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Foreword

Energy security is fundamental to the mission of the U.S. Department of Energy (DOE) and hydrogen fuel cell
vehicles have the potential to eliminate the need for oil in the transportation sector. Fuel cell vehicles can
operate on hydrogen, which can be produced domestically, emitting less greenhouse gasses and pollutants than
conventional internal combustion engine (ICE), advanced ICE, hybrid, or plug-in hybrid vehicles that are tethered
to petroleum fuels. A diverse portfolio of energy sources can be used to produce hydrogen, including nuclear,
coal, natural gas, geothermal, wind, hydroelectric, solar, and biomass. Thus, fuel cell vehicles offer an
environmentally clean and energy-secure transportation pathway for transportation.

Fuel cell systems will have to be cost-competitive with conventional and advanced vehicle technologies to gain
the market-share required to influence the environment and reduce petroleum use. Since the light duty vehicle
sector consumes the most oil, primarily due to the vast number of vehicles it represents, the DOE has established
detailed cost targets for automotive fuel cell systems and components. To help achieve these cost targets, the
DOE has devoted research funding to analyze and track the cost of automotive fuel cell systems as progress is
made in fuel cell technology. The purpose of these cost analyses is to identify significant cost drivers so that R&D
resources can be most effectively allocated toward their reduction. The analyses are annually updated to track
technical progress in terms of cost and to indicate how much a typical automotive fuel cell system would cost if
produced in large quantities (up to 500,000 vehicles per year).

The capacity to produce fuel cell systems at high manufacturing rates does not yet exist, and significant
investments will have to be made in manufacturing development and facilities in order to enable it. Once the
investment decisions are made, it will take several years to develop and fabricate the necessary manufacturing
facilities. Furthermore, the supply chain will need to develop which requires negotiation between suppliers and
system developer, with details rarely made public. For these reasons, the DOE has consciously decided not to
analyze supply chain scenarios at this point, instead opting to concentrate its resources on solidifying the tangible
core of the analysis, i.e. the manufacturing and materials costs.

The DOE uses these analyses as tools for R&D management and tracking technological progress in terms of
cost. Consequently, non-technical variables are held constant to elucidate the effects of the technical variables.
For example, the cost of platinum is held at $1,100 per troy ounce to insulate the study from unpredictable and
erratic platinum price fluctuations. Sensitivity analyses are conducted to explore the effects of non-technical
parameters.

To maximize the benefit of our work to the fuel cell community, DTl strives to make each analysis as
transparent as possible. The transparency of the assumptions and methodology serve to strengthen the validity
of the analysis. We hope that these analyses have been and will continue to be valuable tools to the hydrogen
and fuel cell R&D community.
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1. Overview

This report is the third annual update of a comprehensive automotive fuel cell cost analysis* conducted by
Directed Technologies, Inc. (DTI), under contract to the US Department of Energy (DOE). The first report,
hereafter called the “2006 cost report,” estimated fuel cell system cost for systems produced in the years 2006,
2010, and 2015. The 2007 Update report incorporated technology advances made in 2007 and re-appraised
system costs for 2010 and 2015. It was based on the earlier report and consequently the structure and much of
the approach and explanatory text was repeated. The 2008 Update report followed suit, and this 2009 Update
report is another annual reappraisal of the state of technology and corresponding fuel cell system costs. The
reader is directed to section 3.1 for a high-level summary of the major changes between the 2008 and 2009
updates.

In this multi-year project conducted for the US Department of Energy, DTI estimates the material and
manufacturing cost of complete 80 kW, direct hydrogen Proton Exchange Membrane (PEM) fuel cell systems
suitable for powering light duty automobiles. The system costs were estimated for three different technology
levels; one “current” system that reflects 2009 technology, one system based on predicted 2010 technology, and
another system based on predicted 2015 technology. To assess the cost benefits of mass manufacturing, five
annual production rates were examined: 1,000, 30,000, 80,000, 130,000, and 500,000 systems per year.

A Design for Manufacturing and Assembly (DFMA) methodology is used to prepare the cost estimates.
However, departing from DFMA standard practice, a markup rate to account for the business expenses of general
and administrative (G&A), R&D, scrap, and profit, is not currently included in the cost estimates. In previous
system cost estimates conducted by DTI, there was an additional 10% cost contingency, but that has not been
included in this study.

In general, the system designs do not change with production rate, but material costs, manufacturing
methods, and business-operational assumptions vary. Cost estimation at very low manufacturing rates (1,000
systems per year) presents particular challenges. Traditional low-cost mass-manufacturing methods are not cost-
effective due to high per-unit setup and tooling costs and less defined, less automated operations are typically
employed. For some repeat parts within the fuel cell stack, such as the membrane electrode assemblies (MEAs)
and the bipolar flow plates, so many pieces are needed for each system that even at low system production rates
(1,000/year), hundreds of thousands of individual parts are needed annually. Thus for these parts, mass-
manufacturing cost reductions are achieved even at low system production rates. However, other fuel cell stack
components (such as end plates and current collectors), and all balance of plant (BOP) equipment (such as
compressors, hoses and valves), do not benefit from this manufacturing multiplier effect.

The 2009 system reflects the authors’ best estimate of current technology and (with few exceptions?) is not
based on proprietary information. Public presentations by fuel cell companies and other researchers along with
extensive review of the patent literature are used as the basis for much of the design and fabrication
technologies. Consequently, the presented information may lag behind what is being done “behind the curtain”
in fuel cell companies. Nonetheless, the current technology system provides a benchmark against which the
impact of future technologies can be compared. Taken together, the analysis of these three systems
(2009, 2010, and 2015) provides a good sense of the range of costs that are possible for mass produced,
automotive fuel cell systems and of the dependence of cost on system performance, manufacturing, and
business-operational assumptions.

! “Mass Production Cost Estimation for Direct H, PEM Fuel Cell Systems for Automotive Applications,” Brian D. James & Jeff Kalinoski,
Directed Technologies, Inc., October 2007.

’The following components were modeled based on proprietary information that cannot be fully disclosed:
e  Bipolar plate coatings - TreadStone Technologies, Inc.
e  Turbocompressor - Honeywell
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2. Project Approach

The three systems examined (2009 technology, 2010 technology, and 2015 technology) do not reflect the
design of any one manufacturer but are composites of the best elements from a number of designs. All three
systems were normalized to a system output power of 80 kW, although their gross powers were derived
independently, based on the parasitic load from the balance of plant components, using an oxidant
stoichiometry® of 2.0-2.5. The stack efficiency at rated power for all three systems is pegged at 55%, to match the
DOE target value. Multiplying this by the theoretical open circuit cell voltage (1.229 V) yields a cell voltage of
0.676 V at peak power. Stack pressure levels (at peak power) are projected to decrease with time, and were set
at 1.69, 1.69, and 1.5 atm®® for the 2009, 2010, and 2015 systems respectively.

The main fuel cell subsystems included in this analysis are:
e Fuel cell stacks
e Fuel supply (but not fuel storage)
e Airsupply
e Humidifier and water recovery loop
e Coolant loop

e Fuel cell system controller and sensors

Fuel cell system mounting frames
Some vehicle electrical system components explicitly excluded from the analysis include:

Main vehicle battery or ultra capacitor®

e Electric traction motor (that drives the vehicle wheels)
e Traction inverter module (TIM) (for control of the traction motor)

e Vehicle frame, body, interior, or comfort related features (e.g., driver’s instruments, seats, and
windows).

Many of the components not included in this study are significant contributors to the total fuel cell vehicle
cost, but their design and cost are not necessarily dependent on the fuel cell configuration or operating

3 Air stoichiometry is 2.5 for 2009 and 2010, and drops to 2.0 for 2015.

*The systems operate at these pressures (for both the air and hydrogen streams) at peak power. Because a centrifugal air compressor
(for the 2010 and 2015 technology systems) is used to achieve air pressurization, cathode pressure is less than the full pressure at system
part power.

’In previous years of the analysis (2006-2008), there was a wider spread of projected stack operating pressures for each of the
technology levels, typically 1.5-2.3 atm. However, as will be discussed within the report, polarization curve improvements during 2009
caused stack pressure to be re-optimized, resulting in a lowering of stack pressure.

® Fuel cell automobiles may be either “pure-breds” or “hybrids” depending on whether they have battery (or ultracapacitor) electrical
energy storage or not. This analysis only addresses the cost of an 80 kW fuel cell power system and does not include the cost of any peak-
power augmentation or hybridizing battery.
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conditions. The fuel cell system is the power plant that could be used in a variety of vehicle body types and drive
configurations, all of which could have a different cost structure.

As mentioned above, the costing methodology employed in this study is the Design for Manufacture and
Assembly technique (DFMA). The Ford Motor Company has formally adopted the DFMA process as a systematic
means for the design and evaluation of cost optimized components and systems. These techniques are powerful
and are flexible enough to incorporate historical cost data and manufacturing acumen that have been
accumulated by Ford since the earliest days of the company. Since fuel cell system production requires some
manufacturing processes not normally found in automotive production, the formal DFMA process and DTI’s
manufacturing database are buttressed with budgetary and price quotations from experts and vendors in other
fields. Itis possible to choose cost-optimized manufacturing processes and component designs and accurately
estimate the cost of the resulting products by combining historical knowledge with the technical understanding of
the functionality of the fuel cell system and its component parts.

The cost for any component analyzed via DFMA techniques includes direct material cost, manufacturing cost,
assembly costs, and markup. Direct material costs are determined from the exact type and mass of material
employed in the component. This cost is usually based upon either historical volume prices for the material or
vendor price quotations. In the case of materials not widely used at present, the manufacturing process must be
analyzed to determine the probable high-volume price for the material. The manufacturing cost is based upon
the required features of the part and the time it takes to generate those features in a typical machine of the
appropriate type. The cycle time can be combined with the “machine rate,” the hourly cost of the machine based
upon amortization of capital and operating costs, and the number of parts made per cycle to yield an accurate
manufacturing cost per part. The assembly costs are based upon the amount of time to complete the given
operation and the cost of either manual labor or of the automatic assembly process train. The piece cost derived
in this fashion is quite accurate as it is based upon an exact physical manifestation of the part and the technically
feasible means of producing it as well as the historically proven cost of operating the appropriate equipment and
amortizing its capital cost. Normally (though not in this report), a percentage markup is applied to the material,
manufacturing, and assembly cost to account for profit, general and administrative (G&A) costs, research and
development (R&D) costs, and scrap costs. This percentage typically varies with production rate to reflect the
efficiencies of mass production. It also changes based on the business type and on the amount of value that the
manufacturer or assembler adds to the product. (Markup rate is discussed in more detail in section 4.3)

Cost analyses were performed for mass-manufactured systems at five production rates: 1,000, 30,000, 80,000,
130,000, and 500,000 systems per year. System designs did not change with production rate, but material costs,
manufacturing methods, and business-operational assumptions (such as markup rates) often varied. Fuel cell
stack component costs were derived by combining manufacturers’ quotes for materials and manufacturing with
detailed DFMA-style analysis.

For some components (e.g. the bipolar plates and the coolant and end gaskets), multiple designs or
manufacturing approaches were analyzed. The options were carefully compared and contrasted, then examined
within the context of the rest of the system. The best choice for each component was included in one or more of
the three baseline configurations (the 2009, 2010 and 2015 technology systems). Because of the
interdependency of the various components, the selection or configuration of one component sometimes affects
the selection or configuration of another. In order to handle these combinations, the model was designed with
switches for each option, and logic was built in that automatically adjusts variables as needed. As such, the reader
should not assume that accurate system costs could be calculated by merely substituting the cost of one
component for another, using only the data provided in this report. Instead, data provided on various component
options should be used primarily to understand the decision process used to select the approach selected for the
baseline configurations.
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3. Summary of Results

Complete fuel cell power systems are configured to allow assembly of comprehensive system Bills of Materials.
A configuration summary for all three technology level systems is shown in Figure 2 below. System flow
schematics for each of the systems are shown in Figure 3, Figure 4, and Figure 5. Note that for clarity, only the
main system components are identified in the flow schematics. The reader is directed to the full bill of materials
for a comprehensive listing of system elements.

3.1. Changes since the 2008 Update Report

This report represents the third annual update of the 2006 DTl fuel cell cost estimate report’ under contract
to the DOE. The 2006 report (dated October 2007) documented cost estimates for fuel cell systems based on
projected 2006, 2010, and 2015 technologies. Like the 2007 and 2008 updates before it, this annual report
updates the previous work to incorporate advances made over the course of 2009. These advances include new
technologies, improvements and corrections made in the cost analysis, and alterations of how the 2010 and 2015
systems are likely to develop.

Noteworthy changes from the 2008 Update report are listed below:

o Power Density and Catalyst Loading Changes: Catalyst loading affects stack polarization
performance, which in turn affects power density and stack cost. Consequently, multiple catalyst

loading levels should be examined to determine which leads to lowest system cost. For the 2009
technology status, a different catalyst loading/power density design point is selected for the cost
analysis; catalyst loading is decreased from 0.25 mgPt/cm? to 0.15 mgPt/cm?” and power density is
increased from 715 mW/cm?to 833 mW/cm?between 2008 and 2009 respectively. The combined
effect of these changes was a decrease in system cost by roughly $10/kW.: (2009 technology, at
500,000 systems/year). These dramatic improvements are made possible by the switch to 3M’s
NanoStructured Thin Film catalyst application process (see section 4.4.3 for full details).

The catalyst loading and power density specified for the 2010 and 2015 technologies (previously
based on DOE targets) are also updated from last year’s estimates. For 2010, the catalyst loading
drops from 0.30 to 0.15 mg PGM/cm?, but the power density drops from 1,000 to 900 mW/cm?, which
yields a net cost savings of roughly $4.50/kW,... For 2015, the power density remains at 1,000
mW/cm?, and the catalyst loading drops to 0.15 mg PGM/cm’ from 0.10 mgPGM/cm?. The reason
that all three technologies use the same catalyst loading is that 0.15 mg/cm?” is low enough that the
catalyst no longer dominates the stack cost, and is approaching levels where the uniformity of the
coating is at risk. As such, it is likely that the catalyst loading will not drop significantly below this
value, while improvements in the technology focus on other metrics, such as durability and improved
power density.

e “Current Technology” Schematic Changes to Match 2010 System: The “current technology” (2009)
system schematic has been dramatically simplified, and is now identical to the 2010 schematic, which

has only changed slightly since the previous year. This simplification is detailed in the changes listed
below.

7 “Mass Production Cost Estimation for Direct H, PEM Fuel Cell Systems for Automotive Applications”, Brian D. James, Jeff
Kalinoski, Directed Technologies Inc., October 2007.
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e Membrane Humidifier Replaces Water-Spray Humidification: Based on discussion with fuel cell
manufacturers, we judge membrane humidifier to be sufficiently mature to include in the 2009

system. Consequently, a membrane humidifier has been added in place of the previous water spray
humidifier. This allows significant system simplification by removing the water recovery loop and the
exhaust loop. The membrane humidifier analysis was also greatly improved, and is now a bottom-up
DFMA analysis. The 2015 system remains un-humidified. (Section 4.5.3)

e Nanostructured Thin Film (NSTF) Catalyst Application: This replaces the die-slot application method

previously modeled on the Coatema VertiCoater. Although the NSTF application costs per square
centimeter are on par with the VertiCoater method, the NSTF technology facilitates the
improvements noted above in the power density and catalyst loadings, resulting in a large cost
savings. (Section 4.4.3)

e System Operating Point Adjusted to Match 3M Design Conditions: In order to properly account for
the changes involved with switching to the NSTF technology, the system design point had to be

adjusted to match the 3M design conditions. The air stoichiometry was increased to 2.5, the pressure
was dropped to 1.69 atm, and the membrane humidifier was enlarged accordingly.

e One Stack Per System: Based on the advice of the Fuel Cell Technical Team, the system has been
changed from using two 40 kW, stacks to using a single 80 kW, stack. Previously there was concern
that a single stack would be impractically long, but the improved power density of the system and
further consultation with stack suppliers eliminated this concern. This halves the part count for the
end-of-stack components such as the endplates and current collectors, and also simplifies the routing
of wires and ducting, resulting in a lower system cost.

e (Capital Cost for Stack Conditioning Test Stand: The capabilities required of the test stand changed
due to the decrease in the number of stacks per system (from two to one) and coincided with a
suggestion from the Fuel Cell Independent Review Panel that the capital cost of the stack conditioning
be re-examined. After consultation with a fuel cell test stand manufacturer, test stand capital cost
was increased and the total number of stacks simultaneously tested per stand was re-optimized.
(Section 4.4.13)

¢ Inline Filter for Gas Purity Excursions: The Independent Review Panel suggested a filter be added in
order to protect the stack from any contaminants in the fuel.

o Flow Diverter Valve: The Independent Review Panel also suggested that a new flow diverter valve be
added to the hydrogen line just upstream of the ejectors to ensure adequate control of the re-
circulating hydrogen gas.

Figure 1 shows the major changes from the 2008 update and the subsequent affects on system cost.
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2009 2010 2015
Change Reason 4/ System 4/ System 4/ System
Cost Cost Cost
Final 2008 Value $75.07 $61.79 $50.59
Switched to 833 mW/cm® and 0.15 [Technology improvement,| (510.28) | $64.79 (54.58) $57.21 (52.16) $48.43
Switched 2009 from water spray  [Technology improvement,
humidification to Membrane new improved Membrane| ($3.02) $61.77 (52.72) $54.48 NA $48.43
Humidifier (like 2010 system) Humidifier analysis
Switched from VertiCoater to NSTF 2'::; Z‘:‘ter technology | «)03) | s6174 | (¢0.19) | $5420 | (¢031) | $as.13
yz
!\nlscellaneous adjustments & f)pportumtles fo.r $0.06 $61.80 $0.81 $55.10 $0.63 $48.76
improvements improved analysis
E L i
Removed the Exhaust Loop from |Not needed Wltl:l N ($1.42) $60.38 NA $55.10 NA $48.76
the 2009 system membrane humidifier
Switched to 1 stack/system Tech. Team suggestion ($0.55) $59.83 ($0.50) $54.60 (50.44) $48.31
Capital cost for Stack Conditioning |Independent Review $0.10 $59.93 $0.08 $54.68 $0.06 $48.37
New Inline Filter for Gas Purit Independent Review
. v P . $0.28 $60.21 $0.28 $54.96 $0.28 $48.66
Excursions Panel suggestion
. Independent Review
New Flow Diverter Valve P ) $0.19 $60.40 $0.19 $55.15 $0.19 $48.84
Panel suggestion
Updated to Honeywell cost Significant cost estimate $0.19 $60.59 NA $55.15 NA $48.84
estimate for CEM & Motor improvement, much ’ ’ ’ :
Corrected to 3M design conditions [Performance
(2.5 air stoichiometry, 1.69 atm), |charateristics now tied to $0.37 $60.96 $1.65 $56.80 $0.74 $49.58
Membrane Humidifier enlarged appropriate polarization
Honeywell Designs 3 and 6 applied .
New Analysis . . . . .
to 2010 and 2015 respectively v NA $60.96 (50.56) $56.24 20.98 $50.56
o Adjusted for closer match
Changed temperature to 95 C NA $60.96 $0.12 $56.36 NA $50.56
to current status
Changed 2010 operating pressure
& P Ep To match 2009 value NA $60.96 | (50.20) | $56.16 NA $50.56
from 1.91 to 1.69

Figure 1. Changes in system costs from 2009 update
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2009 Technology 2010 Technology 2015 Technology
System System System
Power Density (MW/cm?) 833 900 1,000
Total Pt loading (mgPt/cm?) 0.15 0.15 0.15
Operating Pressure (atm) 1.69 1.69 1.5
Peak Stack Temp. (°C) 80 95 120
Membrane Material Nafion on ePTEE Advanced High-Temperature Advanced High-Temperature
Membrane Membrane

Radiator/Cooling System

Aluminum Radiator,
Water/Glycol coolant,
Dl filter

Smaller Aluminum Radiator,
Water/Glycol coolant,
Dl filter

Smaller Aluminum Radiator,
Water/Glycol coolant,
Dl filter

Bipolar Plates

Stamped SS 316L with Coating

Stamped SS 316L with Coating

Stamped SS 316L with Coating

Air Compression

Centrifugal Compressor,
Radial Inflow Expander

Centrifugal Compressor,
Radial Inflow Expander

Centrifugal Compressor,
No Expander

Gas Diffusion Layers

Carbon Paper Macroporous Layer
with Microporous layer applied on
top

Carbon Paper Macroporous Layer
with Microporous layer applied on
top

Carbon Paper Macroporous Layer
with Microporous layer applied on
top

Catalyst Application

Nanostructured Thin Film (NSTF)

Nanostructured Thin Film (NSTF)

Nanostructured Thin Film (NSTF)

Air Humidification Polyamide Membrane Polyamide Membrane None
Hydrogen Humidification None None None
Exhaust Water Recovery None None None

MEA Containment

Injection molded LIM
Hydrocarbon MEA Frame/Gasket
around Hot-Pressed M&E

Injection molded LIM
Hydrocarbon MEA Frame/Gasket
around Hot-Pressed M&E

Injection molded LIM
Hydrocarbon MEA Frame/Gasket
around Hot-Pressed M&E

Coolant & End Gaskets

Laser Welding/
Screen-Printed Adhesive Resin

Laser Welding/
Screen-Printed Adhesive Resin

Laser Welding/
Screen-Printed Adhesive Resin

Freeze Protection

Drain water at shutdown

Drain water at shutdown

Drain water at shutdown

Hydrogen Sensors

2 H, sensors (for FC sys),
1 H, sensor (for passenger cabin;
notin cost estimate),
1 H, sensor (for fuel sys; notin
cost estimate)

1 H, sensor (for FCsys),
1 H, sensor (for passenger cabin;
notin cost estimate),
1 H, sensor (for fuel sys; not in
cost estimate)

No H, sensors

End Plates/Compression
System

Composite molded end plates
with compression bands

Composite molded end plates
with compression bands

Composite molded end plates
with compression bands

Stack/System Conditioning

5 hours of power conditioning

4 hours of power conditioning

3 hours of power conditioning

Figure 2. Summary chart of the three different systems analyzed
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Not Included in
Cost Analysis

2008 (last year)

H, Diverter
Valve

Compressed
Hydrogen Tank

atic Proportional Pressure
Control Valve Y

alve Transducer

H, Purge Valve High-Flow H, Ejector
¢ Iﬁ A gl

: Exhaust Gas
Anode Low-Flow H, Ejector to Tail Pipe
Exhaust Reactant Air
Water Water DI Water
Purge Filter Pump
g ;
*+ —
FC Stacks o chac R
— m ecl Ir Mass
= . " Flow Moto Expander
= - Sensor
- - Compressor
Cathode : 3 De-mister . Water Spray
Exhaust Air Humidifier
Stack
Thermocouples
Thermocouple
A S Water
Y Sump Condenser
Coolant P“"‘Et !
DI Filter High-Temp ... | Level
Radiator System Sensor
Coolant Coolant
\ =2 / Reservoir Pump
Thermostat E g Exthiaer 1
& Valve xhaust Loop
o "3:_'3:1&; only 67% Included
Coolant Bypass in Cost Analysis
Low Temperature
Radiator

Figure 3. Flow schematic of the 2008 80 kW,,.; direct H, fuel cell system

The “current technology” system from last year (2008) is a fairly standard direct hydrogen, pressurized air fuel
cell system configuration. It is shown here in order to illustrate the evolution of the system design. Its main
features include:

e 4 separate liquid cooled fuel cell stacks, plumbed in parallel but connected electrically in series

e Atwin lobe air compressor

e Atwin lobe exhaust air expander

e A water spray humidifier to both humidify and cool the inlet cathode air after compression

e Aliquid/gas heat exchanger to condense water in the exhaust stream for recycle to the air humidifier
¢ A high temperature coolant loop of water/ethylene glycol to maintain a stack temperature of ~80°C
e An exhaust loop of water/ethylene-glycol mixture to provide cooling for the exhaust air condenser

0 Only 67% of this loop is included in the system cost, because 1/3 of its function is outside of
the scope of this analysis

e Twin hydrogen ejectors(high flow and low flow) to utilize the high pressure (> 300 psi) pressure in the
hydrogen storage tanks to re-circulate anode hydrogen
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Not Included in
Cost Analysis

2009/2010

Compressed
Hydrogen Tank H, Diverter
Valve
Pneumatic Proportional Pressure
Control Valve Valve Transducer

H, Purge Valve High-Flow H, Ejector
¢ I_g—l_l A g

Low-Flow H, Ejector

Anode

Exhaust Reactant Air

Exhaust Gas
to Tail Pipe

=
K
- FC Stack -
Membrane Air Mass e
Humidifier Flow L2 Expander
Sensor

Compressor

Cathode
Exhaust

Coolant
DI Filter

Radiator System
/ Coolant Coolant

\ =2 Reservoir Pump
Thermostat
& Valve

Coolant Bypass

Figure 4. Flow schematic of the 2009/2010 80 kW, direct H, fuel cell system

As mentioned above, the current (2009) technology system now shares the same system layout as the 2010
system. Other than the switch from two stacks down to one, this is essentially the same layout as the 2010
system from the previous year’s analysis and differs from the 2008 configuration in the following key ways:

e A centrifugal compressor replaces the twin lobe compressor
e A centrifugal expander replaces the twin lobe expander
e A membrane humidifier replaces the water spray humidifier

o The exhaust gas condenser is eliminated (because there is no need to capture liquid water for the
water spray humidifier)

e The low temperature cooling loop is eliminated (because the condenser has been eliminated)
e The high temperature radiator is slightly smaller (because the peak operating temperature of the stack

has been increased and thus there is a larger temperature difference between the coolant and the
ambient temperature)
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H, Pur%e Valve
r

Not Included in

Cost Analysis

Compressed
Hydrogen Tank

Control Valve W

alve

High-Flow H, Ejector

Pressure
Transducer

2015

H, Diverter

Valve

Anode
Exhaust

L

Low-Flow H, Ejector

Coolant
DI Filter

Thermostat
& Valve

Cathode
Exhaust
(to Tail Pipe)

Radiator System

\ &0

- FC Stack -

Air Mass
Flow
Sensor

/ Coolant Coolant

Reservoir Pumi

Coolant Bypass

Figure 5. Flow schematic of the 2015 80 kW,,.; direct H, fuel cell system

The 2015 technology system is marked by the following further key configuration changes:

3.2.

Cost Summary of the 2009 Technology System

Results of the cost analysis of the 2009 technology system at each of the five annual production rates are
shown below. Figure 6 details the cost of the stacks, Figure 7 details the cost of the balance of plant components,

and Figure 8 details the cost summation for the system.

Reactant Air

Air Filter

i

Moto

Compressor

The centrifugal compressor is reduced in size (because the peak cathode air pressure has been further
lowered)

The exhaust air expander is eliminated (because the overall cathode air pressure has been reduced
and therefore the benefits of an expander are diminished)

The membrane humidifier is eliminated (because an advanced PEM membrane that doesn’t require
humidification was assumed to be used)

The radiator is further reduced in size (because the stack peak operating temperature has been further
increased)
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2009

Annual Production Rate 1,000 30,000 80,000 130,000 500,000|
System Net Electric Power (Output) 80 80 80 80 80
System Gross Electric Power (Output) 87.78 87.78 87.78 87.78 87.78
Bipolar Plates (Stamped) $1,711.60 $437.58 $445.12 $436.92 $433.16
MEAs
Membranes $5,021.09 $896.18 $556.74 $435.97 $229.58
Catalyst Ink & Application $1,239.51 $688.85 $684.14 $683.05 $682.40
GDLs $1,775.53 $1,102.39 $685.71 $528.33 $236.94
M & E Hot Pressing $71.26 $7.09 $6.80 $6.74 $6.63
M & E Cutting & Slitting $55.67 $3.33 $2.20 $1.94 $1.63
MEA Frame/Gaskets $246.49 $402.64 $392.84 $390.36 $378.96
Coolant Gaskets (Laser Welding) $184.93 $26.41 $29.35 $27.32 $25.47
End Gaskets (Screen Printing) $149.05 $5.07 $1.96 $1.25 $0.54
End Plates $87.12 $33.29 $28.67 $26.00 $19.70
Current Collectors $16.67 $7.12 $5.93 $5.49 $5.02
Compression Bands $10.00 $8.00 $6.00 $5.50 $5.00
Stack Assembly $76.47 $40.60 $34.88 $33.56 $31.99
Stack Conditioning $168.82 $53.31 $46.71 $40.98 $27.83
Total Stack Cost $10,814.21 $3,711.86 $2,927.06 $2,623.40 $2,084.85
Total Cost for All Stacks $10,814.21 $3,711.86 $2,927.06 $2,623.40 $2,084.85
Total Stack Cost ($/KW pet) $135.18 $46.40 $36.59 $32.79 $26.06
Total Stack Cost ($/ng,°ss) $123.20 $42.29 $33.35 $29.89 $23.75
Figure 6. Detailed stack cost for the 2009 technology system
2009
Annual Production Rate 1,000 30,000 80,000 130,000 500,000
System Net Electric Power (Output) 80 80 80 80 80
System Gross Electric Power (Output) 87.78 87.78 87.78 87.78 87.78
Mounting Frames $100.00 $43.00 $33.00 $30.00 $30.00
Air Loop $1,766.63 $1,039.96 $888.27 $860.44 $835.10
Membrane Humidifier $1,083.60 $258.47 $153.65 $117.47 $61.71
Coolant Loop (High Temperature) $606.04 $516.79 $447.92 $423.05 $390.70
Fuel Loop $944.04 $756.38 $593.84 $557.79 $494.64
System Controller/Sensors $326.44 $266.60 $250.27 $241.57 $217.63
Hydrogen Sensors $1,673.39 $862.29 $629.98 $513.83 $196.87
Miscellaneous $882.63 $670.53 $539.33 $511.63 $454.84
Total BOP Cost $7,382.76  $4,414.01  $3,536.27  $3,255.77  $2,681.50
Total BOP Cost ($/kW,.t) $92.28 $55.18 $44.20 $40.70 $33.52
Total BOP Cost ($/ngr°ss) $84.10 $50.28 $40.29 $37.09 $30.55

Figure 7. Detailed balance of plant cost for the 2009 technology system
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2009
Annual Production Rate 1,000 30,000 80,000 130,000 500,000]
System Net Electric Power (Output) 80 80 80 80 80
System Gross Electric Power (Output) 87.78 87.78 87.78 87.78 87.78
Fuel Cell Stacks $10,814.21 $3,711.86 $2,927.06 $2,623.40 $2,084.85
Balance of Plant $7,382.76 $4,414.01 $3,536.27 $3,255.77 $2,681.50
System Assembly & Testing $156.76 $112.51 $110.58 $110.72 $110.34
Total System Cost $18,353.73 $8,238.38 $6,573.90 $5,989.89 $4,876.69
Total System Cost ($/kW pet) $229.42 $102.98 $82.17 $74.87 $60.96
Total System Cost ($/kWgross) $209.09 $93.85 $74.89 $68.24 $55.56

Figure 8. Detailed system cost for the 2009 technology system

3.3.

Cost Summary of the 2010 Technology System

Results of the cost analysis of the 2010 technology system at each of the five annual production rates are
shown below. Figure 9 details the cost of the stacks, Figure 10 details the cost of the balance of plant
components, and Figure 11 details the cost summation for the system.

2010
Annual Production Rate 1,000 30,000 80,000 130,000 500,000|
System Net Electric Power (Output) 80 80 80 80 80
System Gross Electric Power (Output) 87.78 87.78 87.78 87.78 87.78
Bipolar Plates (Stamped) $1,689.62 $416.98 $422.19 $416.33 $412.59
MEAs
Membranes $4,811.17 $863.12 $534.52 $417.78 $218.58
Catalyst Ink & Application $1,189.19 $639.02 $634.28 $633.23 $631.55
GDLs $2,006.84 $1,021.65 $636.18 $490.26 $220.48
M & E Hot Pressing §71.26 $7.09 $6.80 $6.73 $6.63
M & E Cutting & Slitting $55.67 $3.33 $2.19 $1.94 $1.63
MEA Frame/Gaskets $523.43 $370.42 $361.45 $359.07 $348.62
Coolant Gaskets (Laser Welding) $184.65 $26.32 $24.85 $27.22 $24.67
End Gaskets (Screen Printing) $149.04 $5.07 $1.96 $1.25 $0.53
End Plates $83.06 $29.95 $26.20 $23.92 $18.29
Current Collectors $15.94 $6.72 $5.58 $5.16 $4.72
Compression Bands $10.00 $8.00 $6.00 $5.50 $5.00
Stack Assembly $76.47 $40.60 $34.88 $33.56 $31.99
Stack Conditioning $166.42 $4173 $37.08 $33.24 $22.26
Total Stack Cost $11,032.77 $3,480.00 $2,734.16 $2,455.19 $1,947.54
Total Cost for All Stacks $11,032.77 $3,480.00 $2,734.16 $2,455.19 $1,947.54
Total Stack Cost (S/kW,e:) $137.91 $43.50 $34.18 $30.69 $24.34
Total Stack Cost ($/kWeross) $125.69 $39.64 $31.15 $27.97 $22.19

Figure 9. Detailed stack cost for the 2010 technology system
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2010
Annual Production Rate 1,000 30,000 80,000 130,000 500,000|
System Net Electric Power (Output) 80 80 80 80 80
System Gross Electric Power (Output) 87.78 87.78 87.78 87.78 87.78
Mounting Frames $100.00 $43.00 $33.00 $30.00 $30.00
Air Loop $1,616.93 $993.69 $851.34 $824.24 $799.94
Membrane Humidifier $1,083.60 $258.47 $153.65 $117.47 $61.71
Coolant Loop (High Temperature) $581.87 $451.54 $386.30 $365.06 $336.33
Fuel Loop $944.04 $756.38 $593.84 $557.79 $494.64
System Controller/Sensors $326.44 $266.60 $250.27 $241.57 $217.63
Hydrogen Sensors $738.26 $361.25 $251.99 $197.85 $49.22
Miscellaneous $871.33 $660.81 $529.84 $502.25 $445.80
Total BOP Cost $6,262.47 $3,791.76 $3,050.25 $2,836.22 $2,435.27
Total BOP Cost ($/kW,.t) $78.28 $47.40 $38.13 $35.45 $30.44
Total BOP Cost ($/ngmss) $71.34 $43.20 $34.75 $32.31 $27.74
Figure 10. Detailed balance of plant cost for the 2010 technology system
2010
Annual Production Rate 1,000 30,000 80,000 130,000 500,000|
System Net Electric Power (Output) 80 80 80 80 80
System Gross Electric Power (Output) 87.78 87.78 87.78 87.78 87.78
Fuel Cell Stacks $11,032.77 $3,480.00 $2,734.16 $2,455.19 $1,947.54
Balance of Plant $6,262.47 $3,791.76 $3,050.25 $2,836.22 $2,435.27
System Assembly & Testing $156.54 $112.33 $110.40 $110.54 $110.16
Total System Cost $17,451.78 $7,384.08 $5,894.81 $5,401.96 $4,492.98
Total System Cost ($/kW,t) $218.15 $92.30 $73.69 $67.52 $56.16
Total System Cost ($/kWgross) $198.81 $84.12 $67.15 $61.54 $51.18

Figure 11. Detailed system cost for the 2010 technology system

3.4.

Cost Summary of the 2015 Technology System

Results of the cost analysis of the 2015 technology system at each of the five annual production rates are

shown below. Figure 12 details the cost of the stacks, Figure 13 details the remaining balance of plant
components, and Figure 14 details the cost summation for the system.

Directed Technologies, Inc.

13



2015
Annual Production Rate 1,000 30,000 80,000 130,000 500,000|
System Net Electric Power (Output) 80 80 80 80 80
System Gross Electric Power (Output) 87.27 87.27 87.27 87.27 87.27
Bipolar Plates (Stamped) $1,660.60 $389.94 $395.17 $387.68 $385.56
MEAs
Membranes $4,521.87 $817.33 $504.04 $392.94 $203.71
Catalyst Ink & Application $1,123.76 $572.60 $567.96 $566.85 $564.08
GDLs $1,848.38 $914.19 $563.61 $439.49 $196.29
M & E Hot Pressing $70.99 $6.82 $6.53 $5.93 $5.94
M & E Cutting & Slitting $56.38 $3.90 $2.77 $2.51 $2.20
MEA Frame/Gaskets $475.85 $329.36 $321.40 $319.16 $309.95
Coolant Gaskets (Laser Welding) $184.25 $26.19 $24.72 $24.38 $23.84
End Gaskets (Screen Printing) $149.04 $5.06 $1.96 $1.24 $0.53
End Plates $77.75 $26.83 $23.41 $21.36 $16.34
Current Collectors $14.98 $6.20 $5.13 $4.74 $4.32
Compression Bands $10.00 $8.00 $6.00 $5.50 $5.00
Stack Assembly $76.47 $40.60 $34.88 $33.56 $31.99
Stack Conditioning $164.02 $34.74 $27.45 $24.74 $16.70
Total Stack Cost $10,434.34 $3,181.76 $2,485.01 $2,230.06 $1,766.45
Total Cost for All Stacks $10,434.34 $3,181.76 $2,485.01 $2,230.06 $1,766.45
Total Stack Cost ($/kWper) $130.43 $39.77 $31.06 $27.88 $22.08
Total Stack Cost ($/ngmss) $119.56 $36.46 $28.47 $25.55 $20.24
Figure 12. Detailed stack cost for the 2015 technology system
2015
Annual Production Rate 1,000 30,000 80,000 130,000 500,000
System Net Electric Power (Output) 80 80 80 80 80
System Gross Electric Power (Output) 87.27 87.27 87.27 87.27 87.27
Mounting Frames $100.00 $43.00 $33.00 $30.00 $30.00
Air Loop $1,440.21 $882.92 $747.69 $722.74 $701.65
Membrane Humidifier $0.00 $0.00 $0.00 $0.00 $0.00
Coolant Loop (High Temperature) $506.36 $397.17 $334.95 $316.73 $291.02
Fuel Loop $944.04 $756.38 $593.84 $557.79 $494.64
System Controller/Sensors $326.44 $266.60 $250.27 $241.57 $217.63
Hydrogen Sensors $0.00 $0.00 $0.00 $0.00 $0.00
Miscellaneous $855.20 $646.95 $516.29 $488.87 $432.91
Total BOP Cost $4,172.26 $2,993.02 $2,476.05 $2,357.68 $2,167.85
Total BOP Cost ($/kW,et) $52.15 $37.41 $30.95 $29.47 $27.10
Total BOP Cost ($/kWgross) $47.81 $34.29 $28.37 $27.01 $24.84

Figure 13. Detailed balance of plant cost for the 2015 technology system
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2015
Annual Production Rate 1,000 30,000 80,000 130,000 500,000|
System Net Electric Power (Output) 80 80 80 80 80
System Gross Electric Power (Output) 87.27 87.27 87.27 87.27 87.27
Fuel Cell Stacks $10,434.34 $3,181.76 $2,485.01 $2,230.06 $1,766.45
Balance of Plant $4,172.26 $2,993.02 $2,476.05 $2,357.68 $2,167.85
System Assembly & Testing $156.54 $112.33 $110.40 $110.54 $110.16
Total System Cost $14,763.14 $6,287.11 $5,071.46 $4,698.29 $4,044.47
Total System Cost ($/kW pnet) $184.54 $78.59 $63.39 $58.73 $50.56
Total System Cost ($/kWgross) $169.16 $72.04 $58.11 $53.83 $46.34

Figure 14. Detailed system cost for the 2015 technology system

3.5. Cost Comparison of All Three Systems

The stack and system costs for all three technology levels are compared in Figure 15 and Figure 16. Stack cost

is seen to range from $123/kWos (1,000 systems/year in 2009) to $20/kW s (500,000 systems/year in 2015).

System cost is seen to range from $229/kW,.: (1,000 systems/year in 2008) to $51/kW,. (500,000 systems/year in
2015). All three technology levels experience an initial steep drop in price with the “knee of the curve”) at around
50,000 systems per year. While each technology level represents a combination of configuration and

performance improvements, the system cost reductions are primarily due to balance of plant configuration
changes, and the stack cost reductions are primarily due to power density and catalyst loading improvements.
Consequently, the cost curves have very similar shapes but vary in amplitude according to cell performance and

loading. Very little stack cost change is observed between 2010 and 2015 because stack performance and catalyst
loadings are not expected to change.
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4. Detailed Assumptions

4.1. System Performance and Operation

The fuel cell stacks contained within each of the three technology level systems are identical in most design
and operational parameters, differing only in active area per cell and stack gross power. However, the stack gross
power is nearly constant- 87.78 kW, 87.78 kW and 87.27 kW for 2009, 2010, and 2015 respectively. The slight
differences are primarily the result of differences in the air compression load, which in turn results from different
air compression approaches and levels of pressurization. Figure 17 details the efficiency, pressure and mass flow
assumptions that were used to calculate expected air compressor motor power. Note that the fuel cell system
needs to supply 80 kW, under all conditions and thus air compression for peak system power must be evaluated
at the most adverse temperature (40°C ambient). Figure 18 summarizes total system parasitic loads.

2009 2010 2015
Compressor
Gross Power kw 87.78 87.78 87.27
Air Mass Flow kg/h 411 411 327
Peak Stack Operating Pressure atm 1.69 1.69 1.69
Compression Ratio atm 1.78 1.78 15
Compression Efficiency % 75% 75% 80%
Ambient Temp °C 40 40 40
Motor/Controller Efficiency % 85% 85% 85%
Expander
Mass Flow kg/h 417 417
Compression Ratio atm 1.48 1.48 No expander
Compression Efficiency % 80% 80% in 2015
Starting Temp °C 80 80 System
Expander Shaft Power Out kw 3.77 3.77
Compression Alone
Compressor Shaft Power Req kW 8.60 8.60 4.40
Compressor Input Power Req kW 10.11 10.11 5.17
Compressor-Expander Unit
CEMInputPower kW | 568 | 568 | 517
Figure 17. Basis of air compressor and expander power
(All values in kW) 2009 | 2010 | 2015
Fuel Cell Gross Electric Power (Output) 87.78 87.78 87.27
System Net Electrical Power (Output) 80 80 80
Air Compressor Motor 5.68 5.68 5.17
Coolant Pump 1.1 1.1 1.1
Coolant Radiator Fan 0.90 0.90 0.90
Exhaust Radiator Fan 0.00 0.00 0.00
Other (Controller, Instruments, etc.) 0.1 0.1 0.1
Total Parasitic Loads 7.78 7.78 7.27

Figure 18. Power production & loads at max. power, under peak ambient temp. operating conditions

Stack design parameters and operating conditions are summarized in Figure 19 and Figure 20. All systems
operate with low single-pass hydrogen utilization but high total utilization due to a hydrogen recirculation loop.
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2009 | 2010 | 2015
Number of Stacks per System 1
Number of Active Cells per Stack* 372
Number of Cooling Cells per Stack* 374
Cell Voltage at Max. Power 0.676
Membrane Power Density at Max. Power (mW/cm?) 833 900 1,000

*This is perhaps misleading, because every plate is halfactive, half cooling (except for the ones that bookend the

stack, which have coolant on one face, and nothing on the other)

Figure 19. Stack design parameters

2009 2010 2015
Peak Operating Pressure (atm) 1.7 1.7 1.5
Cell Temperature (°C) 80 95 120
Oxygen Stoichiometry 2.5 2.5

Anode Gas Stream
Hydrogen Purity
Inlet Temperature (°C)
Relative Humidity
Max (single pass) H, flowrate

99.999% (molar basis)
Ambient + ~10°C
0%
~5.5kg/hr(~1100slpm)

Cathode Gas Stream
Oxygen Purity
Inlet Temperature (°C)
Relative Humidity

Max (single pass) Air flowrate

21% (molar basis)
75°C
50%
~300 kg/hr (~4200s|pm)

Figure 20. Stack operation parameters

The power density (listed in Figure 19) drives the active area used in the stack geometry, so it directly affects
the material quantities, thereby having a major effect on the system cost. This geometry (Figure 21) describes
everything between the end plates. The table in Figure 22 lists the numerical values of these dimensions.
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Figure 21. Cell geometry

M & E Area

(catalyzed area)

v

2009 | 2010 | 2015
Active Area (cm?) 283.28 262.19 234.61
Active Width (cm) 20.61 19.83 18.76
Active Height (cm) 13.74 13.22 12.51
M & E (Catalyzed) Area (cm?) 292.02 269.98 241.18
M & E (Catalyzed) Width (cm) 20.87 20.07 18.97
M & E (Catalyzed) Height (cm) 13.99 13.46 12.72
Total Area (cm?) 354.10 | 327.74 | 293.26
Total Width (cm) 22.56 21.71 20.53
Total Height (cm) 15.69 15.10 14.28
Ratio of Width to Height 1.5 1.5 1.5
Ratio of Active Area to Total Area 0.8 0.8 0.8
Inactive Border (cm) 0.98 0.94 0.89

Figure 22. Cell dimensions

4.2. Manufacturing Cost

Manufacturing cost comprises three elements:

e Machine Costs

e Secondary Operation Costs
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e Tooling Costs

It is defined as the total cost of performing a manufacturing process on a material or component. Machine
cost is the total cost of operating a manufacturing machine (e.g. stamping press, injection-molding machine, lathe,
etc.) and includes amortization of the machine capital cost, machine maintenance, labor and utilities to operate
the machine. Secondary Operation costs are minor process costs incurred in association with a major machine
operation (e.g. anodizing after metal stamping). Expendable tooling (dies, molds, etc.) c