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Overview

Timeline Partners

. e GLWN — Project Lead
* Project Start Date:  06/01/15

, g e Strategic Analysis, Inc.
Project End Date: 05/31/19 e DIW Technologies

e E4tech
Budget Barriers Addressed
Note: Barriers currently under reevaluation
Total Project Budget: $803,253 * A. Lack of high volume MEA

» Total Recipient Share: $337,970 processes {includes catalyst,

membrane, GDL)
e Total Partner Share:  $373,912
e B. Lack of high speed bipolar
Total DOE Funds Spent*: $711,882 plate manufacturing processes

t 3
as of 3/31/16 e K. Lack of low cost fabrication

techniques for storage tanks

e |. Lack of Standardized Balance-
of-Plant Components
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Relevance

* Project falls under the Clean Energy Manufacturing Initiative
(CEMI) mission to increase
o domestic manufacture of clean energy products
o energy productivity

 Competitiveness is largely driven by cost, thus we examine
o Current and projected cost
o Supply chain evolution per feedback from OEM & Suppliers
o Global trade flows

* Qutcome of this project will
o Aid DOE/CEMI in identifying strategic investments
o Lay out prospective future supply chain per feedback
o ldentify technology areas for R&D investment
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Approach

Clean Energy Supply Chain and Manufacturing Competitiveness
Analysis for Hydrogen and Fuel Cells

U.S Department of Energy Project DE-EE-0006935

Task 1: Task 2:
Competitiveness International Fuel
Analysis Cell Trade-Flows
Historic Supply Chain OEM and Supplier :
Analysis Interviews Cost Analysis

Project Summary: To study the state of hydrogen and fuel cell manufacturing, and to
characterize the factors that impact the global competitiveness of fuel cell and hydrogen
related manufacturing
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Approach: Project Methodology

« Historical perspective on automotive supply chain evolution

« Cost analysis to show components contributing most to the final
automotive FC system (AFCS)

« Structured interview process to gather data on the status of
development of different components

« Interviews and plant visits in the most important regions to allow
visualization and in-depth discussion on relevant development needs

* Detailed data on the fuel cell industry, including annual shipment
numbers and different regional support

« Value stream mapping to identify the flows within the relevant
manufacturing processes

v

« Implications for the U.S.
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Approach: Actors by Region; key suppliers;
cost breakdowns

COMPONENT USA Asia Europe
Bipolar Plates 2 2 2
Membrane 1
P— "
i Gas Diffusion Layer 1
ikl Catalyst Ink 1*
North America
Eope Pressure Vessels 1
i Catalyst Ink
Study focused on five key components: >60% of total cost &

application

Catalyst Ink &

T 1k Veh./yr 100k Veh./yr

7% s . 12%
Bipolar Plates Hydrogen
&% Storage
Vessel

Membrane
Membrane
Gas
Diffusion

aay Layer

Bipolar
Plates

CEM & Moto
Catalyst Ink & Controller

Application 10% \
- Other items included in cost but not studied: H, storage balance of system (regulator, valve, tubing, fittings, system controller, and fill port); fuel cell
stack components (gaskets, end plates, current collectors, compression bands, stack insulation housing, stack assembly, stack conditioning); fuel cell
balance of plant (CEM & motor controller, H, sensors, coolant & air handling components, fuel system components, humidifier, system controller). See
7| slides 57-58 for further details. 6
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Accomplishments: Industry Scorecard Technology

and Manufacturing Readiness by Region

Global industry ready for 10k systems per year. High volume capabilities need further development

Technology Readiness

Bipolar Plate Catalyst Gas Diffusion layer Membrane

H2 Vessel

us

Asia Asia Asia Asia

EU : us EU us EU - us EU
Japan China Japan China Japan China Japan China

us

Asia

EU

Japan

China

Manufacturing Readiness

Bipolar Plate Catalyst Gas Diffusion layer Membrane

H2 Vessel

us

Asia Asia Asia Asia
EU us EU us EU us EU

Japan China Japan China Japan China Japan China

us

EU

Asia

Japan

China

Readiness Legend:

Currently sufficient to produce to stated demand

ERATE |Capability and capacity exist, although no current production demonstrated at stated demand

MODERATE Requires some advancements or capital investment to produce to stated demand

MOD Requires some advancements capital investment, and no current production demonstrated at stated demand

Requires major advancements or major capital investments to produced to stated demand

GIWNE A pDJwT © Edtech Deparmentf tnerey

TRATICAC ANALYIY Strategy | Energy | Sustainability



Accomplishments: U.S. Competitiveness in
Manufacturing and Innovation

Membrane

lonomer

Support Support
Mod Mod

Manuf.
Potential

Coating
Mod

Innov.
Potential

Catalyst

Manufacturing Potential

High, Medium, or Low potential for U.S. manufacturing
competitiveness due to combination of extent of manufacturing

MODERATE infrastructure, access to appropriate labor, extent of similar or
M enabling businesses/technologies, and overall manufacturing
business climate.

Innovation Potential

RATE
MODERATE

High, Medium, or Low potential for U.S. to be innovative and
advance the state-of-the-art in a given sector due to combination
of existing research focus, extent of research facilities, prevalence

of related technologies, enabling natural resources, and
company/national commitment to development.
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Accomplishments: HFC Jobs & Investment at
100k vehicles (stacks & PV'’s) / year

Direct _

Bipolar Plate (BPP) 30 - 40 $§2&MF2§‘I’§;‘S 37M
000 | Fimcwe | isogn
Cmptiar | s s | Sowcme | 2
Membrane 35-50 $§K/IMF(a:§irl)i§;(s 2.4M m?
Pressure Vessel (PV) 160 — 190 $§ii/IMF(a:2iﬁ§;(s 100,000

Direct Labor Jobs estimates are shown in a range and represents the number of unskilled,
skilled, and line supervisors but does not include other indirect support staff or outside jobs
that are supported by component manufacturers. Outside jobs estimated at 6x.

— ‘ f 9
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Accomplishments: Options to Improve U.S. Fuel
Cell Competitiveness

* No single nation is clearly dominant. Success will depend on the
rapidity and extent of U.S. participation in the global FC marketplace.

U.S. strengths:

 High-technology domestic automotive industry
* Superb innovation ecosystem

* Access to educated workforce

 Reliable & low cost electrical energy supply

U.S. disadvantages:

 Growth in Asia is much faster. Demand will increasingly be met by Asian suppliers,
who then will out-compete U.S. suppliers.

« Lack of Coordinated Incentives/Facilitation
 High Corporate tax rate
* Increasing R&D Investments outside the U.S.

Options include:
*  Further demand-side support to help ‘pull through’ supplier base
- Support for strategic, job creating and high value added manufacturing

(=D D fE 10
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Accomplishments: 2014 — 2015 Fuel Cell
Market Data — E4tech (continuing 2016, 2017)

By application By region of manufacture By fuel cell technology
70 70 70
60 - 60 60 -
W Transport B RoW m Other
50 - M Stationary 50 ™ Asia 50 - m AFC
2 I M Portable 2 B N America o
g 40 - g 40 £ 40 - B MCFC
2 2 m Europe 2 B SOFC
1<) i Stationary 1=} J
9 30 Stationary S 30 § 30 m PAFC
20 - 20 20 - = DMFC
N Amert B PEMFC
10 4 10 N America e 10 -
Portable Portable Europe l Europe
0 - 0 0 -
N14
350 Increase in FCEV'’s 350 Mirai and Tucson sold in Asia, 350 PEMFC growth Transport &
200 and Material Handling 300 plus MCHP units Enefarm 300 Stationary
M Transport B RoW m Other
250 W Stationary 250 » Asia 250 m AFC
(2] (4] . (%]
% 200 M Portable % 200 m N America E 200 m MCFC
E é ® Europe E mSOFC
£ 150 g 150 £ 150 = PAFC
100 FCE with MCFC, 100 100 ® DMFC
. St D PAFC N America
Stationary oosan ; N America m PEMFC
50 Bloom SOFC, 50 50
l Posco MCFC .
0 0 0
2014 2015 2014 2015 2014 2015
0 E4tech Department of Energy 1 1
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Accomp: Map of one possible OEM transition in
responsibility for the production of the AFCS

Introduction Stage: Growth Stage:

OEM OEM
OEM Inserts I Inserts
Assembles AFCS AFCS
AFCS Into | Into
Vehicle Vehicle

OEM
Builds
Fuel Cell

Stack

Vertical Integration of Supply Chain:

OEM Builds Fuel Cell Stacks
OEM

Inserts
AFCS
into

OEM
OEM Builds Builds

oo il Individual Fuel Cell Inserts

Assembled

Cells Stack AFCS

Module Vehicle

Development Stage Maturity Stage:
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Accomp: Cost breakdown by processing step and
operating expense (bipolar plate example)

$2.50

$2.00

wr
=
wn
o

($/welded assembly)

BPP Manufacturing Cost

$0.50

$0.00

Bipolar Plate Cost Breakdown
by Process Step

10,000 veh/yr 100,000 veh/yr

M Laser Welding
m Coating
M Bipolar Plate Stamping

BPP Manufacturing Cost

($/welded assembly)

$2.50

$2.00

$1.50

w
=
o
=4

$0.50

$0.00

Bipolar Plate Cost Breakdown
by Operating Expense

10,000 veh/yr 100,000 veh/yr

Tooling
mQc
m Markup
m Labor
W Facilities
® Maintenance
® Equipment Payments
B Electricity
W Materials
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Accomplishments: Discounted Cash Flow
Analysis (bipolar plate example

10k veh/yea r BPP Price Sensitivity at 10k BPP/Year
— $4.00 - (Mid-point based on U.S. inputs)
2 $2.50 $2 70 52 90 $3.10 $3.50
£ $3.50 ,
2 s3.00 = Margin Cost of Capital 14.3%
E ' HR&D Inflation 5.9%

T $2.50 w Shipping & Logistics
= pping & Log Material Discount —
E $2.00 m Utilities
= = Tooling Equipment Discount
l-
z S $1.50 m Labor Facilities Cost ($/m2) $805/m2 $1900/m2
® Maintenance
}-'f $1.00 X Tax
= m Materials
£ s0.50 = Capital Equipment Wages (all) §7.68/hr (avg) -i $32.18/hr (avg)
a2 .
@ ¢0.00 : = Facilities utility Rates $0.08/kWh $0.107/kWh
China S. Korea Japan Germany US Mexico Installation Factor 6% 12%
*Minimum Sustainable Price
100k veh/year BPP Price Sensitivity at 100k BPP/Year
— $3.50 - (Mid-point based on U.S. inputs)
>
= $2,00 $2.10 $2.20 $2.30 $2.40 $2.50 $2,60 $2.70 $2.80
E
g $3.00 r T T ]
4 = Margin Cost of Capital 7.0% * 1a3%
g s2s0 =R&D Ifiation o I <
- L s
= Shipping & Logistics |
g $2.00 pp g5 toe Material Discount 25.0% 0%
§ m Utilities
:_;_."; $1.50 m Tooling Equipment Discount 35.0% 0.0%
o SL
s u Labor Facilities Cost ($/m2) $805/m2 $1000/m2
f $1.00 H Maintenance
k] . Tax 25% 40%
= ® Materials
%a $0.50 B Capital Equipment Utility Rates $0.04/kWh |- $0.107/kWh
=2
o $0.00 ; m Facilities Wages (all) $7.68/hr (avg) - $32.18/hr (avg)
China S.Korea Japan Germam/ us Mexico

*Minimum Sustainable Price

Installation Factor

12% 6%
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Accomp: Value Stream Map (bipolar plate
example
k’GlWN;.

e

DATE 1011816

BIPOLAR PLATE Manufacturing Process ‘

TESCRETION ‘

U.S. Production at 100k Vehicles per Year

FLERAVE
BPPVSM - USREV
4. VSDM
EEED 4212912016

Supplier Order

’/r---" "—-7.1____\__‘ N __7‘\\/\\/
/I/I/ " | Production Contral _BPP Order Customer Demand
— T
316 Stainless Steel Metal Plate Par
Strip Roll I Assemblies ' | 167,000 Day
7| Activity Lead
-~ Time 2 ‘ W
FLOW FIELDS
n SEPARATION PORTS Quality ac Qc
/j& Desp Drawing or| —p W opine Punching FP=| Control || SCHINGIEROECESS = | THICKNESS|| LEAKAGE |= =y
Hydroforming Check TEST TEST .
Strip Roll o P ive Die Stampi o 1
P &1 Irogresswe e rnplﬂg i .
Inventory | 1 |Item Cycle Time 2 Sec Cycle Time 2 Sec 1
Qty Per Cycle 1 Plate T Qty Per Cycle 1 Asm 1
1
; $ : $
Direct Labor $0.0069 Dlate Stamped Plate Direct Labor $0.0139 ym :
Cumulative Cost $0.0069 —3% | |inventory| 1plate ||Cumulative Cost| $0.0208 |—3 1
plate Asm 1
]
0 Sec 1, Sec 2 Sec 1
‘ 2 Sec 2, Sec :
1
R S R R R R R R R R S S R R R R R R
MARK ID CODE GISACINSEECATON PACKAGING PREPARE FOR SHIPPING
DOCUMENTATION
L - - -
Oy 25 Q) 25 Q) 25 Q)25 Labor |
Cycle Time 2 Sec Cycle Time 2 Sec Cycle Time 2 Sec Cycle Time 2 Sec Rate ‘ $25.00 | % |
Qty Per Cycle 1 Asm Qty Per Cycle 1 Asm Qty Per Cycle 1 Asm Qiy Per Cycle 1 Asm _
I $ ; s . s - 5 Time Summary
Direct Labor $0.0035 | o Direct Labor $0.0035 |52 Direct Labor $0.0035 |- Direct Labor $0.0035 Fem Lead Time 14 Day
. $ . . $ $
Cumulative Cost| $0.0243 Asm Cumulative Cost| $0.0278 Asm Cumulative Cost| $0.0313 Asm Cumulative Cost | $0.035 Asm Total Value Added 12 Sec
Value Added Percent B0 %
0 Sec 0 Sec 0 Sec Sec
Takt Time: 2
| 2 Sec 2 Sec 2 Sec 2 Sec | Asm

Value Stream Map is a hybrid of process flow used in DFMA and inputs from suppliers and OEMs VSM

outputs are used for cost breakdown analysis and as a cost reduction tool
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Accomplishments: Regional Cost Breakdown for
Bipolar plate

Bipolar Plate Regional Cost Breakdown

$2.50
] oy $0.10 | $3.38 Quote - China |
$2.00 | . M Profit
$0.05
$0.04
" Engineering
= i
o
£ $1.50 -
8 W SGA
<
°
§ ] " Burden
QD
= $1.00 -
> s0.03 W Labor
. m Materials
$0.50 -
$-

USA Europe Asia
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Accomplishments: Regional Cost Breakdown for
Catalyst, GDL, Membrane, PV

Major Cost differentiators of all 5 key components are Material & Burden

Cathode Catalyst Regional Cost Breakdown GDL Regional Cost Breakdown
$12.00
oo f::ﬁz;:""::*s':‘;:" | [oegeestied ] [gmaoe || —
$0.30 3030 _517-$34]m quoted
$020 $0.25 m
$14.00 $0.05. $0.07 ® Profit $10.00 [5or0) m Profit
$12.00 w Engineering o » Engineering
$10.00 WSGA WSGA
=
s $6.00
E $8.00 © Burden E * Burden
P =
@
$6.00 W Labor $4.00 m Labor
$4.00 u Materials ' 50.58 | u Materials
$2.00
$2.00 5250/
$- $-
Europe Asia USA Europe Asia
Membrane Regional Cost Breakdown Pressure Vessel Regional Cost Breakdown
$30 $3,000
e Lk bsier o |
§25 [ 5126 5200 . ) $2,500 _‘ $2,340/tank quote $2,340/tank quote Type 3 - $4425 China ] )
[22:] vy $1.25 = Profit m——m | WProfit
. 55z " Engineering oo " Engineering
11400
$0.75 $1.05 W 5GA E W SGA
$15 ﬂ $1,500
L ' Burden 2  Burden
@*r
b s10 ™ Labor $1,000 ™ Labor
i
W Materials W Materials
5 $500
$ 5
Europe USA Europe Asia
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Accomp: Motivations for Developing a Fuel Cell
Economy by Country

Big global drivers: Zero polluting emissions (in cities especially), and
reduced fleet-wide CO, requirements

«Japan: strongly shaped by its lack of natural energy resources and diversification from
fossil fuel. Fuel cells and hydrogen energy are seen as an opportunity for industry
*Korea: similar to the Japanese motivation

*European Union: industrial strategy and jobs, but also responds to strong climate policy
ambitions

*Germany: industrial and innovation policy (automotive industry strong), air quality and
climate change

«Canada: early leader, innovation and climate change policy very supportive again
*China: (1) to reduce reliance on overseas technology and expertise, (2) to increase the
potential for high-value jobs, (3) cleaner and better-performing industry and (4) high-value
exports

*United States: many states support fuel cell technology:

— 30 include fuel cells or hydrogen as eligible resources in Renewable Portfolio Standards.

— 32 permit net metering of fuel cells.

— 25 offer funding: rebates, grants, loans, bonds, PACE financing, or public benefits funding.

— 16 states provide personal, corporate, property and/or sales tax incentives for fuel cells.

— ‘ f 18
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Accomplishments: U.S. Competitiveness in
5 Key Components

Bipolar Plate: Europe and Asia hold the lead in bipolar plate technology.
U.S. behind in forming and coating. U.S. prospects high in far term

Catalyst: Europe (Umicore, Johnson Matthey) and Asia (Tanaka) are
currently the world leaders in fuel cell catalyst technology. U.S prospects
are low to moderate in far term

GDL: Four main competitors predominate and are divided among Europe
(SGL, Freudenberg), Asia (Toray), and the U.S. (Avcarb). Overall, the
outlook for U.S. GDL production and innovation competitiveness is rated
moderate

Membrane: The U.S. currently holds the global lead in membrane
technology

Pressure Vessel: pressure vessel competitiveness is divided into carbon
fiber production and vessel fabrication. Both areas ripe for technology
advancement; the U.S. is active in both areas. The prospect for U.S.
production and innovation competitiveness is rated high

(=P c Department of E 19
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Response to Previous Years Reviewers’ Comments

“As much as the analysis seems to be relying on the SA cost analysis, it would be good to see, in
future reviews, how the results of this competitiveness project have affected the analysis or
methodology used by SA.”

*SA costing was the base starting point with this project providing more support data from:
detailed drawings for each of the 5 key components, direct feedback from suppliers during interviews
to refresh models, cost guidance quotations on all components.

“The presentation does not make clear how this project will assist DOE, beyond currently supported
cost and market analyses. Supply chain decisions ultimately rest with OEMs, not DOE. It is not clear
whether the project will output new technologies that need to be developed or parts or components
that need to be redesigned to assist DOE.”

*This final report clearly defines the deliverables: reflects the current readiness feedback from
stakeholders (OEMs & Suppliers) summarized in R-Y-G charts; reflects global and U.S. supplier
competitiveness, strengths and opportunities for improvement; reflects a complete cost analysis
with three tools (DFMA, CBA Cost Breakdown Analysis and VSM Value Stream Map), options to
improve U.S. fuel cell competitiveness, provided a listing of 16 opportunities for DOE to pursue
from applied to basic research.

“‘Dissemination of results as a final report may not be adequate. It would be unfortunate if valuable
results were not more readily available or accessible to the community. Perhaps there are other
approaches in addition to a report that might help garner interest and highlight results.”

*The full detailed report on the Competitiveness Analysis has been submitted to DOE FCTO in
January 2017 and we are in process of making requested refinements. We plan to get the report out
to all OEMs and Suppliers that participated and to the DOE standard distribution list. We are also in
process of writing a Journal Article.
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Collaborations

Strategic Analysis Inc. — Subcontractor
— DFMA cost analysis responsibility, part of global interview process and
plant visits, updating cost models

« E4tech — Subcontractor
— Annual Data collection, part of the interview process, and plant visits
Europe, Asia

« DJW Technology — Subcontractor
— Supply Chain Evolution Summary, part of the interview process

 Brent Fourman — Subcontractor
— Drawing Designer

« Bowen Liu — Subcontractor
— Supporting China/Asian CBA, VSM, and plant visits

« DOE Fuel Cell Technologies Office, Office of Energy Efficiency and
Renewable Energy — Dr. Nancy Garland, Jesse Adams

 NREL - data collaboration
 Automotive OEMs (8) and Tier 1 suppliers (22) — interview participants

GIWNE A pDJWT @ Edtech peparmentoreneryy 21



Remaining Challenges and Barriers

e Global Competitiveness Analysis has been
completed

e |Inthe final 2 of 4 years provide the 2016 and 2017
Market Data in units, megawatts, revenue by
application, by region of manufacture, by fuel cell
technology

oJ) » epartment o ner 22
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Proposed Future Work

* Remainder of FY2017

— Work with DOE to obtain full approval and publication of
Competitveness Analysis report

« FY2018 & FY2019

— Provide Market Data in both units, megawatts, and revenue by
application, by region of manufacture, and by fuel cell
technology

_C_D—. - f
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Technology Transfer Activities

This project has no technology transfer tasks.
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Project Summary

* No single nation is clearly dominant regarding prospects for the long-
term fuel cell market, but U.S. OEMs and manufacturers have fallen behind
Japan and Europe in BPP, membrane, GDL, and catalyst ( on par in H,
vessels). The U.S. potential is broadly moderate to high, though with
weaknesses in bipolar plate manufacturing and ionomers in the near
term.

 U.S. has great depth in the science and technology of fuel cells, high
quality in existing automotive industry and supply chain capability.
California, in particular, has been a global driver of the fuel cell industry for
two to three decades

« The industry is only just beginning, and judicious investment now
could reap benefits for many years to come.

* Increasing domestic fuel cell demand is viewed as a critical enabler of
domestic fuel cell system production

« U.S. OEMs and manufacturers need to re-start local development as
they have fallen behind Japan and Europe in BPP, membrane, GDL, and
catalyst (on par in H, vessels).

Competltlveness Analysis complete, 2016 and 2017 years for market data

25
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Technical Back-Up Slides
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Cathode Catalyst cost breakdown by
processing step (left) and operating expense (rt)

Cathode Catalyst Cost Breakdown Cathode Catalyst Cost Breakdown
by Process Step ac by Operating Expense
$20.00 $20.00
Catalyst Packaging
- $18.00 W Catalyst Dry § $18.00
14 |
[+] — . (%]
(¥} $16.00 W Catalyst Crushing 0 $16.00
-] c
E H Catalyst Wash g
3 $14.00 o & $14.00 Tooling
15 " Catalyst Filtration o —
£z 5% o
g ;$12-00 u Catalyst De-alloying g t—:" $12.00 = Markup
T © + .
s E $10.00 M Precursor Annealing 2 3 $10.00 Lab?r.
Q i ® Facilities
W Precursor Crus| —_ B Mai
=5 800 8L 00 Mainenance
8 -  Precursor Dry 3 ¥ Equipment Payments
o $6.00 o $6.00 W Electricity
% W Precursor Wash E B Materials
£ $4.00 u Precursor Filtration = $4.00
=] [0}
8 9]
M PtNiC Precursor
$2.00 Synthesis $2.00
M CPA Synthesis
$0.00 $0.00
10,000 veh/yr 100,000 veh/yr 10,000 veh/yr 100,000 veh/yr
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Cathode Catalyst Discounted Cash Flow
Analysis

10k veh /year Catalyst Price Sensitivity at 10k BPP/Year
$35.00 (Mid-point based on U.S. inputs)
1 $20.00 $22.00 $24.00 $26.00 $28.00 $30.00
32000 Factes Cost (82 I i«
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Installation Factor 6% | 12%
*Minimum Sustainable Price !
100k veh/year Catalyst Price Sensitivity at 100k BPP/Year
$25.00 (Mid-point based on U.S. inputs)
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= $20.00 » Margin Catalyst Physical Security _ 20%
20
v .
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10.00 I
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2 B Maintenance |
5 ) Tax aw% 2%
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® Capital Equipment Wages (all) s7.68/hr (avg) | $32.18/hr (avg)
$0.00 W Facilities Equipment Discount 35% | 0%
China S.Korea Japan Germany Mexico .
Installation Factor 12% | 6%
*Minimum Sustainable Price d
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Cathode Catalyst Value Stream Map — U.S.

e e
1012/2016 .
) FLEE CATHODE CATALYST Manufacturing Process
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Process for Pt Donor eaction - )
Reactant R 2 process lines R ----> ----> - P 2 process lines 1
Q) WO a8x2 (O 25 \O) 42 L0y 10 \O) 2x2 !
) ] - |
Cydle Time 36.4 Hr Cycle Time 5 Hr Cycle Time 11 Hr T Cycle Time 45 Hr T Cycle Time 5.4 Hr T Cycle Time 46.1 Hr i
Qty Per Cycle 43 kg litem=1kg | Qty PerCycle 73 kg 1item=1kg || QtyPerCycle 367 kg Qty Per Cycle 36.7 kg Qty Per Cycle 21 kg 1 item = 1 kg Qty Per Cycle 36.7 kg 1
DirectLabor | $6.98 % oventory| 36 fuenf|  Diroet Labor | $1.64 oLty ] 46 e A Dicect Labor | 5167 %g Direct Labor | $1.29 _35 DirectLabor | $6.43 —kfj (o] 26 Jorf e aber | s13.22 —;L :
. $ i $ n [ 3
Cumulative Cost  $6.98 |—>— Cumulative Cosf| $8.63 Cumulative Costy $10.50 i _$ i i 5
umulative Los kg | kg umulative Los ka Cumulative Cost| $11.79 K Cumulative Cost  $18.22 kg Cumulative Cost| $32.03 ki |
5 Hr 5 Hr 5 Hr 5 Hr 5 Hr 1
{ 364 Hr 7 5 Hr 11 Hr 45 Hr 54 Hr 464 Hr J 1
- |
r------ ----------------------------------------------------------------------------'
[ ]
1 Catalyst Packaging and
7 Precursor De-alloy Catalyst Filter and Wash Catalyst Vacuum Dry Catalyst Crush Preg:re e ;E“;gi;';
] R - - 2 process lines - -
' Q)10 \O) 30 \O) 23x2 Q) 10 Q1 [ Supplier Order
s
T Cycle Time 25 Hr T Cyde Time 1 Hr T Cydle Time 365 Hr T Cycle Time 1 Hr T Cycle Time 1 Hr | Rate ‘ $25.00 ‘ Hr
1item=1kg Qty Per Cycle 6900 kg 1item=1kg Qty Per Cycle 367 kg 1item =1 kg Qty Per Cycle 36.7 kg 1item = 1kg Qty Per Cycle 2.1 kg 1item=1kg Qty Per Cycle 200 kg Time Summary
Direct Labor | $170 |—o— [rweron 36 r] Direct Labor | $225 |—2— Direct Labor | §11.44 |—3—[[2 1N DirectLapor | $1.19 | —o— |L0= [ 38 oo Dot Lator 5013 |2 Lead Time 1 Day
kg ko | A k9 91 | Total value Added | 182 Hr
lati 4 |5 Cumulative Cost| $35.99 | —5— Gumulative Gost| $47.42 |—2 Cumulative Cost| $48.61 |—S— Cumulative Cost| $48.74 |——
Cumulative Cost| $33.74 | 4g | - | Tka | kg ka_| ka | [value Added Percent 51 %
5 Hr 5 Hr 5 Hr 5 Hr 5 Hr
. kg
25 Hr 11 Hr 36.5_ Hr 1 Hr 1 Hr | Taid Time N37 |-
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Gas Diffusion Layer cost breakdown by
processing step (left) and operating expense (rt)

GDL Cost Breakdown GDL Cost Breakdown
by Process Step by Operating Expense
$30.00 $30.00
v 7]
S S
o0 $25.00 o0 $25.00
£ £
‘5 B MPL Sintering "5
© 5]
£ 000 B MPLInk Coating & F00 = Markup
= =
c . . c  Labor
© M Saturation Coating O o~ o
s E $15.00 (Hydrophization) S E $15.00 m Facilities
E :;; m Coating Oxidation a :‘E B Maintenance
?u"‘ = ) . ?u"' - M Equipment Payments
- W Saturation Coating - = Electricit
g $10.00 (Porosity) g $10.00 - ) y
‘n B Paper Making = B Materials
= =5
= £
(] (]
* $5.00 - » $5.00 -
m (1]
(U L)
$0.00 - T $0.00 -
10,000 veh/yr 100,000 veh/yr 10,000 veh/yr 100,000 veh/yr
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Gas Diffusion Layer Discounted Cash Flow
Analysis

China S.Korea Japan Germany Mexico

*Minimum Sustainable Price

Installation Factor

0.06 . 0.12

10k veh/year GDL Price Sensitivity at 10k BPP/Year
$40.00 (Mid-point based on U.S. inputs)
] $20.00 $25.00 $30.00 $35.00 $40.00
$35.00 . : .
5 Costof Capita [ —
l‘él ] = Margin 5/ pita 7% 14%
- $30.00
v, = R&D Equipment Discount 35% _ 0%
*
a o — |
2 $25.00 © shipping & Logistics | ;s cost (s/m2) ssos/m2 [ ¢1500/m2
5 m Utilities
7 $20.00 = Quality Control Inflation 0.0 [N s.7%
= ]
-2 $15.00 u Labor Tax 25.0% 40.0%
s : I
E ® Maintenance
a $10.00 Wages (all) $7.68/hr (avg) [ $32-18/hr (avg)
o ® Materials ]
o
$5.00 = Capital Equipment Utility Rates $0.06/kWh . $0.15/kWh
$0.00 H Facilities Installation Factor 6% . 12%
China S.Korea Japan Germany US Mexico L |
Material Discount 25% I 0%
*Minii Sustainable Price )
100k veh}year GDL Price Sensitivity at 100k BPP/Year
$16.00 (Mid-point based on U.S. inputs)
$9.00 $10.00 $11.00 $12.00 513.00 $14.00 $15.00
$14.00
5 | Costof Capita I
ré s ] = Margin s pita L 1%
12.00
‘._. m R&D Equipment Discount 35% _ 0%
a P i |
g $10.00 = Shipping & Logistics Inflation 0% _ %
5 m Utilities |
z $8.00 = Quality Control Facilities Cost ($/m2) ssos/m2 [N s1s00/m2
= I
-2 $6.00 W Labor Utility Rates so.0s/kwh [ $o.15/kwh
=
£ ® Maintenance |
a $4.00 Wages (all) s7.68/hr (avg) [N $32.18/hr (ave)
o W Materials ]
L]
$2.00 W Capital Equipment Tax o2s [ o
$0.00 u Facilities Material Discount 25% - 0%
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Gas Diffusion Layer Value Stream Map - U.S.

DATE /1212016 e
= FILENAME Gas Diffusion Layer Manufacturing Process
GLWN 2 oL vaw - usare
\ o 3.VSDX i i
R 2972016 U.S. Production at 100k Vehicles per Year
~ “— SUPPLIER ORDER Prggﬁﬁ(‘;’" T
GDL ORDER—
/
| Customer
Customer m2
— 11 11— emend | 1% | Day
Binder Carbon Fiber Resin Inert Gas
Activity Lead Activity Lead| Activity Lead Activity Lead
Tone | 2 || e 2 [ Tone | 2 |we L I
N -
e’ \i \
OXIDATION /
IMPREGNATION COATING
PAPER MAKING . CARBONIZATION/
(Porosity)
GRAPHITIZATION -y
- * - *
O ! O 1 O 1 .
Am‘\%trs; éead 2 | Wk Cycle Time 12 Sec Cycle Time 12 Sec Cycle Time 12 Sec [l
\ Qty Per Cycle 1 m2 Qty Per Cycle 1 m2 Qty Per Cycle 1 m2 1
\
//1//1/\\ Direct Labor $0.083 % Direct Labor $0.083 % Direct Labor $0.083 m;$2 :
\ Cumulative Cost| $0.083 |—2— Cumulative Cost| $0.167 |3 Cumulative Cost| $0.250 | —S— 1
MPL INK \ 0 sec 0 Sec i
Activity Lead A 12 Sec 12 Sec 12 Sec | i
Ti 2 | wk \ [ |
ime
‘ N 1
\
|
v Y
PACKAGE and PREPARE [
MPL COATING IMPREGNATION COATING SINTERING FOR SHIPPING
TN - - Labor Summary ‘
Q)1 21 O/ 1 & 1 Rate s2500 |—5—|
Cycle Time 12 Sec Cycle Time 12 Sec Cycle Time 12 Sec Cycle Time 12| Sec
Qty Per Cycle 51 m2 Qty Per Cycle 1 m2 Qty Per Cycle 1 m2 Qty Per Gycle 1 m2 Time Summary
- 3 -
Direct Labor | $0.083 |—5 Direct Labor | $0.083 |y DirectLabor | $0083 |—> Direct Labor | $0.083 |—5— Lead Time 14 Day
! Total Value A
Cumulative Cost | $0.333 | —3,— Cumulative Cost | $0.417 |3 Cumulative Cost | $0.50 |—5— Cumulative Cost| $0.58 |3 otal Value Added i Sec
Value Added Percent 100 %
0 Sec 0 Sec 0 Sec
\ 12 Sec 12 Sec 12 Sec 12 Sec | Takt Time 2 Sec
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Membrane cost breakdown by processing step
(left) and operating expense (rt)

Membrane Cost Breakdown Membrane Cost Breakdown
by Process Step by Operating Expense

$50.00 $50.00
2 5 |
‘T $45.00 ‘= $45.00
2 2 |
S %4000 S $40.00
= = |
§ : |

$35.00 $35.00
E _ E | © Labor
U - U
c & $30.00 c &-$30.00 ® Markup
g _E_ ' g E ' M Tooling
£ L2500 u Slot-Die Coatingand | & ¥ $25.00 u Facilities
g '.g' | DEpOSiTiOﬂ of ePTFE g E | B Maintenance
s © $20.00 - © $20.00 - ¥ Equipment Payments
Q ] ' B Electricity
£ i g
g- $15.00 i g- $15.00 . u Materials
g | 8 |
k- $10.00 - a $10.00 -
L w |
(' L !
I~ $5.00 [~ $5.00
[T . ) _

$0.00 - $0.00 -
10,000 veh/yr 100,000 veh/yr 10,000 veh/yr 100,000 veh/yr
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Membrane Discounted Cash Flow Analysis

10k veh/year Membrane Price Sensitivity at 10k Vehicles/Year
$70.00 (Mid-point based on U.S. inputs)

$46.00 $4700 54800 $49.00 $50.00 $51.00 $52.00 55300 $54.00

$60.00 -
= Margin Wases o) 7o o) [ 2.5/ v
$50.00 mRE&D
Equipment Discount 35% _ 0%
= Shipping & Logistics
N u Utilities Facilities Cost ($/m2) $805/m2 _ $1900/m2
- .
$30.00 Tooling Inflation oox I >
W Labor |
X ¥ Maintenance Cost of Capital 7% _ 14%
W Materials
Installation Factor 6% 12%
$10.00 W Capital Equipment .
® Facilities Tax 25% 40%
$0.00 .

China S.Korea Japan Germany Mexico Utility Rat§4

H

ePTFE Supported Membrane MSP* [$/m2]
o
e
)
S

so.oss/kwh [l s0.25/kwh

*Minimum Sustainable Price

100k veh/year Membrane Price Sensitivity at 100k Vehicles/Year

$35.00 (Mid-point based on U.S. inputs)
'E' $22.00 $22.50 $23.00 $23.50 $24.00 $24.50 $25.00
£ 530,00 - T - —— -
v N )
. # Margin Cost of Capital 7 [
o
£ $25.00 =R&D )

Equipment Discount 35% — 0%
g = Shipping & Logistics
£ $20.00 . -
- m Utilities Facilities Cost ($/m2) ssos/m2 [N s1000/m2
L .
H Toolin,

% $15.00 oo € Inflation oo [ 5o~
& |
% $10.00 ¥ Maintenance Wages (all) s7.68/hr (ava) [ $32.18/hr (ave)
=3 .
[ ¥ Materials
w Tax 25% 0%
E $5.00 H Capital Equipment L
¢ 5000 o Facilities Utility Rates sooss/kwh [l soasmkwh

China S.Korea Japan Germany Mexico Installation Factor % . 12%

*Minimum Sustainable Price
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Membrane Value Stream

Map — U.S.

DATE T
9/222013
FILENAME

MEMBRANE VEM - USA

MEMBRANE Manufacturing Process

REV 4 \VSOM DESCRIPTION

REVISED
1212912016

U.S. Production at 100k Vehicles per Year

—Supplier Order

/ /"S Production — I Customer
W Control Membrane Order
/I_/l_/ — - =
T lonomer Dupont (I Demand Day
) ePTFE NR-50 Nafion :
e Ol P
Activity Wi Activity Lead| Wk
Inventory I 2 |Item Lead Time Time
‘l B s T Tt T ———_— -
A J -~ T o= — -
UNWIND STAND IONOMER BATH INFRA-RED OVEN TENSION CONTROL IONOMER BATH
= o o =k = =1
O O O 1 O | X '
Cycle Time 12 Sec Cycle Time 12 Sec Cycle Time 12 Sec Cycle Time 12 Sec Cycle Time 12 Sec ]
Qty Per Cycle 1 m2 Qty Per Cycle 1 m2 Qty Per Cycle 1 m2 Qty Per Cycle 1 m2 Qty Per Cycle 1 m2 :
. $ ; . )
Direct Labor $0.083 = Direct Labor $0.083 miz Direct Labor $0.083 % Direct Labor $0.083 rr?Z Direct Labor $0.083 nsfz [ ]
Cumulative Cost | $0.083 nfz Cumulative Cost | $0.167 rr?z Cumulative Cost | $0.250 "?2 Cumulative Cost | $0.583 r:z Cumulative Cost | $0.417 mlz :
0 Sec 0 Sec 0 Sec 0 Sec 1
12 Sec 12 Sec 12 Sec 12_Sec 12 Sec -
]
r L BB B B B BN N N B N &R N N N &N B N N B § N N _§B N N § §N N § B B N B B _§B B N B B _§B B §B B B N _§N N _§B N B B N B §B §B §B N _§B N N § N §N | '
INFRA-RED OVEN BOILING WATER HYDRATION HIGH VELOCITY AIR DRYER REWIND ROLL PACKAGE and PREPARE
= - o - -
o)1
&) @ 1 @ 1 @ 5 @ = Labor
Cycle Time 12 Sec Cycle Time 12 Sec Cycle Time 12 Sec Cycle Time 12 Sec Cycle Time 12 Sec Rate ’ 25.00 | 7'?“
Qty Per Cycle 1 m2 Qty Per Cycl 1 2 Per Cycl 1 Qty Per Cycl 1 2 2
Yy e s y Per Cycle m. Qty Per Cycle m2 y Per Cycle m. Qty Per Cycle 1 m. T2 & neny
Direct Labor $0.083 ™2 Direct Labor $0.083 % Direct Labor $0.083 % Direct Labor $0.042 l'fZ Direct Labor $0.042 rr?Z Lead Time 14 Day
Cumulative Cost |  $0.50 n'fz Cumulative Cost | $0.583 rfz Cumulative Cost | $0.667 r:z Cumulative Cost | $0.71 | — 5 52 Cumulative Cost| $0.75 % Total Value Added 120 Sec
0 Sec 0 Sec 0 Sec 0 Sec Value Added Percent 100
12 Sec 12 Sec 12 Sec 12 Sec 12 Sec | Takt Time 2 Sec
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Pressure Vessel cost breakdown by processing
step (left) and operating expense (rt)

Pressure Vessel (700 bar, 147 L, 5.6 kg H,) Pressure Vessel (700 bar, 147 L, 5.6 kg H,) Cost
Cost Breakdown by Process Step Breakdown by Operating Expense

$3,000 $3,000
2 2
o (&)
I:Em $2,500 'én $2,500
) | .
2 S
3 g
S $2,000 # End Dome 5 $2,000
c , c = Labor
S ™ He Fill & Leak Test © & Faciliti
S X M Hydro Test s x aciiites
- C - C H Tooling
9 ® $1,500 ® Full Cure 9 & $1,500
"~ N~ B Maintenance
v M B-Stage Cure QU W
> - o > - W Equipment Payments
v u Wet Winding o .
- b B Electricity
s $1,000 m Liner Anneal s $1,000 )
@ = Blow Mold % B Materials
U ow Mo o
S 1=
a a.
> $500 > $500
o] Q
S g
- -

so T sg | :
10,000 veh/yr 100,000 veh/yr 10,000 veh/yr 100,000 veh/yr
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Pressure Vessel Discounted Cash Flow
Analysis

10k veh /year Pressure Vessel Price Sensitivity at 10k Vehicles/Year
$5,000 (Mid-point based on U.5. inputs)
44,500 - $3,200 $3,300 $3,400 $3,500 $3,600 $3,700 53,800 $3,900 $4,000
= 54,000 Cost of Captal 10 [
= . 1
] w Margin
5 $3,500 = R&D Wages (all) s7.68/hr (avg) [ $32.18/hr (avg)
* . . Ty |
& $3,000 = Shipping & Logistics | facilities Cost ($/m2) ssos/m2 [ 1900/m2
2 = Utilities
3 $5% e Tosling Material Discount wos
2 $2,000 -
2 = Labor inflaton o« I -
2 $1,500 ® Maintenance !
@ . Tax 25%
g $1,000 u Materials [ ao% |
® Capital Equiy Equi Discount 35w [N
$500 = Facilities
$0 Installation Factor eg%l
China S.Korea Japan Germany Mexico Utility Rates $0.06/kWh I $0.15/1Wh
*Minimum Sustainable Price
100k veh jyear Pressure Vessel Price Sensitivity at 100k Vehiclse/Year
54,000 (Mid-point based on U.S. inputs)
$2,500 $2,600 $2,700 52,800 $2,900 53,000
$3,500 . . . ) _
x
H
s
&
*
o
s
< 52,000
3§

Pressur

' Costt ol » I
$3,000 - = Margin 1
ial Di 0%
. o, st icount 10«
2,500 - » -
%2, 1 = Shipping & Logistics | Facilities Cost ($/m2) ssos/m2 [N $1900/m2
- | Utilities
s 1
@ _ mTooling Wages (all) $7.68/hr (avg) _ $32.18/hr (avg)
]
> 61,500 = Labor Inflation ox [ &
] = Maintenance
$1,000 : = Materials Tax 25% [ 0%
$500 W Capital Equipment Equipment Discount 3s% [ 0%
] = Facilities
$0 , , Utility Rates

$0.06/kwh || $0.15/kwh

China S.Korea Japan Germany US Mexico \nstallation Factor % Iu"'
*Minimum Sustainable Price
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Pressure Value Stream Map — U.S.

oaTE TE
— TEvT PRESSURE VESSEL Manufacturing Process
G I-WN f— PRESSURE VESSEL VSM - SEscRPTION
O USA REV 4.VSDM
REVISED U.S. Production at 100k Vehicles per Year
12/29/2016
Supplier Order
//_;
/W i i Vessel Order— Customer
. HDPE U « Carbon Fiber Production esserorde 1 item = 1 tank
+ Boss Foam + Resin Control
T = i Customer | 5, |ltem
ctivity clivity clivity | I Demand Da
Lead Time 2 |Wk Lead Time| 2 [Wk Lead Time‘ 2 |Wk 7 Y
‘/ \\ -\‘
LINE BLOW MOLD LINER ANNEAL WET WINDING B-Stage Cure FULL CURE
SR RN T ELY & b= | -y
Q) 2 Q2 . O 1 Q) 2 2 2 .
Eff. Cycle Time 1 Min T Eff. Cycle Time 2 Min N T Eff. Cycle Time 148 Min T Eff. Cycle Time 9 Min Eff. Cycle Time | 245 Min :
Qty Per Cycle 1 Tank P Qty Per Cycle 1 T:nk 1I_.inar I’\n1r'lt!a|k Qty Per Cycle 1 Tank » o Qty Per Cycle 1 Tank Qty Per Cycle 1 Tank :
. $ 1 item = 1 tank " item = 1 tan . $ item = 1 tan| 5
Direct Labor $0.833 | Direct Labor $1.667 |2 Direct Lab 61.67 | = i —2 i ==
Tas"‘k Invenlaryl P Iltem Tasnk Inventoryl 0 |Ilem irect Labor S Tank Invenloryl 10 Jllem Direct Labor $7.50 Tank Direct Labor $2.04 Tank 1
Cumulative Cost| $0.833 | Cumulative Cost| $250 |t Cumulative Cost| $64.17 |3 Cumulative Cost| $7167 |5 Cumulative Cos{ $73.71 | 5o :
10, Min 10 Min N 10 Min 0 Min I
1 Min 2, Min 148 Min 9 Min ] 2.45 Min | 1
1
L N B B N N N N B N N B B B B N B B B B B BN BN B B B B B B B b B B B B B B N B B B B B B B B B B B B B B B B B B B B B B B B N B N B B B B 3
r .-
v Y
HYDRO TEST HELIUM FILL AND LEAK TEST End Dome Protection BACKECElandIHRERARE
- - SR - P FOR SHIPPING
Labor
O ®) O .
O 2 Q) 1 Q) 5 O 1 Rate | 25.00 |—:r
] ) . ) 1 M ) ‘
T Eff. Cycle Time 4 Min Eff. Cycle Time 6 Min T Eff. Cycle Time in I Eff. Cycle Time 5 Min Time Summary
3 Qty Per Cycle 1 Tank Qty Per Cycle 1 Tank = Qty Per Cycle 1 Tank Qty Per Cycle 1 Tank Lead Time 14 Day
Paelalin Pl ] Test Complete Tolal Value Added | 17845 | Mi
JLGm="l iz Direct Labor | $3.33 % Direct Labor $2.50 % 1item = 1tank Direct Labor | $0.21 % 1 item = 1 tank Direct Labor $2.08 % ola] Value Adde . U'"
lnventory| 10 |Item as 5 lnventoryl 10 }Item s \nventory[ 10 |Ite s Value Added Percent 61 M/L';:
. . i Cumulati
Cumulative Cost| $77.04 Tank Cumulative Cost $79.54 Tank Cumulative Cost| $79.75 Tank Cost| $81.83 Tank Takt Time 70 Tank
10 Min 0 Min 10 Min 10 Min
4 Min 6 Min 1, Min 5 Min
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Pressure Vessel Cost Breakdown and System Diagram

Study focused on 700 bar
Type IV pressure vessel

(data communication lines)

Mounting Frame

700 Bar Type IV Pressure Vessel Cost Breakdown

Data connectionto

Vehicle System Controller (1l000#i|:c|ts,yearl
Fuel Tank Controller B:;,S-\R_ 1% Liner
including IR Transmitter — 2%

to Refueling Station

~ .
i i CF Composite
E E : @_b_ 26%
Plug & TPR . i BOP Materials &
(for long tank) _/ Integrated In-Tank Valve i i i R Fill | Assembly
. ! eceptacle 59%
1 Manual Override 4@ ---------- : i : CF Winding &
2 Filter H ! Curing
3 Check Valve ' i ! \ ) 5%
s Tomoerature Tramtucer e lines) ; PRV e
6 Thermally Activated Pressure Relief Device (TPRD) L |
7 Excess Flow }Ialve ! 1 11 . To
3?:’:5531?:;3.!?39 2 : i Integrated Pressure Fuel cl00 Bar Type IV Pressure Vessel Cost Breakdown
10 Manual Defuel Valve & Defueling Receptacle ! Regulator Block System (100'000 units/yea r)
11 Automated Shutoff Valve y I isc. .
12 Temperature Sensor a D l 10 B:;: -"\-\.\__\_‘_h‘- 0% ___‘__’__.---’ l‘:;:'
« Excluded components account for ~60% of system
cost at 1k/year and ~30% at 100k/year e
» Excluded items (primarily balance of system) cost 22X
reductions are due to favorable economies of scale SEanipssie
 The pressure vessel system cost is driven by carbon Testing__
fiber cost which does not show economies of scale as e
CF Winding &
favorable as balance of system Cuting.
5%
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Fuel Cell System Cost Breakdown and System Diagram

Fuel Cell Stack Cost Breakdown
(1,000 units/year)

Mixer

Y O
H Compressed Hydrogen |
| ;
' Inj B
rter

H2 Line ——

Air Line
H Injector A LTL Coolant Line =%
ludedin Cost Analysi i Hydrogen From Tank HTL Coolant Line =
___________________________________________ I
@ o Purge Valve | Check Valves Higl or
|
H2 Recircu lation or
Anode Air Filter &
Exhaust Pr
I FCStack Ccutoffval
Airass iy
Flow Sensor
Memb:
.. d .
VoltagJ Current EI
Sensol Sensol Air Pre-cooler| Compressor Motor Expander
Air Loop O
Sensor t

Low Temperature Coolant Loop

High Temperature Coolant Loop

Low Temp.

High-Temperature Radiator

Radiator

><]
Coolant Bypass

u
Coolant Demister
DI Filter

» Components selected for study represent 60% and 46%
of the stack cost at 1k/year and 100k/year, respectively.

» Study focused on the four components which define the
cell (bipolar plates, membrane, catalyst, and GDL)

Humidifier
6%

H2 Sensors
2%

CEM &
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Motor ___
Controller
10%
Stack _—
Assembly /
1% /
/
/
End _//
Plates
1%
Fuel Cell Stack Cost Breakdown
(100,000 units/year)
Membrane
8%
Humidifier »—‘ !
2%
H2 Sensors )
5%
Stack
Assembly o
1% End Plates— ~——_Frame/Gasket
1% 7%
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