---

---

0.8

---

0.2
PM Weight (g) 6 7 5 182 45

Cost* $95 $106 $71 $2,723 $73

* Based on LME Pt cost of $15 per gram without provision for any processing costs

200 g

$2,995

Total Pt

For the Year 2001 Baseline System, 500,000 vehicles would require
approximately 100 metric tons of platinum.

2001 Baseline     Results of Changes     Precious Metal Costs
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The 2001 changes resulted in a 15% increase in overall specific power.

System Weight and Specific Power Estimates System Weight and Specific Power Estimates 

Fuel CellFuel Cell

Fuel Fuel 
ProcessorProcessor

TotalTotal
w/o batteriesw/o batteries11

(kg)(kg)

295

215

566

Sub-SystemSub-System
2000 Baseline*2000 Baseline*

292

173

489

+01

+24

+16

% W/kg% W/kg
BaselineBaseline
ChangeChange(W/kg)(W/kg)

169

233

88

(kg)(kg)

2001 Baseline*2001 Baseline*

(W/kg)(W/kg)

171

289

102

*Basis:  50 kWe net, 500,000 units/yr. Not complete without assumptions.
1 Total includes Balance-of-Plant components.

350

600

250

2000 PNGV2000 PNGV
TargetTarget
(W/kg)(W/kg)

2001 Baseline     Results of Changes     Weight and Specific Power

The 2001 Baseline fuel cell stack has a specific power of 310 W/kg (56
kWe/181 kg) versus 313 W/kg (56 kWe/179 kg) for the 2000 Baseline stack.

TotalTotal11 620 543 +1580 92250
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2000 PNGV2000 PNGV
TargetTarget
(W/L)(W/L)

The 2001 Baseline volumetric power density estimate is significantly below
the PNGV target.

2001 Baseline     Results of Changes     Volume

System Volume EstimatesSystem Volume Estimates11

Fuel CellFuel Cell

Fuel Fuel 
ProcessorProcessor

TotalTotal22

Sub-SystemSub-System

530

480 4

1,120

(L)(L)

2001 Baseline*2001 Baseline*

(W/L)(W/L)

95 3

104

45

* Basis:  50 kWe net, 40% packing factor (PF). Not complete without assumptions.
1 Subsystem and total volumes are calculated by: Volume = (1+PF)*Sum of Component Volumes.
2 Total includes Balance of Plant components.
3 For comparison, Energy Partners’ fuel cell subsystem has a net power density of 163 W/L.5
4 For comparison, International Fuel Cell’s atmospheric Fuel Processor and Balance of Plant package is 850 L, the

2001 Baseline (at 3 atm) equivalent is 580 L.5
5 DOE 2000 Annual Progress Report.

350

600

200

The above values include a packing factor of 40% which introduces
uncertainty in the calculation of system volume.
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Discussion with fuel processor developers indicate that specific power
and volumetric power density has increased.

Current developer designs are more compact
These designs decrease size and weight but do not lead to decreased cost
at this time

The 2001 Baseline does not incorporate these design improvements because
technical details were not provided by the developers

2001 Baseline     Results of Changes     Fuel Processor Power Density

Fuel Processor Minus AuxiliariesFuel Processor Minus Auxiliaries

Specific PowerSpecific Power
(W/kg)(W/kg)

340 1

400

600

2001 Baseline*2001 Baseline*

Developer EstimationDeveloper Estimation

2000 PNGV Target2000 PNGV Target

Volumetric PowerVolumetric Power
(W/L)(W/L)

135 1

460 2

600

BasisBasis

* Basis:  50 kWe net, 40% packing factor (PF). Not complete without assumptions.
1 Fuel supply, ammonia scrubber, radiator fan, process water reservoir, and steam drum were excluded

from the fuel processor subsystem to allow comparison to developer numbers.
2 Based on 650 W/L for components and a 40% packing factor (PF): 650 W/L / (1+0.4) = 460 W/L.
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Sensitivity Analysis     Tornado Charts     Total System Cost

$200 $250 $300 $350 $400

Power Density
250 - 400 mW/cm2

Nafion Cost
50 - 150 $/m2

Pt Loading
.1 - .4 mg/cm2

per side

Platinum Cost
13 - 20 $/g

Total System Cost, $/kW

Overall system cost is dominated by MEA performance and material cost
variables.  Four largest single cost contributors shown.

Baseline System Cost
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The total system weight is most affected by heat exchanger weight and
power density of the fuel cell stack.

Sensitivity Analysis     Tornado Charts     Total System Weight

Total System Weight, kg
490 520 550 580

HX Exchanger Factor
.5 - 1.5

Power Density
250-400 mW/cm2

ATR Space Velocity
15000 - 30000 1/hr

LTS Space Velocity
5000 - 10000 1/hr

HTS Space Velocity
10000 - 20000 1/hr

PROX Space Velocity
10000 - 20000 1/hr

Baseline System Cost
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Fuel cell sub-system cost is most sensitive to the MEA parameters
influencing size and platinum loading.

Sensitivity Analysis     Tornado Charts     Fuel Cell Sub-system Cost

Fuel Cell Subsystem Cost, $/kW
$100 $150 $200 $250 $300

Power Density
250 - 400 mW/cm2

Nafion Cost
50 - 150 $/m2

Pt Loading
.1 - .4 mg/cm2

per side

Platinum Cost
13 - 20 $/g

Prop. Valve Cost
30 - 150 $/ea

Baseline System Cost
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Fuel processor cost is most affected by LTS catalyst costs and space
velocities, and sensor and valve cost assumptions.

Sensitivity Analysis     Tornado Charts     Fuel Processor Sub-system Cost

Fuel Processor Subsystem Cost, $/kW
$65 $70 $75 $80 $85 $90

General Sensor Cost
20 - 145 $/ea

Prop. Valve Cost
30 - 150 $/ea

ATR Space Velocity
15000 - 30000 1/hr

Platinum Cost
13 - 20 $/g

LTS Catalyst Cost
8 - 18 $/kg

PROX Space Velocity
10000 - 20000 1/hr

LTS Space Velocity
5000 - 10000 1/hr

Baseline System Cost
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Sensitivity Analysis     Monte Carlo Cost Distribution

A Monte Carlo simulation on the technical cost model is useful in
quantifying the range of expected costs from variability and uncertainty in
a large number of model parameters.

Frequency Chart

 $/kW

.000

.007

.013

.020

.026

0

65.75

131.5

197.2

263

$225.00 $262.50 $300.00 $337.50 $375.00

10,000 Trials    13 Outliers

Forecast: Total System Cost

Baseline System Cost

The difference between the “Baseline Value” and the average price in the
simulation arises from the skewed ranges assumed for the input variables.
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Technology Scenarios     High Power Point     Rationale

We assessed the impact on the system efficiency, cost, and weight of
operating the fuel cell at a higher power density.

Higher power point operation will significantly reduce the fuel cell size
and hence stack cost

Fuel cell stack costs are a significant driver of system cost and thus high
power point operation could reduce overall system cost

However, high power point operation will also reduce fuel cell efficiency
and could therefore increase overall system size and weight

Increased reformer size
Increased heat exchanger size to reject increased polarization losses
and I2R heat
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In the High Power Point scenario the power density was increased from
250 mW/cm2 to 500 mW/cm2.

Fuel Cell OperatingFuel Cell Operating
AssumptionAssumption UnitsUnits 2001 Baseline2001 Baseline

Unit Cell Voltage volts 0.8 1

Anode Stoichiometry 1.2

Operating Temperature oC 80

Percent Anode Air Bleed % 1

Cathode Stoichiometry 2.0

1 This cell voltage was specified to satisfy overall system efficiency goals.
2 This cell voltage was specified to optimize fuel cell power density.
3 Current density of 310 mA/cm2 at 0.8 volts (250 mW/cm2) selected on the basis of near term projections of available stack and unit cell data.
4 Power density of 500 mW/cm2 was selected based on an assumed doubling of power density from 0.8 to 0.65 unit cell voltage operation.

High PowerHigh Power
PointPoint

0.65 2

1.2

80

1

2.0

Fuel Utilization % 85 85

Technology Scenarios      High Power Point     Fuel Cell Operating Assumptions

Power Density mW/cm2 250 3 500 4

We assumed the fuel utilization would not change.
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The High Power Point scenario resulted in a 20% reduction in overall
efficiency from 37% to 29%.

Technology Scenarios      High Power Point      Energy Balance/Efficiency

A. Fuel Value of “gasoline”

B. Fuel Value of H2 into PEM Fuel Cell

C. Cold Gas Efficiency of Fuel Processor [B/A]

D. Output from PEM Fuel Cell

E. Fuel Cell Efficiency [D/B]

F. Output from Expander

G. Parasitic Loads

H. System Efficiency [(D+F-G)/A]

High Power PointHigh Power Point

174.8 kW

132.8 kW

76.0 %

58.3 kW

43.9%

11.0 kW

19.3 kW

28.6 %

I. Radiator Rejected Heat 112 kW
* All data based on lower heating values.
1 Assumes a lower heating value for gasoline of 42.81 MJ/kg.
2 Assumes a lower heating value for hydrogen of 120.0 MJ/kg.

2001 Baseline2001 Baseline

136.9 kW

103.9 kW

75.9 %

56.3 kW

54.2%

8.6 kW

14.9 kW

36.5 %

77.2 kW
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Factory Cost Estimate *Factory Cost Estimate *

Fuel CellFuel Cell

Fuel Fuel 
ProcessorProcessor

BOPBOP

SystemSystem
AssemblyAssembly

TotalTotal

Sub-Sub-
SystemSystem

143

85

11

20

259

-35

12

10

17

-20

%%
ChangeChange

High Power Cost Breakdown by Sub-High Power Cost Breakdown by Sub-
SystemSystemHighHigh

PowerPower11

($/kW)($/kW)

Technology Scenarios     High Power Point     Cost Breakdown

221

76

10

17

324

20012001
BaselineBaseline
($/kW)($/kW)

The High Power Point* design resulted in a 20% decrease in cost
compared to the 2001 Baseline.

* Fuel cell unit voltage at rated power is 0.65 (500 mW/cm2 assumed power density).
** Basis:  50 kWe net, 500,000 units/yr.

Fuel Processor
33%

Balance of Plant
4%

Assembly & Indirect
8%

Fuel Cell Stack
55%
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The large reduction in stack cost overshadows the smaller cost increases
in other fuel cell components, such as cooling equipment.

Technology Scenarios      High Power Point      Fuel Cell Subsystem Cost Comparison

High Power Fuel Cell Cost Comparison1

1 Some component costs are assumed to be fixed (see Hybrid Scenario section for a list of fixed and scaled components).

0

50

100

150

200

250

Fuel Cell Stack Other Fuel Cell
Subsystem Components

Total
Fuel Cell Subsystem

2001 Baseline
High Power Point
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The increased weight of the other fuel cell components, such as cooling
equipment, reduces the impact of the much smaller fuel cell stack.

Technology Scenarios     High Power Point     Fuel Cell Subsystem Weight Comparison

High Power Point Fuel Cell Weight Comparison

0

1

2

3

4

5

6

7

Fuel Cell Stack Other Fuel Cell
Components

Fuel Cell Subsystem

2001 Baseline
High Power Point

Note: Power Densities for the 2001 Baseline are: Fuel Cell Stack = 309 W/kg, Other Fuel Cell Components = 503 W/kg, Fuel Cell
Subsystem = 192 W/kg.  Power Densities for the High Power Point Case are: Fuel Cell Stack = 525 W/kg, Other Fuel Cell
Components = 376 W/kg, Fuel Cell Subsystem = 219 W/kg.

Larger
Radiator74 kg

Smaller Stack
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Technology Scenarios     High Power Point     Weight Comparison

High Power Point Weight Comparison

0

2

4

6

8

10

12

14

Fuel Cell
Subsystem

Fuel Processor
Subsystem

Balance of Plant Total

2001 Baseline
High Power Point

Note: Power Densities for the 2001 Baseline are: Fuel Cell = 171 W/kg, Fuel Processor = 289 W/kg, Total = 92 W/kg.  Power
Densities for the High Power Point Case are: Fuel Cell = 219 W/kg, Fuel Processor = 252 W/kg, Total = 90 W/kg.

Larger
Catalyst

Beds Additional
Start-up
Batteries

Contrary to expectations, the High Power Point design did not reduce
overall system weight due to increases in fuel processor, balance of fuel
cell subsystem components, and BOP weight.
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The High Power Point design resulted in a lower cost system at the
expense of system efficiency.

BENEFIT: cost decreases overall
Fuel cell module size and cost is reduced due to an assumed doubling of
power density for the high power point case1

Since the fuel cell module is the most expensive single component, this
reduces overall cost

NEGATIVES: efficiency is reduced and size and weight increase slightly
Lower single cell voltage results in a 20% reduction in overall efficiency
Other system components increased in size and cost due to the decreased
system efficiency2

Larger fuel processor to generate more hydrogen for the less efficient fuel cell
Larger heat exchangers are required to dissipate the increased polarization losses
in the fuel cell

Overall system weight increases slightly but cost does not due to the
relatively low cost of these components compared to the fuel cell module

1 We assumed a power density of 250 mW/cm2 at 0.8V and 500 mW/cm2 at 0.65V. Detailed operating issues such as uniformity of temperature
and current distribution in the fuel cell were not addressed.

2 Overall system efficiency decreased from 37% to 29% when operating at 0.65V versus 0.8V. Efficiencies are based on the lower heating value.

Technology Scenarios      High Power Point      Results Discussion
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Technology Scenarios     Hybrid Scenarios     Rationale

Hybrid fuel cell systems, e.g. fuel cell plus battery, have been proposed to
provide base load power with the fuel cell and power pulses from the
battery to reduce the size and cost of the fuel cell system.

Case 1: Fuel Cell Rated at Half Power
25 kW rated power fuel cell system
Fuel cell system satisfies cruising power demands and a battery could
provide transient power pulses

Case 2: Fuel Cell Power Doubled to Increase Performance
100 kW rated power fuel cell system
Fuel cell system satisfies the power requirements of larger or higher
performance car (e.g. 100 kW fuel cell with battery)

Assumptions
System configuration and component technologies scale over the power
range considered

However, components such as the compressor/expander may not scale well to
lower flowrates

System efficiencies are the same as the 2001 Baseline system

The cost of the hybrid batteries is not included in this analysis.
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Cost Model Assumptions

The model has been updated to scale the appropriate components with fuel
cell system rated power.

Some cost contributors will scale with rated power (e.g. active area) while
others (e.g. control systems) will be very non-linear
Many of the low cost but high count components are assumed to be fixed cost
Many of the larger components are assumed to scale with rated power

Technology Scenarios      Hybrid Scenarios      Approach

Fixed Cost Components Scaled Cost Components
Fuel Cell Module
Heat Exchangers
Catalyst Beds
Drums (knockout, steam, water
separators)
Tanks
Start-up Batteries

Sensors (temperature, oxygen, sulfur, CO,
pH)
Fittings
Injectors
Valves
Pumps
Fans
Filters
Control and Electrical Systems
Piping System
Compressor/Expander
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Most the fuel cell subsystem costs scale with power, while many of the fuel
processor and BOP components do not.

Technology Scenarios     Hybrid Scenarios     2001 Baseline Component Scaling

Component Cost Scaling

* Based on the 2001 Baseline component costs.  Fixed cost components do not scale with power.

0

50

100

150

200

250

Fuel Cell Fuel Processor Balance of Plant

Scaled
Fixed
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Technology Scenarios      Hybrid Scenarios     Cost Comparison

On a $/kW basis, fixed costs lead to a 30% more expensive 25 kW system,
and a 15% less expensive 100 kW system compared to the 2001 Baseline.

Hybrids Cost Comparison

0

50

100

150

200

250

300

350

400

450

500

Fuel Cell Fuel Processor Balance of
Plant

Assembly &
Indirect

Total

25 kW
50 kW (2001 Baseline)
100 kW
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Technology Scenarios     Hybrid Scenarios     Weight Comparison

The total weight per kW of the 25 kW and 100 kW systems was 18% higher
and 9% lower than the 2001 Baseline, respectively.

Hybrids Weight Comparison

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

Fuel Cell Fuel Processor Balance of Plant Total

25 kW
50 kW (2001 Baseline)
100 kW

Note: Power Densities for the 2001 Baseline are: Fuel Cell = 171 W/kg, Fuel Processor = 289 W/kg, Total = 92 W/kg.  Power
Densities for the 25 kW case are: Fuel Cell = 151 W/kg, Fuel Processor = 234 W/kg, Total = 80 W/kg. Power Densities for
the 100 kW case are: Fuel Cell = 182 W/kg, Fuel Processor = 329 W/kg, Total = 101 W/kg.
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Conclusions

Our discussions with component and system developers
did not find pathways to significant cost reductions

modification to design, manufacturing, and materials
increased cost of baseline by 10%
outsourcing of components by a system integrator
would further increase cost

Operation of the fuel cell at a higher power point lowered
system cost but did not produce the anticipated
reduction in system weight

Hybrid scenarios with reduced fuel cell power, e.g. 25
kW, lower total system cost, but increase $/kW because
of fixed component costs

ConclusionsConclusions
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The system radiator is made up of the fuel cell cooler, process water
radiator, and exhaust condenser.

Appendix    Technology Assessment    Thermal Management

While not a major cost contributor, the system radiator is a major weight
and volume component.

The three radiators have
been sized separately.  In
practice, the three radiators
could be sized as one unit
with three circuits.

The radiator is sized for an
air side pressure drop of 0.5
inches of water.  Were we to
include the dynamic head of
a moving vehicle, it could be
smaller.

1.9 m, 6.3 ft

1.3 m
4.4 ft

Fuel Cell Cooler

Process Water Radiator

Radiator Fan
Condenser

0.1 m
0.4 ft

* Based on the 2001 Baseline Case.  Fan motor and manifolding between units is not included.
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The three heat exchangers comprising the radiator were sized based on
thermal-hydraulic performance of typical automotive designs.

Exhaust Condenser heat exchanger configuration:
compact design
plain, plate-finned rectangular channels for air and exhaust sides
single-pass crossflow
surfaces chosen from Kays & London, Compact Heat Exchangers

Fuel Cell Cooler and Process Water Radiator configurations:
based on examination of a 1998 medium sized automobile radiator and condenser

plain, plate-finned tubes
copper tubes with aluminum fins

fin spacings determined based on thermal-hydraulic performance requirements (i.e.,
heat transfer versus pressure drop)

Heat exchanger calculations assume a thermal performance level 10% greater than
specified to compensate for uncertainties in the analysis (i.e., heat exchanger fouling)
If glycol instead of water is used in the fuel cell cooler to prevent freezing, required heat
exchange area could  increase 10-20%

Design optimization was not performed in the context of packaging,
parasitic loss, corrosion, weight, manufacturing, and cost.

Appendix    Technology Assessment    Thermal Management
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Increasing the ambient temperature design point, increased the overall size
of the radiator by nearly 70%.

Heat ExchangerHeat Exchanger
DesignDesign

ParameterParameter

Duty

LMTD

UA

∆Pair side

Height

Width

Depth

Volume

kW

ºC

kW/ ºC

in wc

cm

cm

cm

liters

Cond-Cond-
enserenser

ProcessProcess
WaterWater
CoolerCooler

FuelFuel
CellCell

CoolerCooler
Cond-Cond-
enserenser

ProcessProcess
WaterWater
CoolerCooler

FuelFuel
CellCell

CoolerCooler

2000 Baseline2000 Baseline 2001 Baseline2001 Baseline

9.3 2.2 63 5.9 2.0 76

18 7 20 19 7 11

0.51 0.32 3.17 0.31 0.30 6.90

0.25 0.23 0.51 0.53 0.51 0.56

22 25 53 31 33 102

69 58 140 84 41 190

38 4 10 11 8 10

56 6 71 30 10 184

Total
Volume liters 133 225

Appendix    Technology Assessment    Thermal Management
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The high power point design case increased the overall size of the radiator
by nearly 40%.

Heat ExchangerHeat Exchanger
DesignDesign

ParameterParameter

Duty

LMTD

UA

Height

Width

Depth

Volume

kW

ºC

kW/ ºC

in wc

cm

cm

cm

liters

Cond-Cond-
enserenser

ProcessProcess
WaterWater
CoolerCooler

FuelFuel
CellCell

CoolerCooler

High Power Point CaseHigh Power Point Case

8.2 3.2 110

19 8.2 10

0.43 0.39 10.8

0.5 0.51 0.51

60 30 122

54 56 216

14 6 10

45 10 251

Total
Volume liters 305

Cond-Cond-
enserenser

ProcessProcess
WaterWater
CoolerCooler

FuelFuel
CellCell

CoolerCooler

2001 Baseline2001 Baseline

5.9 2.0 76

19 7 11

0.31 0.30 6.90

0.53 0.51 0.56

31 33 102

84 41 190

11 8 10

30 10 184

225

∆Pair side

Appendix    Technology Assessment    Thermal Management
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Ambient air temperature and radiator design assumptions have significant
influence over system efficiency and weight.

Heat exchanger performance can be improved by increasing the air flow rate and/or
increasing the allowable pressure drop

However, this increases fan parasitic power which decreases system efficiency
(requires additional fuel cell, radiator, and reformer capacity)

tradeoff between radiator size and size of additional capacity
additional capacity increases overall cost

RAM1 effects could increase air flowrate and allowable pressure drop without
increasing fan parasitic power but can not be assumed at all driving conditions

Increasing the ambient temperature increased system size in two ways:
Increased fan power reduced system efficiency (requires additional fuel cell, radiator,
and reformer capacity) and increased system cost

The mass flowrate of air required in the fan increases inversely proportional to the
difference in air inlet and outlet temperatures2

Lower LMTD3 resulted in a larger radiator
Required heat exchanger area is inversely proportional to LMTD
LMTD decreased with a higher cold side (air) inlet temperature
LMTD would decrease even further if we allowed the cold side (air) outlet
temperature to increase as well

Appendix    Technology Assessment    Thermal Management

1 The ram effect is forced air cooling resulting from vehicle motion.
2 We assumed the air outlet temperature was the same for both baselines, less the radiator weight increase even further (see LMTD discussion).
2 LMTD = log mean temperature difference.
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Advanced compact designs could significantly reduce the size of the
radiator.

Light-weight, foam-based heat exchanger designs have potential to significantly
decrease heat exchanger size and weight

Experimental results at ORNL have shown heat transfer coefficients of up to 3500
W/m2K, compared to a typical shell in tube coefficient of 250 W/m2K
Higher heat transfer coefficients could result in significant size and weight
reductions
ORNL plans to demonstrate a foam-based radiator with >50% improvement in heat
transfer weight ratio

Other advanced heat exchanger design options include enhanced fins, finned flat
tubing with or without enhanced fins, and Modine PF

Higher pressure drops in these radiators may require replacing the radiator fan with
additional air compressor capacity

Foam-based radiators may require higher pressure compression, but the required
mass flowrate of air will be decreased
An efficiency and cost analysis is required to evaluate the system tradeoffs

Appendix    Technology Assessment    Thermal Management
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There must be a startup battery of considerable capacity to provide power
to the fuel processor during its warm-up period.

It is not intended to power the drive motor during the fuel processor’s
warm-up period

A hybrid battery for transient power during driving and regenerative
braking, would be a separate battery with a different design

The cost model uses six batteries, assuming no expander output
available during start-up.

Appendix    Technology Assessment    Start-up Battery

No Expander OutputNo Expander Output
14.9 kW 2.5 kWh14.9 kW 10 minutes parasitic loads

Less 10 minutes expander

(1.4 kW) (0.2 kWh)Less 8 minutes radiator fan

13.5 kw 2.2 kwhnet

5.5# of 12 VDC, 40 Amp-hr batteries
discharged to 80% (25% margin)
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Appendix    Cost Modeling    Fuel Cell Stack Cost Breakdown

The electrolyte membrane and electrodes dominate the cost of the fuel
cell stack.

Mtl Cost 
($/m2)

Process 
Cost 
($/m2)

Total Cost 
($/m2)

Unit Cell 
Weight/Ar
ea (g/cm2)

Anode GDL $13.71 $0.65 $14.37 0.036 8.51 $311 $15 $326 $7
Anode Active Layer $88.64 $2.35 $90.99 0.002 0.09 $2,012 $53 $2,065 $41
Electrolyte $118.56 $3.38 $121.94 0.008 1.79 $2,691 $77 $2,767 $55
Cathode Active Layer $84.32 $2.24 $86.56 0.002 0.00 $1,914 $51 $1,965 $39
Cathode GDL $13.71 $0.65 $14.37 0.036 8.78 $311 $15 $326 $7

$318.95 $9.28 $328.23 0.084 19.17 $7,238 $211 $7,449 $149
$19.01 $4.34 $23.34 0.288 66.01 $431 $98 $530 $11
$20.75 $2.94 $23.70 0.635 72.83 $471 $67 $538 $11

2.52 $144 $18 $162 $3
4.44 $10 $13 $22 $0.4
2.77 $3 $4 $8 $0
1.80 $21 $23 $44 $1
7.11 $23.3 $28.9 $52.2 $1.04
4.37 $38 $2 $40 $1

$190 $190 $4
$358.71 $16.56 $375.27 0.546 181.01 $8,380 $655 $9,035 $181

Total Fuel 
Cell 

Module 
Cost 

($/kW)

Total Fuel 
Cell 

Module 
Weight

Total Fuel 
Cell 

Module 
Mtl Cost 

($)

Total Fuel 
Cell 

Module 
Process 
Cost ($)

Total Fuel 
Cell 

Module 
Cost ($)

Active Area Basis1

Total Unit Cell

MEA

Gaskets
End Plates

Current Collector
Insulator

Outer Wrap
Tie Bolts

Final Assy

Stack Costs

MEA Total

Bipolar Interconnect2
Bipolar Coolant Plate

1 The fuel cell active area is 75% of the total plate area.
2 Two bipolar plates per unit cell.  Both are included on an active area basis.
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CharacteristicCharacteristic UnitsUnits
Calendar YearCalendar Year

19971997 20002000 20042004

Energy Efficiency @ 25% peak power % 35 40 48

Power Density W/L 200 250 300

Specific Power W/kg 200 250 300

Cost $/kW 300 150 50

Startup to full power min 2 1 0.5

Transient Response (time from 10 to 90% power) sec 30 20 10

Emissions <Tier 2 < Tier 2 < Tier 2

Durability hour 1000 2000 5000

Appendix    PNGV Goals*    Integrated System Targets

The listed goals pertain to a gasoline fueled flexible fuel system which
includes fuel processor, fuel cell stack, and auxiliaries but excludes the
gasoline tank and DC-DC converter.

*The PNGV goals have been revised but not formally released. The table contains the original milestones.
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CharacteristicCharacteristic UnitsUnits
Calendar YearCalendar Year

19971997 20002000 20042004

Stack system power density (net power) W/L 300 350 500

Stack system specific power W/kg 300 350 500

Stack system efficiency @ 25% peak power % 50 55 60

Stack system efficiency @ peak power % 40 44 48

Precious metal loading g/peak
kW 2.0 0.9 0.2

Cost (500,000 units per year) $/kW 200 100 35

Durability (< 5% power degradation) hour >1000 >2000 >5000

Cold Startup to max. power 20oC min 2 1 0.5

CO tolerance (steady state) ppm 10 100 1000

CO tolerance (transient) ppm 100 500 5000

Appendix    PNGV Goals    Fuel Cell Stack Targets

The PNGV stack definition also includes fuel cell ancillaries: i.e., heat,
water, air management systems
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CharacteristicCharacteristic UnitsUnits
Calendar YearCalendar Year

19971997 20002000 20042004

Energy efficiency % 70 75 80

Power Density W/L 400 600 750

Specific Power W/kg 400 600 750

Cost (500,000 units per year) $/kW 50 30 10
Transient response (time from 10 to 90%

power) sec 30 20 10

Start-up to full power min 2.0 1 0.5

Durability (< 5% power degradation) hour >1000 >2000 >5000

H2S content in product stream
NH3 content in product stream ppm 0

<10
0

<10
0

<10

Appendix    PNGV Goals    Fuel-Flexible Fuel Processor Targets

The fuel processor includes controls, shift reactors, CO clean-up, and heat
exchangers.

CO content steady state ppm 100 10 10

CO content transient ppm 5000 500 100
Fuel Processor efficiency = total fuel cell system efficiency/fuel cell stack system efficiency, where total fuel cell system efficiency accounts for
thermal integration


