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1223 1x10°! SraIn,HfOg 973 1%
10~*
BaZrO; 973 1:%10™° Ba;Sc,Zr0g 973 7-X
1073
BaZr, <Ing <0, ¢ 973 1x10"2 Ba,GdingzGa,,0 873 5 x
10°
BasIn,ZrOg 973 5x10~3 Ba,GdinggGagsOs 873 5 x
10™2
BazIn, ;Zry 30445 973 5x 1072 Ca,Cr,0¢ 973 5 x
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Ba,In; 33Zr; ¢, 0< 33 973 1x1073 Sr,ScAlOg 973 1x
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10~* 10~
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Manufacturing 3) Aisin
company (SOFC)
Fuel NG
Rated output power 700 W
Power generation 46.5 o
Efficiency(LHV) -
Heat recovery 435 o
Efficiency (LHV) e
Size of FC unit 600W x 935H x 335D
HW Tank volume 90 L
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Specifications

Rated Output of Power KW
_ - |Generation (AC)

Rated Power Generation 52.0% (LHV. default)
Efficiency

| Rated Overall Efficiency 90% (LHV, default)

- 1,150 W x 675 D x 1,690
Dimensions
H (mm)

s Weight 375 kg

Gas type City gas (13A)

* & hot water storage unit (200L) separately sold by Nortz Corporation is also
required.

Power generation unit

[11] Kyocera L.y oas aislo suls apnST 5gu Jo V=) S5

Toshiba Panasonic Aisin Seiki

Model

l'.EEI_

==
Output 700 W (PEM) 700 W (PEM) 700 W (SOFC)
Size (mm) W780 x D300 x H1000 | H1750 x W400 x D400 | W780 x D330x H1195
Weight 86 kg 88 kg 100 kg
Electrical o o o
Efficlency 39 % 39 % 52 % @700W
Hot water tank 200L 140L 28 Litters
Capacity
Retall Price ¥ 1,630,000 ¥ 1,600,000 - ¥ 1,785,000
(list price) (excl. installation) (excl. installation) (excl. installation)
(excl. tax (8%))
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Mitsubishi Hitachi
“ il PO bS) B(If:::ere::fg)y
Manufacturer (MHPS)

Demonstration model Business model

[ —
Appearance ! ‘ i' : w
Output 5 kw 5 kw 20 kW 50 kw 250 kw 200 kw
Cogeneration Cogeneration
Type (under Cogeneration (under Cogeneration Cogeneration Mono-generation
consideration) consideration)
efficiency 50 % 50 % 50 % 50 % 55 % (Actual
(target value) performance)
Total efficiency (under 90 % (under 80 % 73% (hot water) o
(target value) consideration) consideration) 65% (steam)
Major envisioned  Barbers and hair salons, small stores, Gym, welfare facilities, hospitals, 6
demand family restaurants small buildings Data centers, large buildings, and hotels
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IGCC

60 — -
———

S — GTCC

M ICE et

o

Efficiency, %
8

‘Microturbine e Steam Turbine
30 __%—w Diesel Engine
20 Gas Engine
10
o ¥ ¥ + 4 4
0.01 0.1 1 10 100
Power installed, MW
IGCC | Interated gasification combined cycle
PEFC polymer electrolyte fuel cell
MCFC molten carbonate fuel cell
SOFC solid oxide fuel cell
ICE internal combustion engine
PAFC phosphoric acid fuel cell
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Emissions Characteristics System
Fuel Cell Type SOFC
Nominal Electricity Capacity (kW) 1.5
NO, (Ib/MWh) Negligible
SO, (Ib/MWh) Negligible
CO (Ib/MWHh) Negligible
\VOC (Ib/MWh) Negligible
CO: (Ib/MWh) 734
CO, with heat recovery (Ib/MWh) 555
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RELATIVE NOISE
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Portable Generator @1 m

90— Diesel Truck @10 m
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50— Average Home

"] Wind in Trees
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+ Delphi’'s SOFC APU is quieter than current diesel gensets  Relative Noise Levels
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—— O[ . (100dBA)
tete { = + Telephone Dial
- 1 Tone (80dBA)
T /////// ¢ Current Diesel %
/ L e/Stlse/t I?]pf % Gen SEt APU (75_ 'a
T 80dBA) g
<b0dBA target | & Normal £
Sub Systems UL " Conversation (60- :3
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SOFC Development

Cathode

I

Electrolyte Electrolyte iiiiiiiiiiiiiiiiiiiis
Anode Cathode fadssaniaiinii
Electrolyte S rt 4 3
Poree Stepe - Ef%ﬁggg:.a:;a.ﬂ
Anode Anode Support Cathode Support 2222232 2222222822220,
Substrate Felts Foams Knit fabric Sintered plate
Material Ni Fe-22Cr-5A1-0,1Y | Fe-22Cr-0,5Mn | Fe-26Cr (Y,0,)
Thickness ~1,0 ~1,8 ~1,0 ~1,0
Porosity ~ 85 ~ 80 ~ 90 ~ 50
Supplier Bekaert, Technetics Rhodius, Plansee AG,
Austria
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planar cathode
electrolyte support anode metallic inert
i — support suppgrt
anode support
. <1000 mW/cm? £ 2500 mW/em? ~ 400-1400 mW/em? <500 mW/cm?
layer thickness [um] 850°C 700-800°C 600-800°C 950°C
cathode 50 50 50 50
electrolyte 50 - 200 5-10 5-30 20
anode 50 5-10 20-50 20
substrate - 200 - 7500 300 - T000 300 - 1000
tubular 20 - 30 20
30 - 60 5-20
5-100 5-10
1500 - 2200 500-1000
cathode support anode support
tubular tubular 1500
mW/cm?2
< 400 mW/cm? 800°C
7 950°C

[Robert Micke, Joint European Summer Schoal for Fuel Cell and Hydrogen Technology
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Substrate Manufacturing (Planar Designs) ) JULICH
Tape Casting

slurry  slurry chamber with

Characteristics of the slurry pre-blade
+ adjusted viscosity
* no separation, segregation /

* no agglomeration
+ chemical system: powder, solvent,
dispersant, binder, plastifier

— doctor blade
polymer carrier film

E— ' »
i Exha Schatbaver, PhO thesis, 2009
A st coating direction s s
Out
N
Ceramic Tape | |

on Carrier Tape 2 l ‘

l S D»T" ,_-_ Shr eand Ceramic

> i e 8 J {,Y ChumbE Tl gt iy

= = e Process parameters

« controlled drying

' « adjusted carrier film
gl : £ (adhesion)
Take.Up Spool 11 '- ‘\ « controlled support velocity
T y « controlled film thickness
Cmtrol!er

for Take-Up Spod < :_Zf’:»

\
Carrier Film
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Company Country | Component| Material Production process Thickness
Sulzer Hexis CH Electrolyte YSZ Tape casting ns
Cathode (La.Sr)MnO, Screen printing ns
Anode NiIYSZ Screen printing ns
ECN/InDec NL Electrolyte YSZ Tape casting ns
Cathode (La.Sr)MnO, Screen printing 50 pm (two layers)
Anode NIYSZ Screen printing graded composite
Fraunhofer Ges., IKTS D Electrolyte YSZ Tape casting 150 pm
Cathode (La,Sr)MnO Screen printing ns, two layers
Anode Ni'YSZ Screen printing ns
CFCL AUS Electrolyte 3YSZ, BYSZ Tape casting 100 pm
(Cathode (La.Sr)MnO+ Screen printing 50—-60 pm
Anode NI'YSZ Screen printing 50 pm
SOFCo USA Electrolyte YSZ. (Ce.Sm)O, Pressing and sintering 180 pm, 300 pm
Cathode (La,Sr)Co04 Screen printing ns
Anode Ni'YSZ Screen printing ns
Tokyo Gas P Electrolyte 3YSZ Tape casting 50100 pm
Cathode (La,Sr)Mn0O4 Screen printing 150 pm
Anode Ni(Ce.Y)SZ Screen printing 30 pm
Mitsui Eng. & Shipbuilding | IP Electrolyte 8YSZ Tape casting 300 pm
Anode Ni'YSZ Painting 150 pm
Cathode (La,Sr)(Mn,Cr)O5 | Painting 150 pm
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TiN, AITIN, DLC, CrN, TiCN, ZrN

Physical Vapor Deposition
(Electron Beam PVD, Sputtering)

Heater (up to 800°C)

. Substrate
e

S T e, ——

_Cluster " Catnoae [FENSNNC 0" <0
—~ Pump i ‘ o /YSZ
[ CGO > i

5 B AT

\ “Target & =

Anodé. | I PVD electrolyte
Electron Beam :

VSC = vacuum slip cast very thin PVD Iayel"s == |OW ASR

Jordan-Escalona, PhD thesis
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ZrCl, vapor ——» ———

Porous

,// substrate

Phase 1 - pore closure by CVD
ZrCly + 2H,0 — ZrO, + 4HCI

Phase 2 — scale growth by EVD
ZrCly + 207 — ZrO, + 2Cl, + 4¢’
Hzo +2e" = HZ + 0%

[29] CVD les v Slas oY EVD. sl Jsol 5 (Soilois VA-F S
2 A3 maw 4 Ol b g dwy oo 295 AV ) 2 mhaw 4 YCI3 3 ZICI4 Lol 515 aSils

:)'| .\_u)l_-.c as

Z1Cly+ 2H,0 — ZrO, +4HCI
2YCl;+ 3H,0 — Y,05 + 6HCI

!"Electrochemical Vapor Deposition
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Metric/Feature | Objective
e Utility Natural Gas or Propane
(30 psig preferred)
Input, Air Ambient air {-20° to 50°C)
Input, Other hIA
Output 120/240 VAC .
480 VAC 3-phase optional
Net Power Output (AC) 1,5,10, 25 kW
System Efficiency, LHV (electrical)
LTPEM 30%
SOFC 40%
System Efficiency Overall
LTPEM 80%
SOFC 0%
System Life 50,000 hrs
System Maintenance Interval 'y
(filter change: sulfur trap, air filter, fuel filter)
Grid Connection Yes, local andior utility
Operate off-grid Yes, critical load back-up
Start off-grid No
[46] [45] o1k aty: Y Jsor
Parameter | 1kw | skw | 10kw | 25kw
Cell Power Density (Wicm?) 032
Cell Current Density (Alem?) 04
Cell Voltage (VDC) 07
Active Area Per Cell (cm?) 200 200 400 | 400
Rated Net Power (kW, continuous) 1 5 10 25
Rated Gross Power (kW, continuous) 12 6 12 30
Number of Cells (#) 2 107 107 268
Open Circuit Voltage (VDC) 24 118 118 205
Full Load Stack Voltage (VDC) 15 75 75 188
Cell Design Planar, Anode supported
Parameter 100 kW 250 kw
Cell Power Density (Wicm?) 028
Full Load Cell Current Density (Alcm?) 04
Full Load Cell Voltage (VDC) 07
Active Area Per Cell (cm?) 414 414
System Net Power (kW, continuous) 100 | 250
System Gross Power (kW, continuous) 120 | 300
‘Number and Size of Stacks per System 4x30 kW (gross) | 10X 30 kW (gross)
Number of Cells per Stack(#) 259 | 259
Nominal Stack Open Circuit Voltage (VDC) 285 | 285
Full Load Stack Voltage (VDC) 181 | 181
Cell Design | Planar, Anode supported
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Process Category ‘ Assumed value
Energy cost $0.07/kWh
Labor cost $45.00/hr
Overall plant efficiency 85.00%
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. —— |Interconnect: 250 pm

Metal to metal joint _—

D — .
laser welded Anode Mesh: 500 pm

Anode Contact Layer: 10 um
Anode Frame: 1033 pm Anode Support: 500 um

Anode Active Layer: 15 um

Electrolyte Layer: 8 pm

Glass-Ceramic Seal: 147.5 um )
Cathode Active Layer: 5 um

Picture Frame: 250 pm
Cathode LSCF Layer: 30 pm

.
Metal to metal joint laser welded ——— Cathode Contact Layer: 10 pm

Cathode Frame: 250 pm
Glass-Ceramic Seal: 147.5 um

T Cathode Mesh: 750 um

\\ Interconnect: 250 pm
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59,000
1 kW SOFC Stack Cost
58,000
m Material
57,000
W Labor
56,000 ® Machine
55,000 W S5crap
$4,000 m Tooling
53,000
52,000
51,000
S0
100 1000 10000 S0000
Stacks per year
512,000
5 kW SOFC Stack Cost
510,000 B Material
m Labor
58,000 = Machine
$6,000 " Scrap
m Tooling
54,000
52,000
S0
100 1000 10000 50000
Stacks per year
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514,000

10 kW SOFC Stack Cost

512,000 B Material
$10,000 W Labor
m Machine
58,000 W Scrap
56,000 m Tooling

$4,000
$2,000
50

100 1000 10000 50000
Stacks per year

518,000
25 kW SOFC Stack Cost

$16,000
B Material
514,000
N Labor
12,000 )
> ® Machine
$10,000 m Scrap
$8,000 m Tooling
56,000
54,000
52,000
50
100 1000 10000 S0000

Stacks per year
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512,000

510,000

:

»

Stack Cost
1

8 3

r

52,000

S0

$12,000
$10,000
58,000

$6,000

L

Stack Cost

54,000
$2,000

S0

100 kW SOFC Stack Breakdown

System Production Volume

(30kW Stack)
B Tooling
W Scrap
B Machine
M Labor
B Material
100 1,000 10,000 50,000
System Production Volume
250 kW SOFC Stack Breakdown
(30kW Stack)
B Tooling
® Scrap
® Machine
M Labor
m Material
100 1,000 10,000 50,000
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1kW Systems 1kW Systems
™ Fuel Supply 1000 units/year 50,000 Units/year

 Fuel Processing

H Start-up Air Supply (CPOX)

B Cathode Air

" Heat Recovery

m AC Power

u DC Power

i Instrumentation and Controls

i Assembly Components
Additional Work Estimate

SkW Systems 5kW Systems
® Fuel Supply 1000 units/year 50,000 Units/year

i Fuel Processing

M Start-up Air Supply (CPOX)

® Cathode Air

" Heat Recovery

m AC Power

= DC Power

i Instrumentation and Controls

1 Assembly Components
Additional Work Estimate

10kW Systems 10kW Systems
¥ Fuel Supply 1000 units/year 50,000 Units/year

o 3%
i Fuel Processing

M Start-up Air Supply (CPOX)

m Cathode Air

" Heat Recovery

u AC Power

u DC Power

i Instrumentation and Controls

= Assembly Components
Additional Work Estimate
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25kW Systems 25kW Systems
M Fuel Supply 1000 units/year 50,000 Units/year

i Fuel Processing

M Start-up Air Supply (CPOX)

W Cathode Air

" Heat Recovery

H AC Power

m DC Power

I Instrumentation and Controls

i Assembly Components
Additional Work Estimate

o PO 100 kW Systems (1,000 units/yr) 100 kW Systems (5&000 units/yr)

= Fuel supply 250 kW Systems (1,000 units/yr) 250 kW Systems (54%000 units/yr)

S &
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= Fuel Processor

= Air Supply

» Heat Recovery

= Power Electronics

= Control and
Instrumentation

= Assembly Comp

= + Work Estimate

= Fuel Processor
= Air Supply
Heat Recovery
= Power Electronics

= Control and
Instrumentation

m Assembly Comp

w + Work Estimate
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1kW Systems

W Fuel Supply
SubGroup Cost per Volume

M Fuel Processing

$12,000 W Start-up Air Supply (CPOX)
® Cathode Air

W Heat Recovery

10,000 B AC Power
| DC Power
® Instrumentation and Controls
m Assembly Components

5800 Additional Work Estimate

S6,000

S4.000

52,000

L)

(100} (L0004 {20,000) (50,0004

Annual Production Volume (units/year)

S5kW Systems

W Fuel Supply
SubGroup Cost per Volume

B Fuel Processing

$16.000 ® Start-up Air Supply (CPOX)
m Cathode Air

® Heat Recovery

514000
W AC Power
m DC Power
$12.000 ® Instrumentation and Controls
® Assembly Components
i » Additional Work Estimate
54000
S6000
54,000
$2,000
S0

(1004 11,000 (10,000} (50,000)
Annuad Production Volume (units/year)
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10kW Systems

W Fuel Supply
SubGroup Cost per Volume

® Fuel Processing

525,000 W Start-up Air Supply (CPOX)

W Cathode Air

W Heat Recovery

W AC Power

$30,000 B DC Power

® Instrumentation and Controls

® Assembly Components
Additional Work Estimate

S15.000
S10,000
55,000
<0
(1004 {1,000} {10000 (50,0000
Annual Production Volume (units/year)
25kW Systems W Fuel Supply
SubGroup Cost per Volume ® Fuel Processing
$45.000 W Start-up Air Supply (CPOX)
®m Cathode Air
$40.0m0 W Heat Recovery
W AC Power
$35.000 m DC Power
® Instrumentation and Controls
- B Assembly Components
o e Additional Work Estimate
525,000
$20.000
S15.000
10,000
55,000

(100 11,0004 (10,000} 1500000

Annual Production Volume (units/year)
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100 kW SOFC System Subgroup Cost per Volume

W+ Work Estimate

B Assembly Comp

® Controd and Instrumentation
$120,000 m Power Electronics

® Heat Recovery

B Alr Supply

510,000

® Fuel Processor

W Fuel supply

$80,000

$60,000

$40,000

$20,000

(100) (1,000) (10,000) (50,000}
annual Production Violume {units/yr)

250 kW SOFC System Subgroup Cost per Volume

m+ Work Estimate

B Assambly Comp

m Contral and Instrumentation
$250,000 m Power Electronics

® Heat Recovery

W Air Supply
5200,000 ® Fuel Processor
W Fuel supply

$150,000

$100,000

$50,000

{100) (1,000) (10,000) (50,000}

Annual Production Volume (unitsfyr)
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[45] 215 0 ;s DC/IDC Jss azo 0 Jsor

Number of Units

Power (W)

1,200 0.67 0.54 0.48 0.46
6,000 0.33 0.26 0.24 0.23
12,000 0.33 0.25 0.23 0.22
30,000 0.33 0.24 0.22 0.21

[45] <is 2 ,s DCIAC Jos ae # Jsor

Number of Units

Power (W)

1,200 $0.60 $0.54 $0.50 $0.47 $0.43
6,000 $0.37 $0.33 $0.31 $0.29 $0.27
12,000 $0.33 $0.30 $0.28 $0.26 $0.24
30,000 $0.32 $0.29 $0.27 $0.25 $0.23

[45] Slg o 40 DC/AC Port v Shls o yud Joe auia ¥ Jgax

Number of Units

Power (W)
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Method Evaluated Alternatives Not Evaluated

. . Screen printing Plasma spray coating
Ceramic deposition :
Tape casting
Sheet metal stamping, laser eiching Laser cuiting, water jet cutting, chemical
Interconnect efching
Spray deposition coating CVD/PVD
Sealing Bead deposition Screen prinfing, tape casling
Picture frame Sheet metal stamping Laser cutting, water jet cutting.
Die casting + final machinini Stamping, weldin
End plate g 9 ping g
Machine from block (not chosen)

a3 ki g 4 525 (B-V
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1 kW SOFC Systems
1000 units/year

am
Assy. &
Cond.
3.6%

Mfg
Capital

Cost

5 kW SOFC Systems
1000 units/year

System
Assy. &

Mfg
Capital

Cost

10 kW PEM Systems
1000 units/year

System
Assy. &
Cond.
1.1%

Mfg
Capital
Cost

25 kW PEM Systems
1000 units/year

Cost

Aszamibly 250 kKW SOFC Systems

Components and 1,000 Units/Year
Additianal Wark
Estireate
7.3%

d9.5%

Paveer Electranic,

Heat Recovery
Compananti
13.3%

Tetal Stack
Manufacturing

Coeitrl, and
Fuel and &ir Supply
Instrumentation Camporents
Companents... V 4

Fugl Precesior
Companents

assembly 100 KW SOFC Systems
Companents and 1,000 Uinits/Year
Additianal Work

Estirmate

Tatal Stack
Manufacturing

sk 560
Funl and Alr
Power Electranic, Supply
Companents

Instrumentatian V 11%
Fual Processar

Companents
Heat Becover-3%
Components..
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Description

P Total stack manufacturing cost, with scrap 98,483 52,048 $1,360 $1,183
g 8 Stack manufacturing capital cost $748 $90 $37 $34
ﬁ E CHP hardware $2,348 $2,069 $1,895 $1,790
§ g' FC BOP hardware $7.774 55,044 $5,166 %4936

o System assembly, test, and conditioning $1,407 g3rs %310 %309

0 Total system cost, pre-markup $20,760 $10,528 %8,768 %8,253
é System cost per kWoet, pre-markup $20,760 $10,528 %8,768 %8,253
| Sales markup 50% 50% 50% 50%
"—E Total system cost, with markup $31,139 $15,791 $13,153 $12,379
E System cost per kWhet, with markup $31,139 $15,791 $13,153 $12,379
1 kW SOFC System Cost [ gc cost
525,000 m Mfg Capital Cost
B CHP Hardware
520,000
® FC BOP Hardware
415,000 W System Assy. & Cond.
510,000
55,000
50
100 UnitsYear 1,000 Units/year 10,000 Units/Year 50,000 Units/Year
Annual Production Volume (units/year)
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100 1,000 10,000 50,000
Units/Yr Units/Yr | Units/Yr | Units/Yr

Description

@ Total stack manufacturing cost, with scrap $10,438 $3,762 $2514 £2,316
g ' Stack manufacturing capital cost $748 $99 $65 $56
57 CHP hardware $5.112 $4,456 $4,054 $3,838
© o
=" FCBOP hardware $9,093 $6,995 $6,067 $5,790
[=]
ae " System assembly, test, and conditioning $1.410 $381 8313 $313
o Total system cost, pre-markup $26,802 $15,693 £13,013 $12,313
é System cost per kW, pre-markup $5,360 $3,139 52,603 92 463
-1 Sales markup 50% 50% 50% 50%
—
T—B Total system cost, with markup $40,203 $23,540 $19,519 $18,469
= System cost per kWaet, with markup $8,041 $4,708 $3,004 $3,604
5 kW SOFC System Cost | mStack Cost
530,000 B Mfg Capital Cost
; " CHP Hardware
25,000
B FC BOP Hardware
$20,000 ® System Assy. & Cond.
515,000
$10,000
55,000
50
100 Units/Year 1,000 Unitsfyear 10,000 Units/Year 50,000 Units/Year

Annual Production Volume (units/year)
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10,000 50,000
Units/Yr | Units/Yr

Description

1"\ Total stack manufacturing cost, with scrap $11,880 %4 879 $3.429 $3,190
g 1| Stack manufacturing capital cost $748 $99 §77 $69
15 CHP hardware $9.436 $8,117 $7.452 $7,067
o S
-1 FCBOP hardware $10,658 $7.482 $6.753 $6,471

[=]

a | System assembly, test, and conditioning $1.415 $386 37 $317
""" Total system cost, pre-markup $34,137 $20063  $18,029 $17,114
LE System cost per kWnet, pre-markup $3.414 $2,096 $1.803 $1.711
-~ Sales markup 50% 50% 50% 50%

=
"'—: Total system cost, with markup $51,206 $31,444 827,043 $25,671
= | System cost per kWhet, with markup $5,121 $3,144 $2,704 $2,567
10 kW SOFC System Cost [ m Stack Cost
540,000 m Mfg Capital Cost
$35,000 ¥ CHP Hardware
$30,000 ® FC BOP Hardware
B System Assy. & Cond.
525,000
$20,000
$15,000
510,000
$5,000
50
100 Units,Year 1,000 Unitsfyear 10,000 Units/Y ear 50,000 Units/Year
Annual Production Volume (units/year)
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100 1,000 10,000 50,000
Units/Yr Units/Yr | Units/Yr | Units/Yr

Description

@ Total stack manufacturing cost, with scrap $16,848 $8,358 $6.555 $6,302
| Stack manufacturing capitl cost §748 $209 §135 $126
§ E CHP hardware $23.134 $19,433 $17,939 $16,939
© 5
0= FCBOP hardware $14,548 $10,581 $9,073 $8,532

[=]

o System assembly, test, and conditioning $1.428 $399 8330 $330

@ Total system cost, pre-markup $56,706 $38,980 $34,032 $32,229
Lg System cost per kWhnet, pre-markup $2.268 $1,559 $1,361 $1,289
= Sales markup 50% 50% 50% 50%
.
<8 Total system cost, with markup $85,059 $58,470 $51,048 $48,344
=1 System cost per kWeet, with markup $3.402 $2,339 $2,042 $1,934
25 kW SOFC System Cost | m Stack Cost
$60,000 m Mfg Capital Cost
B CHP Hardware
550,000 m FC BOP Hardware
$40,000 m System Assy. & Cond.
30,000
520,000
510,000
50
100 Units/Year 1,000 Units/year 10,000 Units/Year 50,000 Units/Year
Annual Production Volume {units/fyear)
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Description

100

Units/Yr

1,000 10,000 50,000

Units/Yr UnitslYr Units/Yr

$160,000

£140,000

£120,000

S 100,000

580,000

560,000

$40,000

520,000

S0
100 Units/Year

1,000 Units/fyear

Total Stack Manufacturing saasss | sanost | s2ro17 | soerae
Fuel and Air Supply Components $10108 |  $8306 |  §7.465 $6,956
Fuel Processor Components $8245 |  ssee3 | 5247 $4,962
Heat Recovery Components s21057 | s19898 |  s18430 [ s17.621
S ss2088 | sa3eor | ssse22 | sa0213
Assembly Components and Additional Work Estimate §11,105 [ s10080 [ 005 $8,175
$148058 | $117486 | 102835 | 594673

1481 81175 1,008 $947

50% 50% 50% 50%

5222087 | $176229 | s154252 |  $142009

o1 | st7e2| 1543 $1,420

100 kW SOFC System Cost

10,000 UnitsYear

m Power Electronic, Control, and
Instrumentation Components

Work Estimate
Heat Recovery Components

B Fuel Processor Components

B Total Stack Manufacturing

Annual Production Volume (units/yr)

[£5] lggks Y+ + SOFC gitacns asja 3 SOFC CHP i sloas jo asdls Yo -0 JSLs

B Assembly Components and Additional

m Fuel and Air Supply Components

50,000 Units/Year




Description U 'l.m. 1".““,“ E u_,.m?u 5“;‘“90
nits/Yr Units/Yr Units/Yr Units/Yr

Total Stack Manufacturing 587487 570,430 566,665 566,327
Fuel and Air Supply Components §18,298 §15,700 §14,300 §13,556
Fuel Processor Companents 514,347 $a.797 38,604 58,253
Heat Recovery Components §33,857 §31.718 §29,718 §28470
s Secion, Conlrl, and lnsimumentzton s117962 | sesos0 | s75453 $62.217
Assembly Components and Additional Work Estimate §19,110 §17.410 §15,710 514,180
$201,072 $240,105 $210 458 §143 004
$1,164 5960 5842 g2
0% 50% 50% 50%
$436,608 $360,157 $315,686 $280 505
§$1.746 §1.441 $1,263 §1,158

250 kW SOFC System Cost

$350,000

£300,000

5250,000

$200,000

%150,000

$100,000

550,000

&0
100 Units 1,000 Units

[46] <lgsls Yo+ SOFC pivw asj0 9 SOFC CHP v slaass jo aodls YV-0 JSio
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10,000 Units
Annual Production Volume [units/yr)

B Power Electronic, Control, and
Imstrumentation Components

Work Estimate
Heat Recovery Components

B Fuel Processor Components

B Total Stack Manufacturing

m Assemnbly Components and Additional

® Fuel and Air Supply Components

50,000 Units
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SOFC System Cost per kW,

525,000
m 100 Units/Year
520,000 B 1,000 Units/year
& = 10,000 Units/Year
=
ﬁ.h $15,000 ® 50,000 Units/Year
&
a]
'}
E
< 510,000
w
-
(¥ ]
55,000 I
; ITH TTHE I

1kW SOFC System  SkW SOFC System  10kW SOFC System  25kW SOFC Systemn

SOFC System Cost per kWnet
$1,600 | W 100 Units/Year

51,400 | ® 1,000 Units/year
Tc_; $1,200 W 10,000 Units/Year
= ® 50,000 Units/Year
= 51,000
L7
2 $800
L]
g 5600
.
::; 5400
$200
S0

100 kW SOFC System 250 kW SOFC System
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1 kW SOFC Systems 5 kW SOFC Systems 10 kW SOFC Systems 25 kW SOFC Systems
1000 units/year 1000 units/year 1000 units/year 1000 units/year

Zazemby 100 kW SOFC Systems Assembly 250 kW SOFC Systems
v 1,000 Units/Yesr

Comgoness and 1,000 Units/Year

»

Acdimional Work
Estimate
B.EN

Total Stack t
Manutacturing 7.3%
25.6%

Fonl moct Air
seh
Comgonents
Ta%

Foul snd Ar Sepphy
Compenents
65

Fuel Procassor

Componants
Heat Aocoverf $%
Compoments

Heat Recovery
Comporents
13.2%

[£5] [¥0] SOFC i a3 YY-0 S
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SOFC Systems

Description
Total stack manufacturing
cost, with scrap 52,048 $1,360 $3,762 $2,514 £4.879 $3.429 $8,358 $6,555
Lt $90 $37 $99 $65 $99 $77 $209 $135
CHP Hardware £2,089 £1,895 34,456 $4,054 £8,117 §7.452 $19,433 $17,939
FC BOP Hardware $5,944 £5,166 56,995 $6,067 $7.482 $6,753 $10,581 $9,073
System assembly, test, and
conditioning $378 $310 $381 $313 $386 £317 $399 $330
Total ’:“”"‘ CostinEsS $10,528 = $8768 $15693 | $13013 | $20963 = $18029  $38980 $34032
i‘;’r‘;l“; cost per kWae, pre- $10,528 $8,768 | $3,139 $2603 | $2,096 $1,803 | $1,559 $1,361
Sales markup 50% 50% 50% 50% 50% 50% 50% 50%
I.,‘:f,i:; stem cost, with $15791 | $13,153 | $23540 | $19,518 | $31444  $27.043 | $58470  $51,048
Sysm: cost per kWnet, with $15,791 $13,153 $4.708 $3,0904 $3,144 §2,704 $2,339 $2,042
1wo0kw | 100kw | 250 kw 250 kW
Description 1,000 10,000 d 10,000
UnitsYr Units/Yr its/ Units/Yr
Total Stack Manufacturing, Testing & Conditioning Costs 544555 | s30,081 527,017 S26,746
Fuel and Air Supply Components $10,108 $8,306 $7.465 $6,956
Fuel Processor Companents. 38,245 $5,693 35,247 $4.962
Heat Recovery Components 521,057 $19,608 $18,430 $17,621
Power Electronic, Control, and Instrumentation Components: 552,988 $43.827 535,622 §30.213
Assembly Components and Additional Work Estimate s11,105 | sto080 $9,055 $8,175
5148058 | s117.486 | s102.835 504 673
31,481 $1,175 $1,028 5047
50% 50% 50% 50%.
5220087 | s176200 | s1s4952 | s142.009
$2,221 $1,762 $1,543 $1,420
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$16,000

Final System Cost per Energy Delivered (Thermal+Electric)

m 1 KW PEM System
|1 kKW S0FC System

$14,000

512,000 -

S10,000

$8,000

Cost (5/kW)

B 5 EW PEM System
B 5 KW SOFC System

B 10 KW PEM System
B 10 kW SOFC System

B 25 kW PEM Systemn

W 25 kW SOFC System

S6,000
54,000
£2,000
50
100 1000 10,000 50000
Production Velume (units/year)
Net Power + Heating System Installed Cost
51,800 m 100 kW PEM
W 250 kKW PEM
51,600
w100 ke SOFC
_ 51,400
E = 250 KW SOFC
= 51,200
S
E 51,000
g 5800
2 5600
=
E 5400
5200
50
100 1,000 10,000 50,000

Production Volume (Systems/year)
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Internal Rate of Return for Commercial Installations in California

100 1 I.'I(I[I 1ﬂ 000 EI] 000

PEM |without waste heat 100 kW
recovery)

250 kW 1% 10% 17% 2%
PEM (with waste heat 100kN S% 16% ¥ 2
recovery for heating) 260 KW 129 23% 3% 36%
SOFC (without waste heat 100w 15% 2% 3 8%
recovery) 250 kW 26% 38% 45% 52%
SOFC (with waste heat 100 k¥ 2% 2% 0% 0%
recovery for heating) 250 kW g, 519, 60% 67%
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System Systems Stack cost Stack cost Cost increase
power / kWe  year™ Base design /  Alternative '

$ kwe™ design / $ kWe™
1 100 5,387 5,463 1.4%,
1 1,000 1,19 1,252 4.7%
1 10,000 451 485 7 4%
1 50,000 32z 347 7%
10 100 1,039 1,096 5.4%,
10 1,000 342 376 9.7
10 10,000 197 | 12.3%
10 50,000 178 202 13.1%
50 100 478 514 7%
50 1,000 215 240 11.5%
50 10,000 176 200 13.2%
50 50,000 170 193 13.5%
100 100 339 372 9.5%
100 1,000 194 219 12.4%
100 10,000 171 194 13.5%
100 50,000 168 191 13.7%
250 100 245 274 10.07%
250 1,000 181 204 13.0%
250 10,000 167 190 13.7%
250 50,000 166 189 13.9%
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Stack Manufacturing Cost /$ kWe!

Stack Manufacturing Cost /S kWe!

1600
m1kWe
1400
m 10 kWe
1200
m 50 kWe
1000
800 » 100 kWe
600 m 250 kWe
400
- || |II I |
; 1 50000 REEOE
100 1000 10000 50000

Systems per year

[A7] s ploo b Sl el ai o &l i YO-0 S

1600

m 100 systems/year
1400

® 1000 systems/year
1200 ystems/y

» 10000 systems/year

1000
800 m 50000 systems/year
600
400
-
i il i

1kWe 10 kWe 50 kWe 100 kwe 250 kWe

o
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500
450
400
350
300

250
200
150
100
50
0

Stack Manufacturing Cost /$ kWe!

Annual Equivalent Power (10 MWe)
® 1 kWe system (10000
systems per year)

= 10 kWe system (1000
systems per year)

451

342
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100%

80%

60%

40%

20%

0%
100 1000

10000 50000
Annual Production Volume / systems year!

oo il

% of Total Stack Cost

m EEA cell B Interconnect
® Frame m Cell to frame seal
m Stack Assembly and QC m Nickel Mesh
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100%
80%
60%
40%
20%

0%

10000 50000
Annual Productlon Volume / systems year*

% of Total Stack Cost

m Direct Materials (S/kW) m Direct Labor ($/kW)
® Process: Capital (S/kW) » Process: Operational (S/kW)
® Process: Building (S/kW) w Scrap/Waste (S/kW)
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420 470 520 570

Process Yield I R 1 7 G 7%
Power Density W cm? 7.8, N
Line Performance - 4@
Labor Rate $ hour™ S —
Capital Cost $ kw! S —
Discount Rate — ]
Operations Cost Skw! o
Building Cost S kW! 1]
Availability

M Increase (+20%) ® Decrease (-20%)
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135 155 175 195 215

Process Yield e 22.7%
Power Density W cm? 14, 5o/ 1 S
Line Performance ——
Availability I
Capital Cost S kw! f— ]
Discount Rate ]
Labor Rate $ hour! |
Operations Cost SkW! |
Building Cost $ kw! i

M Increase (+20%) m Decrease (-20%)
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Electrolyte Anode Metal Metal
supported supported supported supported

LSM+YSZ LSM+YSZ

YSZ
YSZ

temperature
1000 °C 800 °C 600 °C 400 °C
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USSI D350 (245 W, 6"H x 16"L x 8"W, 5.1 kg, 134g/h propane) and P250 (250 W, 13"H x 17"L x
7"W, 10.7 kg, propane or natural gas-fuelled) [58]
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Elcogen 5,5 E3000 4 E1000 Sl aslio Y-V Joux

E3000 E1000
Rated power [W] 3000 1000
Number of unit cells [pcs] 39 119
Maximum voltage (OCV,H 2) [V] 47 141
Minimum voltage [V] 27 81
Nominal current [A] 30 30
Maximum current [A] 40 40
Air utilization 0.12-0.3 0.12-0.3
Maximum fuel utilization 0.7 0.7
Maximum degree of internal reforming 0.65 0.65
Maximum temperature[°C] 720 720
Maximum inlet temperature for air [°C] 580 580
Maximum temperature difference [°C] 100 100
Maximum working pressure [mbar] 50 50
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[59] Elcogen cs,5 s gw Ju Ve-Y Ui
Cell show 5.5% degradation after 1000 h @ 60% fuel utilization and 650 °C
operating temperature with a reformate mixture of 15% CH3,26% C02,29% Hz, 30% H20
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Energy Center
Dimensions, WxHxD [mm] 1220*80*600
Weight [Kg] 220
Fuel Cell
Power output [W] 700
Thermal output [W] 700
Electrical efficiency [%] 45

Overall efficiencty [%] 90

[61] BOSCH’s Cerapower energy centeryy-v .
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Detail of Ceres Power’s single, metal-supported fuel cell, allowing extremely
thin active layers and low temperature operation [62]
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[63] Convion’s C50 product: a 50 kWe CHP generator with 53% electrical efficiencyyo-v s



[63] Convion 5,5 C50 Jgame Slasin V-Y oo

Performance Targets
Net power output 58 kW (3x400-440V AC 50/60 Hz)
Energy efficiency (LHV)
Electrical (net,AC) > 53%
Total (exhaust 40 °C) >80%
Heat recovery
Exhaust gas flow 650 kg/h
Exhaust gas temperature 222 °C
Emissions
NOXx <2 ppm
Particulates (PM10) <0.09 mg/kWh
CO2 (NG, nominal load) 354 kg/MWh
CO2 (with heat recovery) 234kg/MWh
Fuels Natural gas, City gas, Biogas
Dimensions (LxWxH)
Power unit 35x19x2,3m
Auxiliary equipment 2,4x0,6x2,2m
Noise level <70dB(A)atlm
Installation Indoor/outdoor
Ambient temperature -20-+40°C
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[14] mPower GMbH uJs ol clo S5 VY Jsor

Available Power Output Range in W 250 to 1200
Weight in kg 3.3t013.6
Operating Temperature in °C 780 to 860
System Compatibility Compatible to partial oxidation,
steam and autothermal reformers
Internal Reforming of CH 4 in % up to 32
Fuel utilization in % up to 85
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Reliability and Design Simplicity
Innovative & Solution Based Approach
Cost Reduction & Affordability

Global Industry Standard
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[10] ENE-Farm Type S (SOFC-based) for residential fuel cell CHP specifications v-f Jsu>

ENE-FARM RESIDENTIAL FUEL CELL CHP
Selling dare: April 27, 2012
Rated power out put 700 W
Power output range 5= J00W
Power generation efficiency 46.5% (LHV)
Overall efficiency S04 (LHV)
Operation temperature range -10~ 43 °¢C
Basic Func- Start-up time 120~ 180 min
Operation time 24 hrs continuous
Hot-water tank capacity a0 litres
Hot-Water Temperature =7'c
Installation outdoor
Voltage 100w [50/B0Hz)
Power Generating Unit BO0W » 535 H = 335 D [mm)
Dimensions Hut_ﬁ?;:ﬁ;t:;:ﬁ? Uniz 740 W x 1,760 H x 310 D (mm)
Power Generating Unit Gbkg
Weidght
Hot-Water storage Unit Gdkg [188kg in operation)
Appros. 1.9 m?
Installation Space [Approe. 1.6 m’ with side exhaust gas
cover)
{incl. taxes zt:unizf I::::Ihthn cost) e
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Steam Turbine
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(-
Gas Turbine ﬂ
Heat Recovery Steam Generator
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Production
Electriaty for 370
households

Installation area
95l
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LNG. Bio Gas, SNG

Applications : P /

Small-scaled production
facilities, mid-and large-

sized buildings
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» Cell Development

Argonne National Lab
Boston University*
Case Western Reserve®
Glacigen

Georgia Tech*

HAMR

Ketterng University

Massachusetts Institute of Tech.

Michigan State Univ
Montana St. University*
NETL=RIC

Oak Ridge National Lab
Pacific Northwest Natl Lab

» Core Technology

Atrex*

Auburn University

General Electric

HifFunda

Michigan State Univ.

Mohawk*

National Renewable Energy Lab
NexTech

» Systems Development

Cumulative Number of Projects

» FY18 DOE Appropriation:
» Cumulative Funding (FY00 - FY18)

Atrex

Cummins
FuelCell Energy*
General Electric

* DOE

* Participant Cost Share

Pnucmaticcoat

PolarOnyx

Saint-Gobian

Sonata

SMI

Stanford

Tennessee Tech. Univ.*
University of Connecticut*
University of Maryland

My Gauaceen

N7
ot
it

o
o
University of Pennsylvania*

University of South Carolina*
West Virginia University*

Oak Ridge National Lab

Pacific Northwest National Lab U
Redox Power riresenuic
Sonata

University of Pittsburgh
U.S. Department of the Navy
West Virginia University

LG Fuel Cell Systems*
Redox Power*
University of California San Diego
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$30M ‘:

Annual, SM

~$712M
~$265M

=
=
W$ ‘Danemuuny

2000 2002 2004 2006

2008

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 20011 2012 2013 2014 2015 2016 2017 2018
3 PRRYONT 8

A
B Annual Approy

PPIOF

Total Number of Awards

Total Number of Participants
66
40
10

>290

116
* Industry

* Academia

* National Labs/Agencies

2010 2012 2014 2016 2018

[70] Giliso slo b Jsbo 5 e 5 5 154 (55,1 35 Jawsss (558 ale o of5n TAZY JS5



R
10 MWe Pilot / i\ »
10 kWe-Class Stack Tests (planned)  * / v
- Improved efficiency, 35 —41% \L / 50 MWe Utility-
- Reduced degradation, <2%/1000 hr N, Scale Demo
- Cost target at high volume 200 kWe Prototype (planned)
achieved (extrapolated) Field Test

(two in-progress)
a

Cell and Stack Performance Improvements
- Increased cell area by 5x ‘ s MWe-Class Pilot
- Increased cell power by 10x
- Degradation reduced to 0.2 - 0.5%/1,000 hrs
'S

Cell Development
- increased power
- Established material set
- Improved reliability

- Reduced cost

Proof-of-Concept Systems
—&  -Two POC systems, SOkW & 200 kW
- Efficiency improvements to >55%

Technology Validation & { 200 kWe POC 50 e POC
* (eaurtesy LG Fus) Cell Systams) (counesvvFuelCellrEnergy)r
2010 2020 2030

[70] SOFC ks wsg, Y-V S

COMMERCIALIZATION +
Technology available for Licensing to SOFC

implementation in  BAFEY commercial TRL Atre
SOFC production line developer X

. ) ) 7-8 Cells [
DEMONSTRATION Direct collaboration with |
Technology implemented and [EAULEEREE] Atrex Energy to scale up ]

tested at SOFC stack (kW) technology
scale ) Demt;ngtraticn
I
SYSTEM TESTING DemO”Str.af-‘O” on atLab Scale
2012-14 commercially relevant
Evaluate technology on several scale #
commercial developer cells TRL ' Sonotek Sonic Spray |-
Technology validated on 4-5  Coater used for
IRAUIANCI LIS N 2007-12  SOFC button cells (several V4 technology scale-up
Patents obtained W) scale
RL |8
DISCOVERY Electrode infiltration 23

el 2009  technique evaluated

was nfiltrated Cathode

[70] Y-V Jlo b gilus s asg Yo=Y S

System Cost (1I]0 EW- IMW) >$12,000/kWe $6,000/kWe $900/kWe

sroach Batch Semi- Continuous Continuous

System Degradation 1-1.5% per 1,000 hrs 0.5 - 1.0% per 1,000 hrs <0.2% per 1,000 hrs

Fuel Reformation

Durability 5,000 hrs 5 years
Platform Proof-of-Concept Pr 'I-’\:-"\L'_."‘.lli.‘ll' !l?'_(::li:l:.'“l'.‘. - [|.Ii1_I”.
Configuratior Breadboard/ Integrated systems Fully packaged Fully packaged
Natural Natural
Fuel Natural gas .a - * gas
Simulated syngas Coal-derived syngas
4 DG: MWe-class
Demonstration Scale 50 kWe - 200 kWe 200 kWe - 1 MWe Utility-scale: 10 - 50 MWe
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200 kWe Prototype Tests
* Natural gas *TRLG

MWe Pilot{s) Commetcial DG Systems
- Natural gas - Prefimdesign BTEA | ¥+ Naturalgas ST b
. + CCS capable * Privetely funded

10 MWe Pilok(s)

+ IGFC/NGFC slipstream
- 00

50 MWe Utility-Scale Pilot(s)
+ First-of-a-kind *+ TRL79

INNOVATIVE CONCEPTS
» Surnasess SOA nerformance, cost, and reliability  + Advanced manufacturing
* Novel cell & stack architecture + TRL4-6

CELL AND CORE TECHNOLOGY DEVELOPMENT

+ Cell power enhancement B reliabllity - Innovative stack design(s) & balance-of-plant
* Modeling & systems analysis * Evaluation of cell/system operation on syngas
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[,000 yen/unit]
3,500
Price-SOFC
3,030
3,000 \ 3,000 Price-PEMFC
2,500 23530 0o
2,440 1,970 1.820
2,000 — : 1,750
2,170
1,500 - 1,400 1,350 1,720
1,530
1,000 1450 ’ 1,360
700 430
500 |- Subsidy-SOFC 450 350
Subsidy-PEMFC
0 : , . : - 380 300
2009 2010 2011 2012 2013 2014 2015
Fiscal year
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House type Fuel type System type

mInstallation for exsisting houose HLPG SOFC
Installation for new construction City Gas PEMFC
: 0 100%
100% 100% % % 7% 7%
90% 90% 2 0% — —¥— — — —
80% + 80% 8% ~ — — — — —
70% 70% +H— — — — — — 0%+ — — — — —
60% 60% 0% — — — — — —
9 il EII TS =N == 50% {— — — — -
50% 50% B 93% 94% 93v, 93%
40% + 40% |85% 829 g2% B7% 40% — —82% — — -
30% 30% 4 — — — — — 0% +— — — — — -
20% 20% 20% +— — — — — —
0% — — — — — — 0% — — — — — — 0% +—~ — — — — —
0%t —  —  —  — - — % | — —  — - —  — 0% T T
2011 2012 2013 2014 2015 2011 2012 2013 2014 2015 2011 2012 2013 2014 2015
Fiscal Year Fiscal Year Fiscal Year
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Present picture 2030 Target future picture

Fossil fuel-based hydrogen
(by-product hydrogen, natural gas reformation)

CO2-free hydrogen
(Brown coal combined with CCS,
utilizing renewable energy)

Supply chain development and demonstration, scale-up

Scale-up
ial
(Present) (2020) Substantial cost cuts (Reference compartson)
—_— > ~ + Natural gas imports
200 4k 300kmn ' 5 32,’1,‘, a 85 miltion ty
10 iport g%
jon pri $1.6/kg
(hydrogen station price) rasoc on
_ ¥12/kWh DS
(R&D stage) > ¥17/kWh __ Replacing gas Unit LNG power
(Commercial stage) generation cost:
Demonsirating hydrogen power generation, establishing an power generation ¥12/kWh
environmental value assessment system (Refecanice) JO0 in hydrogen (Referance ) 510 millon | represerts
Ty WOV et | ougt power
“Roadmap” targets generation capacity:
oo (Present) (2020) (2030) 1326W
. R FCViHydrogen ; station:
= @ 25k > 40k stations 800k Replacing 31,500
= becomi
3 Ry | v -y
= = Number of
@ 2 > 100 *2nd half of | . 1 Introducing large FCVs ~ Passenger cars:
D > 500 he2020e |3 10k -
Utilization : R P mw Number of
of fuel 230k > > households:
colls @.u_ d independent ) =i 5'3'"_ __ systems _”g_"__ ~__ 53million
Phase:1 Phase:2 Phase:3
A dramatic increase of Hydrogen Power Plant/
Fuel Cells Installation Mass Supply Chain__ _ CO2-free Hydrogen
2009: 1 +
Residential |FC : "
P 2014:Fcv |I - Accelerate RD&D |,
2020 f : i
Tokyo Olympi ey 1 : :
/Paraiympics 2014:HRS :

2030

2040

2nd half of 2020’s:
-Enhance Supply Chain

in Japan

Around 2030:

-Hydrogen Power Plant Around 2040:

-Full Scale

FCV : Fuel Cell Vehicle
HRS : Hydrogen Refueling Station =
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FCV & HRS

Targets
FCV HRS
Residential Fuel Cells | - 40,000 by FY2020 ‘160 by FY2020
Targets -200,000 by FY2025 -320 by FY2025
+ 1.4 million units by FY2020 '800,000 by FY2030

- PEFC : 800,000 yen

(approx. $7,000) by FY2019
« SOFC : 1,000,000 yen

(approx. $8,800)by FY2021

Marketed in 2009---

2,500
FCVs
deployed

Around 250,000 units

[71] comio jo (3 gu o 5 ooliil g iy Slaal 5 S938 Comdg YF-Y S
o ooly Lis V=YV S o (59,008 ¢ (B9 oo slp Vo YA Lo jo oals a8 5 las jo axog,

RD&D (NEDC
(15.1)

Billion JPY

® Subsidy for HRS

= Subsidy for Stationary Fuel Cells

= RD&D for Fuel Cell (PEFC, SOFC)

= RD&D for HRS

= RD&D for H2GT, H2 Supply Chain & PtG

METI’s Total: 28.4 billion JPY (260 million USS)
Not including subsidy for FCV
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2016 2017

—
o ¢ of Hvd T Development of Technologies
evelopment of Hydrogen Utilization for Hvd Refueling Stati
§ Technologies (2013~2017) > EoE o T
g | |
S | | ]
T “ e Development of Technologies for Realizing a Hydrogen Society >
| (2014~|2020)
| |
H @ Advancement of Hydrogen Technologies and Utilization Project (20 14~202>
S 2 i

Technologies (2015~2019)

0 Development of Advanced PEFC Utilization >

Fuel Cell

of SOFCs (2013~2019)

. = Development of Technologies to Promote Practical Application >

l ! ! !
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SOFC i (oSool ywr Jooo (3-1-Y

oo aitl (5,5 a5y, g, a4 (sl BT el ool axslu 4 s> SOFC g Sl s Jgloo
89V 0lg) )V Jguzr 5o (Seolpw sk laaze ond ool plnil Jo 595 2 )b 99 S e 5 Sl
el 00 0315 L (DlgshS YO+ 51+ le) ¥ Jgaz g (DlsslS YBg) + ls3) ¥ Jgo g (SlssleS

1 kw 5 kW
100 1,000 | 10000 | 50000 100 4,000 | 10,000

Material §4.42 §2.48 $1.65 $1.51 $2.85 $1.84 §1.50 $1.45
Labor $387 $3.20 $3.15 $3.14 $3.28 $3.15 $3.14 $3.14
Machine 57.04 56.31 35.78 $2.51 $6.33 $5.71 5242 $1.79
Scrap §047 $0.36 $0.32 $0.21 $0.38 $0.32 §0.21 $0.19
Tooling 50.20 50.11 30.10 $0.10 $0.12 $0.10 50.10 $0.10
Part Total $15.99 $12.46 $10.99 $747 $12.95 $11.13 §7.37 $6.67
# per Stack 21 21 21 21 107 107 107 107
Stack Total $335.89 $261.64 $230.74 $156.82 = 138569  $1,190.83 $788.96 $714.13

[45] 15558 5V s SOFC (Sal s Joho (saizjo aodls ) Jsor

1001000 10000 | 50000 | 100 1,000 10,000 | 50,000

Material $4.68 331 §2.76 $2.70 $3.94 $2.88 $2.72 $2.69
Labor $4.11 $4.00 $3.99 $3.99 $4.03 $4.00 $3.99 $3.99
Machine $9.45 $8.02 53.83 $2.91 $9.37 $5.28 $3.17 $2.78
Scrap $0.55 $0.46 $0.32 $0.29 $0.53 $0.37 $0.30 $0.29
Tooling $0.17 30.14 50.14 $0.14 50.14 $0.14 $0.14 $0.14
Part Total $18.97 $15.73 $11.05 $10.04 $18.02 $12.67 $10.32 $9.89
# per Stack 107 107 107 107 268 268 268 268
Stack Total $2029.33 | $1683.26  $1,181.84  $1,07376 = $4828.14  $3,394.67 $2,765.60 $2,650.26

[45] Slssts ¥0 51+ g SOFC Kol oo Jolos i3 aodls ¥ Jgor

30-kW Stack - 100-kW System

o0 | o0 |

30-kW Stack - 250-kW System

Material $5.36 $5.11 55.04 $5.03 55.24 $5.06 $5.03 55.02
Labor 5$3.87 $3.85 53.85 53.85 $3.86 $3.85 $3.85 53.85
Machine $8.43 $3.92 52.76 52.63 55.43 $3.04 52.65 52.62
Scrap $0.54 50.39 50.36 50.35 50.44 $0.37 $0.35 50.35
Tooling 50.14 50.14 50.14 50.14 50.14 50.14 50.14 50.14
Part Total 5$18.33 $13.42 $12.15 $12.01 515.11 $12.47 $12.03 $11.98
# per Stack 259 258 259 259 259 259 259 259
2::;:2? 54,748.70 | $3,475.98 | 53,147.06 | $3,110.03 || $3,912.28 | $3,228.67 | $3,115.22 | 53,103.48

[46] tssls Y0+ 51+ + pies SOFC (Secal s Jshoo (g3 45 ¥ Jsur
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Material $224.43 $191.51 $191.51 191,51 $22443 | 519151 $191.51 $191.51
Labor $16.69 $12.26 $11.82 $11.78 $16.69 $12.26 s11.82 $11.78
Machine $45.99 $45.99 §23.33 $15.72 $45.99 $45.99 $23.33 §15.72
Scrap $1.44 $1.26 $1.14 $1.10 $1.44 $1.26 $1.14 $1.10
Tooling $18.26 $1.83 §0.18 $0.11 $18.26 $1.83 $0.18 50.11
Part Total $306.82 $252.85 $227.98 $220.22 $306.82  §252.85 $227.98 $220.22
# per Stack 2 2 2 2 2 2 2 2
Stack Total 5613.64 $505.69 $455.96 $440.45 §613.64 = §505.69 $455.96 544045

[45] Slssls 8 ) slopies SOFC el (camio cain acds ¥ Jsoor
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Material $314.91 $285.54 $285.54 $285.54 $314.91 $285.54 528554 $285.54
Labor $19.24 $14.85 $14.41 $14.37 $19.24 $14.85 $14.41 $14.37
Machine $56.14 $56.14 $20.09 $20.09 $56.14 $56.14 $20.09 $20.09
Scrap $1.96 $1.79 $1.61 $1.61 $1.96 $1.79 $1.61 5161
Tooeling $18.59 §1.86 $0.19 $0.11 £18.59 $1.86 $0.19 $0.11
Part Total $410.84 $360.17 $321.83 $321.71 $410.84 $360.17 $321.83 $321.1
# per Stack 2 2 2 2 2 2 2 2
Stack Total $821.67 $720.34 $643.65 $643.43 $821.67 $720.34 $643.85 $643.43

[45] ‘saljjl..f YO 9V ot SOFC U.:Le‘.u‘ Gdxao (Sdiy i A O Jou
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30-kW Stack - 100-kW System

30-kW Stack - 250-kW System

Material $212.77 | 521277 | $212.77 | 521277 | 521277 | $212.77 | 521277 | 521277
Labor $28.15 | s27.10 $26.99 526.98 527.45 527.03 526.98 526.98
Machine 510544 | 561.37 532.84 530,94 [ 5105.44 | 54235 530.94 530.94
Scrap 51.74 $1.51 5137 51.36 5174 51.42 51.36 51.36
Tooling 53.76 $0.38 5011 50.09 51.50 50.15 50.09 S0.08

Part Total $351.87 | $303.13 | $274.09 | $272.15 | 5348.90 | 5283.72 | 327215 | 527214

# per Stack 2 2 2 2 2 2 2 2
Total Cost
per Stack $703.74 | $606.26 | $548.18 | $544.29 | 5697.81 | 5567.44 | %544.30 | 5544.28

SOFC Jla| ‘_gl{bw (a-)-¥
AN loads sl SS-441 o Lo ¥ cules sl Y o8 5y 0o Vg8 a8 g 5l lasaias Jlas]

el oals SITALY Jo jo Jlail ganjo

o uw 5 kW

00| 1,000 10000 | 50000 | 100 | 1,000] 10000 | 50000
Material $0.91 50.66 $0.52 $0.45 $0.71 $0.56 30.45 0.4
Labor $0.41 $0.34 $0.34 $0.34 $0.35 $0.34 50.34 $0.34
Machine $1.60 $1.53 $1.52 $0.67 $1.53 $1.52 50.64 30.34
Scrap $0.11 $0.09 $0.09 $0.05 $0.09 $0.09 30.05 $0.04
Tooling $3.55 $0.36 $0.11 $0.10 $0.70 $0.14 30.10 30.09
Part Total $6.59 $2.98 $2.57 $1.60 $3.39 $2.64 $1.57 $1.22
# per Stack 21 21 21 21 107 107 107 107
Stack Total $138.37 $62.52 $53.93 $33.67 $362.56 $282.47 $168.11 $130.08

[45] L1ssks 051 lagiasms sl SOFC Jlasl cayze aods V Jgur

1 ferritic stainless steel



| toww | 2skw
100 1,000 | 10000 50.000 | 100 | 1000 | 10000 50,000

Material $1.11 $0.87 $0.71 50.68 $1.00 $0.80 $0.68 $0.68
Labor $0.46 $0.44 $0.43 $0.43 $0.44 S0.43 $0.43 $0.43
Machine §2.22 $2.19 §1.01 $0.40 8220 §1.76 $0.55 $0.37
Scrap $0.14 $0.13 $0.08 $0.05 $0.13 S0.11 $0.06 $0.05
Tooling $0.91 $0.18 $0.13 5012 $0.36 S0.14 $0.12 $0.12
Part Total $4.83 $3.81 $2.35 $1.69 $4.14 $3.24 $1.85 $1.66
# per Stack 107 107 107 107 268 268 268 268
Stack Total $516.58 $407.16 $251.98 $181.10 | $1,109.42 $869.60 $495.03 S444.41

[45] Sl5sls ¥8 51+ clapiuss gl SOFC Jlasl sy 3 aodls A Jgor

30-kW Stack — 100-kW System

i | o000 |

30-kW Stack — 250-kW System

“ro00 | oo | soo0

Material 50.90 50.73 50.70 50.70 50.82 s0.70 S0.70 50.70
Labor $0.37 S0.37 S0.37 $0.37 £0.37 50.37 50.37 $0.37
Machine $2.23 $1.06 50.36 50.36 $1.84 $0.59 50.37 40.35
Scrap $0.13 S0.08 S0.05 S0.05 $0.11 50.06 50.05 $0.05
Tooling 50.19 S0.12 S0.12 50.12 0.15 50.13 50.12 50.12
Part Total $3.81 5235 $1.60 $1.60 53.29 $1.84 $1.61 $1.59
# per Stack 259 255 259 259 259 259 259 259
::'m $987.20 | $610.15 | 5413.44 | 5413.34 | 5852.26 | $476.71 | S5417.52 $410.81

[46] lssls Y0+ 51+ - clopims 51y SOFC Jlasl sars3o acdls 4 Jgor
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1 kW 5 kW
100 1,000 | 10000 50.000] 100 | 1000 10000 | 50,00

Material $0.92 §0.72 $0.72 30.72 §0.72 §0.72 30.72 §0.72
Labor $0.12 §0.02 $0.02 £0.01 $0.03 $0.02 £0.01 $0.01
Machine $0.1 $0.03 $0.03 80.02 $0.04 $0.03 80.02 $0.01
Scrap $0.01 $0.00 $0.00 50.00 $0.00 $0.00 50.00 $0.00
Tooling $3.73 §0.37 $0.11 30.10 50.73 50.15 3010 $0.10
Part Total $4.88 $1.15 $0.88 8087 §1.53 $0.91 8087 $0.85
# per Stack 2 21 A | i 107 107 107 107
Stack Total $102.47 $24.24 $18.41 $18.22 $163.84 $97.67 $92.62 $90.94

[45] Slsskes B 5\ s sl ST OB (gaty 30 aoMs Ve Jgor

[ tokew | 2w
100/ 1000 10,000 50000 100 1.000] 10000 50,000

Material $1.16 $1.16 $1.16 $1.16 $1.16 $1.16 $1.16 $1.16
Labor $0.04 $0.02 $0.02 $0.02 $0.03 $0.02 $0.02 $0.02
Machine $0.05 $0.04 $0.04 $0.01 $0.04 $0.04 $0.04 $0.02
Scrap $0.01 $0.01 $0.01 $0.01 $0.01 $0.01 $0.01 $0.01
Tooling $0.95 $0.19 $0.13 $0.13 $0.38 $0.15 50.13 $0.13
Part Total §2.22 §1.42 $1.36 $1.33 $1.62 $1.38 §1.36 $1.33
# per Stack 107 107 107 107 268 268 268 268
Stack Total $237.03 $151.93 $145.46 $141.89 $434.35 | $369.66 $363.19 $357.09

[45] Slssles YO o V¢ s sl &1 QB gaty 30 aods VY Jgor

30-kW Stack - 100-kW System

Ciow T oo |

30-kW Stack - 250-kW System

Cion T oo | om0

Material 51.18 51.18 51.18 $1.18 51.18 $1.18 51.18 $1.18
Labor £0.02 50.02 50.02 £0.02 50.02 £0.02 50.02 50.02
Machine S0.04 $0.04 50.01 s0.01 50.04 50.04 $0.01 5001
Scrap 50.01 50.01 50.01 50.01 50.01 s0.01 50.01 s0.01
Tooling $0.20 50.13 50.13 £0.13 50.16 $0.13 50.13 5013
Part Total $1.45 $1.38 $1.35 $1.35 $1.41 $1.38 $1.35 $1.34
# per Stack 255 258 258 258 255 258 258 258
Total Cost | o37c 44 | $356.24 | $349.38 | $348.40 | $364.30 | s356.71 | $340.24 $347.87
per Stack

[46] l5sles Y0+ 51+ + pines sl 0T 8 aiy30 4D VY Jgor

\YY



mm-mm

Material $0.17 $0.17 $0.17 $0.17 $0.17 301? $U 17
Labor $ﬂ.06 $0.02 $0.01 $0.01 $0.02 $0.01 $0.01 $0.01
Machine 50.06 §0.02 $0.02 $0.02 §0.03 $0.02 §0.02 $0.01
Scrap $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 £0.00 $0.00
Tooling $4.41 $0.44 $0.13 $0.12 $0.87 $0.17 $0.12 $0.12
Part Total $4.76 $0.65 $0.34 $0.33 $1.09 $0.38 $0.33 $0.31
# per Stack pal pAl 2 pal 107 107 107 107
Stack Total $99.86 $13.74 $7.08 $6.88 $116.40 $40.55 $34.82 $33.31

[45] Clysls & 5 ) (slopinms sl PICTUNE L6 aiyjo asdls VY Jgur

10 kW 25 kW

00| 7000 | 10000 | 50000 | 700 7000 | 16.000] 50000
Material $0.28 $0.28 $0.28 028 $0.28 £0.28 $0.28 $0.28
Labor $0.03 $0.02 $0.01 $0.01 $0.02 50.02 $0.01 $0.01
Machine $0.04 $0.03 $0.02 £0.01 $0.03 £0.02 $0.02 $0.01
Scrap $0.00 $0.00 $0.00 £0.00 $0.00 50.00 $0.00 $0.00
Tooling $1.14 $0.23 $0.16 20.15 $0.46 $0.18 $0.15 $0.15
Part Total $1.50 $0.55 $0.48 5046 $0.79 50.50 $0.48 $0.46
# per Stack 107 107 107 107 268 268 268 268
Stack Total $160.26 $59.14 §51.47 $48.75 5211.94 $135.23 £127.56 $123.27

[45] lgsls YO 5 )+ (slopis sl PICTUIE L6 ayj0 acdls VF Jgor

30-kW Stack - 100-kW System 30-kW Stack — 250-kW System
Cim w [
Material 50.29 $0.29 50.29 s0.29 50.29 5029 50.29 50.29
Labor $0.02 $0.01 50.01 50,01 50.02 S0.01 50.01 50.01
Machine 50.03 50.02 50.01 50,00 50,02 50.02 50,01 50.00
Scrap $0.00 $0.00 £0.00 $0.00 £0.00 £0.00 $0.00 £0.00
Tooling 50.24 50.16 50.16 50.16 $0.19 S0.16 50.16 50.16
Part Total 50.57 50.49 50.47 50.47 50.52 $0.49 50.47 50.46
# per Stack 258 259 259 259 259 259 259 259
::'H $148.53 | 5125.93 | $121.30 | 512061 || $135.53 | 512649 | 512118 $120.25

[46] lssks Y0+ 5+ (slogiusw sl PICTUIE L aiyjn asdls 10 Jsor

VY



Material $0.17 $G1T 301? $0.17 50.17 $0.17
Labor $ﬂ.06 $0.02 $0.01 $0.01 $0.02 $0.01 50.01 $0.01
Machine 50.06 $0.02 $0.02 $0.02 $0.03 $0.02 80.02 $0.01
Scrap $0.00 $0.00 $0.00 0.00 $0.00 $0.00 $0.00 $0.00
Tooling 5345 50.34 $0.10 $0.10 50.68 50.14 $0.09 §0.09
Part Total $3.79 $0.56 $0.31 $0.30 $0.90 $0.34 $0.30 $0.29
# per Stack 21 21 21 21 107 107 107 107
Stack Total $79.64 $11.70 $6.46 $6.30 $96.11 $36.42 $31.90 $30.51
[45] ©lgsksS B 3V (slapian sy w15 Ol 30 aods VF Joax
o 25 kW
100 1,000 10,000 | 50,000 100 1,000 | 10000 | 50,000
Material $0.27 $0.27 $0.27 s0.27 $0.27 $0.27 $0.27 $0.27
Labor $0.03 $0.02 $0.01 $0.01 $0.02 $0.02 $0.01 $0.01
Machine 50.04 $0.03 $0.02 $0.01 $0.03 §0.02 $0.02 $0.01
Scrap $0.00 $0.00 $0.00 $0.00 $0.00 0.00 $0.00 $0.00
Tooling $0.87 $0.17 $0.12 $0.12 $0.35 30.14 $0.12 $0.12
Part Total .22 $0.49 50.43 $0.41 $0.67 $0.45 50.43 50.41
# per Stack 107 107 107 107 268 268 268 268
Stack Total $130.49 $52.29 $46.34 $43.80 518049 | $120.97 $115.01 $110.84
[45] @lgekS YO 5V slapian sl w5 OB aja aods VY Joa
30-kW Stack - 100-kW System 30-kW Stack — 250-kW System
o T aom |

Material 50.28 50.28 50.28 50.28 50.28 50.28 50.28 50.28

Labar 50.02 50.01 50.01 50.01 50.02 50.01 s0.01 s0.01

Machine 50.03 s0.02 50.01 50,00 50.02 50.02 50.01 50.00

Scrap 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00

Tooling 50.18 50.12 50.12 50.12 50.15 50.12 50.12 s0.12

Part Total $0.51 $0.44 50.42 50.42 50.47 50.44 50.42 50.42

# per Stack 259 259 259 259 259 259 259 259

TotalCost 4,35 1 | $113.67 | $109.04 | $108.38 | $121.07 | $114.08 | $108.9a | s108.02

per Stack

[46] a|55L5 Yo 9 Voo

VY¥
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s e mm 10,000 snm

Material $0.00 $0.00 $0.00 $0.00 $0.00
Labor $0.25 $0.24 $0.23 $ﬂ23 $024 $0.23 $023 $0.23
Machine $67.02 $6.56 $0.52 50.11 $13.03 §1.16 $0.11 $0.11
Scrap $0.34 $0.03 $0.00 50.00 $0.07 $0.01 $0.00 $0.00
Teoling $0.00 $0.00 $0.00 50.00 $0.00 $0.00 $0.00 $0.00
Part Total $67.61 $6.83 $0.76 $0.35 $13.33 $1.41 $0.34 50.34
# per Stack 21 21 21 21 107 107 107 107
Stack Total $1,419.76 $143.49 $15.86 §7.35 | §1426.63 $150.36 $36.91 $36.51

[45] SlsshsS 0 51 i slp 65500 29> boan 30 4dE VA Jgu

 ow 25

100 L6000 L10000 sooo0 100 1000 o000 0000
Material 50.00 $0.00 $0.00 $0.00 $0.00
Labor $0.29 $0.29 $4129 $029 $0.29 $0.29 $0.29 $0.29
Machine $13.00 $1.13 $0.13 $0.13 $5.07 $0.34 $0.13 $0.13
Scrap $0.07 80.01 $0.00 $0.00 $0.03 $0.00 £0.00 $0.00
Tooling $0.00 $0.00 $0.00 50.00 $0.00 $0.00 $0.00 $0.00
Part Total §13.35 §1.42 $0.42 $0.42 $5.39 $0.63 $0.42 $0.42
# per Stack 107 107 107 107 268 268 268 268
Stack Total $142855  $15228  $44.71 $4470 | $144431  §16804  $11197  §111.97

[45] S1skes YO 5 V0 i 1 )50 oo slodiyjo adS Y- Jga

30-kW Stack - 100-kW System

30-kW Stack - 250-kW System

“rom | wow | somo_|

Material 50,00 50.00 50.00 50.00 50.00 %0.00 50,00 0.00
Labor $0.19 50.12 50.19 $0.19 50.19 50.19 50.19 50.19
Machine 50.95 $0.13 $0.13 $0.13 50.27 5013 50.13 5013
Scrap $0.01 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
Tooling £0.00 50.00 50.00 50.00 50.00 50.00 50,00 0.00
Part Total 5115 50.32 $0.32 50.32 50.46 50.32 50.32 50.32
# per Stack 259 259 259 259 259 259 259 259

L"h's':f $298.00 | $83.75 583.75 $83.75 | 511920 | 58375 $83.75 583.75

[45] lssks YO« 51+ g gl 655 Ls> Lot o asds Y)Y Jgor
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s e s Sl el

Material $1.12 $0.79 $0.55 $0.61 $0.49
Labor $0.59 $0.54 $0.54 50.54 50.55 50.54 50.54 $0.54
Machine $161.77 $16.01 $1.43 $0.13 $31.59 52.99 $0.13 $0.06
Scrap £5.06 $0.54 £0.08 $0.04 $1.02 80.13 $0.04 §0.03
Tooling 20.00 $0.00 $0.00 $0.00 $0.00 50.00 $0.00 $0.00
Part Total $168.54 $17.87 $2.60 $1.19 $34.03 84.27 $1.19 $1.12
# per Stack 21 2 21 A 107 107 107 107
Stack Total $3,539.25 $375.33 $54.53 $25.04 $3641.74 $456.50 $126.92 $119.86

T 25 kW

100 1,001 10000 | 50000 100 | 1000 10,000 50000

Material $1.09 $0.77 $0.63 $0.63 $0.95 50.67 $0.63 $0.63
Labor $0.69 $0.68 $0.68 $0.68 $0.68 50.68 $0.68 $0.68
Machine $31.55 $2.94 $0.08 $0.08 $12.45 $1.03 $0.14 $0.04
Scrap $1.03 $0.14 $0.04 $0.04 $0.44 $0.07 S0.04 $0.04
Tooling $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
Part Total $34.36 $4.52 §1.43 $1.43 $14.52 $2.45 §1.50 §1.39
# per Stack 107 107 107 107 268 268 268 268
Stack Total $3676.15  $483.44 §153.08  $15308  $3,890.08  $655.27 $40080 837273
[45] 1ssls Y0 51+ s : SOFC s glacesr Kol pow sy O 430 a0ds VY Joor
30-kW Stack - 100-kW System J0-kW Stack — 250-kW System
—rom om0 [ stom

Material 50.78 S0.64 S0.64 S0.64 S0.68 50.64 50.64 50.64

Labor 50.41 50.41 50.41 50.41 50.41 5041 50.41 s0.41

Machinge s2.07 50.10 50,10 50.09 50.10 50.10 50,09 50.09

Scrap $0.10 $0.04 $0.04 50.04 50.04 50,04 $0.04 $0.04

Tooling 50,00 50.00 50.00 50.00 50.00 %0.00 50,00 50.00

Part Total $3.36 $1.18 $1.18 $1.17 $1.22 $1.18 $1.17 $1.17

# per Stack 259 259 259 259 259 259 259 259

Totai Cost $869.39 | 5306.51 $306.61 $303.10 ([ $315.90 | 5306.61 $303.10 5303.10

per Stack

[46] lsshs Y0+ 1+ + g : SOFC s et Seal s s T 430 aodls YF Jsor

SOFC Mesh (3-1-A
L g ooy S ey (oSSl JUIS o lgie 4 oS 2 45 el o 0315 g T S (sl)ls ok o
Loyl o5 ol Jsbo s 5155 bz y3ee sl GBI slad wns o ojlal a5 o s oo L3,
515 6l e oo+ VD 5 55T sy e s D cnlin gli5 )| 4 45 e oo+ A o555 0> SV 5|
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oo &3l (W15 o) Yo-YA Jgaz g (5] L) YVBYO Jgaz ,0 Liwe dinje slaaods aigd oo asle

Material
Labor
Machine
Scrap
Tooling
Part Total
# per Stack
Stack Total

Material
Labor
Machine
Scrap
Tooling
Part Total
# per Stack
Stack Total

100|400 | 10,000 | 50000 | 100 | 1,000 | 10,000 | 50,000

$1.30
$0.10
$0.10
$0.01
$0.00
$1.51
21
$31.76

0.9
$0.09
$0.10
$0.01
$0.00
$1.12
21
52343

5 kW

000
$0.64 $0.50 $1.01 $0.M
$0.09 $0.09 $0.08 $0.09
$0.10 50.07 50.10 $0.10
$0.00 $0.00 $0.01 $0.00
$0.00 50.00 50.00 $0.00
$0.84 $0.67 1.2 $0.91
21 21 107 107
$17.70 $13.99 $130.11 $97.69

[45] S195LS 0 5V pitacses 25T e disj2 slaasdEYO Jgo

100 | 1000 | 40000 | 50000 | 100 | 1000 | 10,000 50,000

$1.30
$0.11
$0.12
$0.01
$0.00
$1.54
107
$164.27

$0.92
$0.11
$0.12
$0.01
$0.00
$1.15
107
$122.71

$0.65
$0.11
$0.06
$0.00
$0.00
$0.81
107
$87.06

$0.57
$0.11
$0.04
$0.00
$0.00
$0.71
107
$76.30

$1.13
$0.11
$0.12
$0.01
$0.00
$1.36
268
$365.38

50.80
$0.11
$0.12
50.01
$0.00
$1.03
268
$275.12

[45] lsskS YO 5 Vo mims 03T s di o sloacds YF Jgax

30-kW Stack - 100-kW System

30-kW Stack — 250-kW System

$0.50
$0.09
§0.06
$0.00
§0.00
$0.66

107

$0.40
$0.09
$0.04
$0.00
$0.00
$0.54

107

$70.92 $57.26

$0.57
$0.11
$0.04
$0.00
$0.00
$0.71

268

50.57
$0.11
$0.03
$0.00
$0.00
$0.70

268

$191.05 $188.67

Material 50.93 50,66 5057 5057 %081 5057 S0.57 %057
Labor $0.11 $0.11 50.11 $0.11 50.11 50.11 50.11 50.11
Machine 20.12 50.06 50.03 50.03 s0.12 50.04 50.03 s0.03
Scrap s0.01 | sooo $0.00 $0.00 $0.01 $0.00 $0.00 £0.00
Tooling $0.00 50,00 50.00 S0.00 50.00 50.00 50,00 50.00
Part Total $1.16 50.83 $0.71 50.71 51.04 50.72 $0.71 50.71
# per Stack 259 259 259 259 259 259 259 259

:r;::t $300.59 | 5214.34 | $183.38 | 5183.38 | $269.07 | $186.37 | $183.97 5183.26

[46] loskS YO+ 5V ¢+ im0 o 4t 30 (sloacds YV Jgu
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] on ] wow] soom mm 10000

Material $1.38 $0.97 50.68 $1.08 50.76 $0.53 $0.42
Labor $0.11 £0.09 £0.09 M.IJQ $0.10 50.09 $0.00 $0.09
Machine $0.10 $0.10 $0.10 $0.07 $0.10 $0.10 $0.07 $0.04
Scrap $0.01 $0.01 $0.00 $0.00 $0.01 $0.00 $0.00 $0.00
Tooling 50.00 50.00 50.00 $0.00 $0.00 $0.00 $0.00 $0.00
Part Total $1.60 $1.18 $0.89 $0.70 $1.28 $0.96 $0.70 $0.56
# per Stack 21 21 21 21 107 107 107 107
Stack Total $33.56 $24.72 518.64 $14.73 $137.37 $102.93 §74.65 $60.24
[45] 5lsskS 0 5V pinw :3l5 Lo 4ty 3o (slaasds YA Jgo
o 25 I
o0l 1000 | 10,000 50,000 100 | 1,000 10000 10,000
Material $1.36 $0.96 $0.68 $1.18 50.83 £0.59 5$0.59
Labor $0.11 $0.11 $0.11 $n,11 $0.11 $0.11 50.11 $0.1
Machine $0.12 $0.12 $0.08 $0.04 50.12 $0.12 0.04 $0.03
Scrap $0.01 $0.01 $0.00 $0.00 $0.01 $0.01 £0.00 $0.00
Tooling $0.00 $0.00 $0.00 $0.00 $0.00 50.00 $0.00 $0.00
Part Total $1.60 $1.19 $0.85 $0.74 $1.42 $1.07 50.74 $0.73
# per Stack 107 107 107 107 268 268 268 268
Stack Total S171.06 | $127.61 $90.53 $79.34 $380.31 | $285.96 $198.68 $196.26
[45] lssksS YO 9 V¢ a5 o a2 sloacds YA Joax
30-kW Stack - 100-kW System 30-kW Stack — 250-kW System

Material $0.94 50.67 50.58 50.58 $0.82 $0.58 $0.58 $0.58

Labor 50.11 50.11 50.11 S0.11 50.11 $0.11 $0.11 £0.11

Machine 50.12 50.06 50.03 50.03 50.12 50.04 50,03 50.03

Scrap $0.01 50.00 50,00 50.00 50.01 50.00 50.00 $0.00

Tooling 50.00 50.00 50,00 50.00 5£0.00 50.00 50,00 £0.00

Part Total $1.18 50.84 50.72 50.72 $1.05 $0.73 50.72 50.72

# per Stack 259 259 259 259 259 259 259 259

Total Cont $304.43 | 5217.06 | $185.73 | $185.73 | $272.44 | $188.74 | 5186.33 | 5185.61

per Stack

[46] ks Y- 50
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SOFC ! jliige (-1-9

Sl Stol glis)f 4 4z LTIE N (glaale slaatjo 055 co cusd Sl Slige JoaS5 sl Ti Laalo
g oz, yolg aiile 5lige sloyldlecn plo (ais i g 39 oo o)ﬂﬁ SYS VYLY - BV o Sl e
DEMA 1581 6 5 5l oolasal b Siwl 5Loge o 0gas o0 08 (et Yo YVOLY Stwl yo (gl 4 0,00
g a3 Jlegl 51 o ol piie Sl VYV UG ¥ S5l e Jolo olowd 4y iy g 098 0 08 (eSS
Sloaiysn bogie ol | § F0, Suliad JS 253 s 5 Sise oo & TS0k et o
Gl 00l M YYLYY Jgoz 10 5 o0 dwloee Siiul 5lbge

1 KW 5 kW
| 100 10001 10000 50,000 | 100 | 1.000 | 10000 | 50,000
Materials $21865  $20444 |  $191.18 |  $18242 |  §22253 | $20802 |  $19453 |  $185.64
Labor $2533  $2023  S$1972  $1968  $9328 7450  $7262  $7246

Total Assembly Cost 524398 @ 822467 $210.90 $202.10 $315.81 $282.52 $267.16 $258.08

10 kW 25 kW
| 00 1000 | 40000 | 50000 10| 1,000 | 10000 | 50000
Materials $22095  $20661 |  $19320 |  $18435 |  $22887  $21402  $20042 | $190.9

Labor $111.43 $89.00 $86.75 $86.56 $265.57 f212.11 $206.77 $206.29
Total Assembly Cost | $332.38 $295.61 $279.95 $270.90 $494.44 $426.13 $406.89 $397.24

[45] (S1ssls YO 5V ot SOFC 2 Sl 5lge laan 0 YV Joax

30-kW Stack - 100-kW System 30-kW Stack - 250-kW System
o0 T foom |
Material 5206.93 | 5193.50 | sS181.00 | $172.75 | 20146 | 518842 | S176.25 | S168.22
Labor S200.31 | $188.20 | 518655 | S5186.88 | 519223 | 518735 | 5186591 | S186.86
oy [ 540720 [ s33190 | 536798 | 535963 | $30370 | sa7smn | 536316 [ sass.0s

[46] lysls Yo+ 51+ pis SOFC s Sl 5o cloassso Y Jgur

'Rod
% learning curve analysis
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SOFC Sstuo! (5,15 puxd (3-1-1+

Sl sl Gluls 75 06b 0 )5 prd it Kol ju ool S5 sl Sul Slige 5l
el 00 LI YELYE Jgaz 10 K2l (6)l5 ouind 5tz 30 dod il o /oo (6,15 ound

Material
Labor
Machine
Scrap
Tooling
Part Total

Material
Labor
Machine
Scrap
Tooling
Part Total

I T T T T TS

$2.11 §1.02 $13.36 $6.36 $-II 57 $-II 52

51.39 $0.92 s0.87 $D.E? $265 $2.17 $2.12 $2.12
56.24 56.24 $6.24 §6.24 $15.85 $15.85 $15.85 §6.46
$0.37 $0.29 $0.25 $0.25 $0.98 $0.75 $0.70 $0.40
$0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
$12.44 $9.56 $8.38 $8.26 $3283 $25.13 $23.23 $13.50

[45] 1sskS 0 51 piees SOFC s Sl (65 ol sy j aods TF Jgu

100 1000 | 40,000 | 50000 | 100 | 1,000 10000 | 50000

$21.43 $10.35 $9.03 $9.03 $39.95 $24.00 $22.62 $22.62
$3.48 53.01 $2.96 52.96 $6.92 56.45 $6.40 $6.40
$22.18 $22.18 $22.18 $14.15 $48.35 $48.35 $36.29 $19.28
$1.46 $1.10 $1.06 $0.81 $2.94 5244 $2.02 $1.49
$0.00 50.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00

$48.56 $36.64 $35.23 526.94 $98.17 581.23 $67.33 $49.78

[45] 1sskS Y0 5 1+ s DOFC 15 (el )5 oumd ais30 aods Y0 Jsor

30-kW Stack - 100-kW System

30-kW Stack - 250-kW System

i T wow | siow |

Material s2592 | size2 §22.62 $22.62 $24.00 §32.62 $22.62 §32.62
Labor $6.37 56.25 S6.24 56.24 %6.29 £6.24 56.24 56.24
Machine 547.14 | 547.14 §25.81 $19.43 547.14 $36.45 $19.43 §19.43
Scrap 52.46 §2.35 51.68 $1.49 §2.39 52.02 £1.49 51.45
Tooling 50.00 50.00 £0.00 50.00 $0.00 £0.00 £0.00 50.00
Part Total $81.88 | s$78.37 $56.37 $49.79 || 579.83 | s$67.33 $49.79 $49.79
# per Stack 1 1 1 1 1 1 1 1
TolalCost | o) g0 | $7837 | $s637 | sasrs | $7083 | s67.33 | sao7e | sas7s
per Stack

[46] SlgslS YO« gV -+ piacw SOFC jo Sl (6,5 o (5430 M5 Y Jgo>



SOFC Sl 3 gt § annss (3-1-1)

00,5 i celn ¥ g Tull power celn ¥ ocaselo Y 10,5 0,5 Jols a5 > cpl 008 oo )18 asele £
39 s o o BB sad (65 pusd Situl a5 ol sl o 40,0 s pubas Fp aibioe

Sl b L ye ol Lo slo aiyjo 5 05800 28,5 S 10 Tasl3 (lyie @ oad el Sl e

Material 542 35 $20.18 $9.64 $6.45 | $127.75 $60.87 $32.73 $31.34
Labor §157.76 $157.76 $157.76 $157.76  $157.76 | $157.78 $157.76 |  $157.78
Machine $1,207.66 $86.70 $25.87 $25.87 | $1,207.66 $86.70 $25.87 $25.87
Scrap $424.13 $102.39 $67.99 $59.15 | $521.89 |  §$188.11 §125.71 $115.78
Tooling $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 0.00
Part Total $1,831.90 $367.03 $261.28 $249.24  $2015.06 = $493.45 $342.08 | $330.78
[45] S5155LS 0 ) pimams : SOFC il 590 5 Linlel (a0 aods YV Jgox
Material $204.55 $97.80 362.67 $62.67 338123 | $193.69 $156.97 | §156.97
Labor $157.76 $157.76 §157.76 $157.76 $157.76 = $157.76 $157.76 815776
Machine $1,207.66 $86.70 $25.87 $25.87 | $1,207.66 $86.70 $25.87 32587
Scrap $504.10 $244.01 $171.53 $159.56 $84252 | $418.03 $327.86 §315.19
Tooling $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
Part Total $2,164.08 $586.27 $417.84 $405.87  $2,589.17 |  $856.18 $668.47 = $A55.80

[45] lsskS YO )+ i : SOFC Sl 09agp 5 ool (54 3o aods YA Joox

" scrap



30-kwW Stack - 100-kW System J0-kKW Stack - 250-kW System

rom ] faom | som0

Material 5244 .87 $157.01 5157.01 | 5157.01 ([ $193.72 5157.01 515701 | 5157.01
Labor $157.76 | %157.76 | S157.76 | S157.76 | S157.76 $157.76 S157.76 | S157.76
Machine £273.53 525,87 52587 2587 S$86.70 52587 $25.87 2587
Scrap $528.02 | $363.72 | 5326.89 | 532374 || 541956 | 333786 532459 | 332294
Tooling 50.00 $0.00 $0.00 50.00 50.00 $0.00 $0.00 50.00
Part Total $1,204.18 | 5704.37 | 5667.64 | $664.39 | $857.75 $678.51 5665.24 | 5663.59
# per Stack 1 1 1 1 1 1 1 1

T”"h;:"": $1,204.18 | 5704.37 | 5667.64 | 5664.39 | 5857.75 $678.51 5665.24 | 5663.59

[46] S1gskS YO« 91+ pivm : SOFC Sl 59up 9 iolos] (a0 4o YA Joax

Sl Cl slo 4 j0 (A=Y

T 5 kW

| 000 1000 ool sl ol 1o | oo | soom
Ceramic Cells $335.809 $261.64 $230.74 $156.82 $1,385.69 | $1,190.83 $788.96 $714.13
Interconnects $138.37 $62.52 $53.93 $33.67 $362 56 $282.47 $168.11 $130.08
Anode Frame 510247 524.24 $18.41 $18.22 $163.84 $97.67 $92.62 $90.94
Anode Mesh $31.76 $23.43 $17.70 $13.99 $130.11 $97.69 §70.92 $57.26
Cathode Frame $79.64 $11.70 56.46 56.30 $96.11 $36.42 $31.90 $30.51
Cathode Mesh $33.56 $24.72 $18.64 $14.73 $137.37 $102.93 $74.65 $60.24
Picture Frame $99.86 $13.74 §7.08 36.88 $116.40 $40.55 $34.82 $33.31
Laser Weld $1,419.76 $143.49 $15.86 $7.35 $1,426.63 $150.36 $36.91 $36.51
Glass Ceramic $3.539.25 $375.33 $54.53 $25.04 $3,641.74 $456.50 $126.92 $119.86
Sealing
End Plates $613.64 $505.69 $455.96 $440.45 $613.64 $505.69 $455.96 $440.45
Assembly $218.65 $204.44 $191.18 $182.42 $222 53 $208.02 $184.53 $185.64
hardware
Assembly labor $25.33 $20.23 $19.72 $19.68 $93.28 $74.50 §72.62 $72.46
Stack Brazing $12.44 $9.56 58.38 38.26 $32.83 $25.13 §23.23 $13.50
Test and $1,831.90 $367.03 $261.28 $249.24 $2,015.06 $493.45 $342.08 $330.76
conditioning

Total Cost per £8,482.51 £2.047.76 $1,359.87 $1,183.04 | $10437.79 | 83,762.22 §2514.24 | 5231564
Stack

Cost per kiWnet £8,482.51 £2,047.76 $1,359.87 $1,183.04 $2,087.56 $752.44 $502.85 $463.13

[45] wlssks 0 5\ lgs : SOFC Seiwl sly2! (sloan 50 aodls £+ Jgox
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[ w0 25w
|__100] 10000 10000 50000 100 1.000| 10000 | 50000

Ceramic Cells $2020.33 | $168326 | $1,181.84 $1,073.76 | 5482814 | 5339467 $2.765.60 | $2.650.26
Interconnects $516.58 $407.16 $251.98 $181.10 | $1,109.42 $869.60 $495.03 $444 .41
Anode Frame $237.03 $151.93 $145.46 $141.89 $434.35 $369.66 $363.19 $357.09
Anode Mesh $164.27 $122.71 $87.06 $76.30 $365.38 $275.12 $191.05 $188.67
Cathode Frame $130.49 $52.29 $46.34 $43.80 $180.49 $120.97 $115.01 $110.84
Cathode Mesh $171.06 $127.61 $90.53 $79.34 $380.31 $285.96 $198.68 $196.26
Picture Frame $160.26 $59.14 $51.47 $48.75 $211.94 $135.23 $127.56 $123.27
Laser Weld $1,428.55 $152.28 $44.71 $44.70 | $1,444.31 $168.04 $111.97 $111.97
Glass Ceramic 83676.15 $483.44 §153.08 $153.08 | $3,800.08 $655.27 $400.80 $372.73
Sealing
End Plates $821.67 $720.34 $643.65 $643.43 $821.67 $720.34 $643.65 $643.43
Assembly $220.95 $206.61 $193.20 $184.35 $228.87 $214.02 $200.12 $190.95
Hardware
Assembly Labor $111.43 $89.00 $86.75 $86.56 $265.57 $212.11 $206.77 $206.29
Stack Brazing $48 56 $36.64 $35.23 $26.94 $98.17 $81.23 $67.33 $49.78
Test and $2,164.08 $586.27 $417.84 S405.87 | $2,589.17 $856.18 $668.47 $655.80
Conditioning
Total Cost $11,880.41 | $4,87860 @ $3429.14 $3,180.87 | $16,847.88  $8,358.40 $6,555.23 | $6,301.76
Cost per kW $1,188.04 S487.87 $342.91 5318.99 $673.92 $334.34 $262.21 $252.07
[45] @lgsls ¥ V- olg : SOFC Sl sl slaas 50 aods Y Jgo
J0-kW Stack - 100-kW System 30-kW Stack - 250-kW System

10,000 1,000 10,000 50,000
g:‘"‘ ¢a,748.70 | $3,475.98 | $3,147.06 | ¢3,11003 || 391228 | $322867 | 3311522 | ¢310348
Interconnects | 558720 5610.15 541344 5413.34 585226 S476.71 5417.52 5410.81
Anode Frame 5375.44 5356.24 534934 4348.40 4$364.39 5356.71 434524 4$347.87
Anode Mesh 5300.59 5214.34 5183.38 $183.38 $269.07 5186.37 $183.97 $183.26
F 5131.12 511367 5109.04 S108.38 £121.07 5114.08 S108.94 510802
Mesh 5304.43 5217.06 5185.73 4$185.73 $272.44 5188.74 4186.33 4185.61
Picture
F 5148.53 512593 5121.30 4$120.61 4135.53 5126.49 4$121.18 4120.25
Laser Weld 5298.00 583.75 583.75 $83.75 411920 583.75 4$83.75 $83.75
Glass
Ceramic 5869.39 5306.61 5306.61 4303.10 $315.90 5306.61 4303.10 4303.10
Sealing
End Plates 5703.74 S606.26 554818 454429 469781 S567.44 4$544.30 454428
Assembly
Hardware 5206.93 5193.50 $181.00 $172.75 $201.46 5188.42 $176.25 $168.22
m"ﬂ’ $20031 | $18820 | s1meoe | $1mess || $10223 | $18738 | s1me01 $186.86
Stack
Brazing 581.88 578.37 556.37 549,79 47983 567.33 54579 545,79
Test and
Conditioning $1,204.18 | 570437 566764 4664.39 S857.75 S6TES51 S665.24 4663.59
Total Cost
par Stack 510,560.45 | $7,274.43 | 56,539.82 | 56474.81 | 58,391.23 | 56,757.23 | %6,491.73 $6,458.88

[46] olgsks YO« g Ve e : SOFC Seeul slyz! (sloass 3o aodls FY Jgo

YAY




| kW 5 kW
Material $933.32 | §75297 | $691.21 $667.24 §162295 | §$125063  $1,099.37 | $1,056.43
Labor §33483 | $20026  $296.08 $295.80 $767.93  §730.37  $734.80 87344
Machine $6301.21 | $829.64 | $278.58 $139.62 §6,96343 | §144183 | $46154 |  $322.36
Scrap §554.40  $128.20 $82.11 $69.26 $696.14  $25282  $16345  $149.41
Tooling §35875 |  $37.70 $11.91 $11.12 $367.35 |  $77.56 §55.08 $53.03
Part Total $8.48251 $2047.76 = $135987 | §1,183.04  $10437.79  §376222 $2514.24  $231564
[45] wlgsls 8 ) oy : SOFC Sl cslos slaasy 0 aods Y Jgo
| oew ) sk
000 10000 10000 50000 | 100 100010000 50000
Material $2280.83 | $1777.87 | $1509.36 | $1564.18 | $3937.28  S3064.09  $2800.17 = $2,784.63
Labor $940.18 $886.73 $881.74 $881.32 | $2,006.39 | $1924.09 = §191502  $1915.19
Machine $739643 |  $1783.58 $649.70 $466.49 | $9,257.67 | $2586.06 = $1.214.10 = $997.82
Scrap $795.32 §330.31 $226.41 $208.54 = $1,158.65 |  $579.28 544836  $429.19
Tooling $469.32 §101.68 $73.34 $70.71 |  $490.37 | $207.02 |  $17873  $176.92
Part Total $11882.08 = $4880.17 | $343055  $3191.23  §$16850.37 | $8360.54 $6,557.28  $6,303.76

[45] ©lgsks YO 5 V- lgs : SOFC Swl el sloass jo aodls FF Joox

30-kW Stack - 100-kW System 30-kW Stack - 250-kW System

Material $3.661.24 | s327006 | $3,18852 | $3,175.69 | $346283 | $3.20126 | $318103 | 4316902
Labor $1,742.40 | s1,722.03 | s1,72005 | $1,719.87 | s1,72884 | s1,72076 | $1,719.92 | $1,719.84
Machine $4,159.24 | $1,60006 | $1,003.83 | <9s7.00 | $240496 | $1,180.82 | S967.38 $948.96
Scrap 5741.54 550728 5452.99 544829 5585.66 S468.78 544944 5447.19
Tooling 5256.04 5175.00 5174.43 5173.96 5208.94 S176.62 5173.96 517386
Part Total $10,560.45 | 57,274.43 | 56,539.82 | 56,474.81 | $8,391.23 | %6,757.23 | $6,491.73 $6,458.88
# per System 4 4 4 4 10 10 10 10
T_"’“'s';":‘m $42,241.82 | $29,097.72 | $26,159.27 | $25,899.23 || $83,912.25 | $67,572.34 | $64,917.28 | $64,588.33
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[45] SOFC (souiss Mol sojluil slo ol )b 5 Jgo
System Size (kW) Reformer Size (kW) Catalyst Area (cm?)
1 0.65 2,491.66
5 3.24 12,458.30
10 6.48 24,916.60
25 16.20 62,291.49
System Size (kW) Approximate Reformer Size Target Catalyst Area (cm?)
100 3 tubes @ 1,331 cm active fan length 3(@0.81x10° = 2.43x10° total
250 T tubes @ 1,331 cm active fan length Ti@0.81 105 = 567105 todal
Steam
Ourt
B I, &1 s
I T I
- B = et
’—l"uﬁ 6 o o o o o o o0 o o 0O O f =
o S I -
L= ' | Heat Ine—]
° A1 12~ s
|~ O O O © © 0O 0 0 0 0O 0O = :
S e I s z | =
Mm'__.l._tmm]—l Il—l
e Tkw S kW W0kw | I5kw o
Dia. A - mm{in) 53(21) | 129(5.1) [ 129(5.1) | 179(5.1)
Len. B- mmiin) 682 (26.8) | 634(25.0 | 1015 (40.0) | 2197 (86.5)
Dia. € - mm{in) 358 (14.1) | a3aq17.1) | 434 (17.1) | 434027.2)
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Overall Diameter (mm) 53 129 129 129
Overall Length (mm) 473 448 643 1,284
Flow Stages 27 24 48 65
Final Catalyst Area (cm?) 2526 12,629 25,258 63,145
Dimension 100 kW 250 kW

Owerall Diameter (mm) 609 635

Overall Length {mm) 2,326 23%

Flow Stages 3tubes @ 168 =504 | 7 tubes @ 168=1,176

Final Catalyst Area (cm?) 232,550 565,950

[45] SOFC GodS C)La‘ 60}‘..\3‘ K4 YY Js..x?

Material S4663 | $43.12 341.75 541,52 $111.88  5104.43 5101.64 $101.57
Process $604.79  $626.70 $400.26 $358.86 $625.14  $A25.14 $356.62 $317.02
Scrap S3707 | $3349 §2255 520.02 $36.85 $36.48 522,91 52093
Tooling $45477 | $45.48 $4.55 $4.55 §513.37 $51.34 $5.13 $5.13
Manufactured Parts | $1,233.25 | $748.79 5478.11 342495 | $1,28724  SB17.38 5486.31 S444 66
Purchased Parts $1723 | $17.23 $17.23 $17.23 $28.12 $28.12 $28.12 $28.12
Assembly %6196 | $49.49 $48.24 548.13 §73.00 $56.38 556.91 $56.78
Total Cost $1,31244 | $81551 $543.58 5490.31 | 9138846  5903.88 $571.34 $529.55
[45] 5195LS 0 5\ i : SOFC (008 Dol (4 jo 4D FA Jgo
Material $161.49 $151.78 | 514916 | §148.14 8218.07 | $207.27 | $204.65 3204.63
Process $12307.27 $71042 868272  S640.15 | $164530  $1207.71 $861.90 3801.69
Scrap §73.44 $43.11 $41.59 $39.46 393.22 §75.25 §53.33 $50.32
Tooling $579.35 §57.94 $5.79 $5.79 $744.36 §74.44 $7.44 $7.44
Manufactured Parts | $2,121.55 596324 | S879.27 983455 | 5270204 | $1654.67 | §1,12733 | $1,084.08
Purchased Parts $20.97 §25.97 $29.97 $29.97 $36.10 §36.10 5§36.10 $36.10
Assembly 589,61 §71.57 $69.77 $69.51 313868 | $110.76 | $107.97 $105.78
Total Cost $224113  $108479 $879.01 $934.13 | 5287681 | §1.80152 8127139 | §$1,205.96
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|_fo0 | 1000 ] 10000 | 50000 | 100 | 1000 | 10000 | 50000 |

Material $633.31 $567.08 $540.19 §525.59 §993.85 $937.90 £919.92 3909.11
Process $1,026.93 §585.80 $585.89 §505.71 || §2.333.63 | $160452 | $1.158.38 $1,125.13
Secrap 58310 §57.85 §56.30 35157 §188.37 £127.12 $103.92 31011
Tooling §1,844 96 $184.50 $36.90 32583 || 5348109 3348.11 569.62 4874
:Emm“d £3,588.1 §1,395.11 $1219.27 | S110869 || S697495 | $301764 | §2251.84 $2184.689
Catalyst §22.36 £20.58 §18.97 $17.93 §50.59 $46.59 $42.96 £4084
:::;m §79.71 gra.T §79.71 imm fa7.10 %8710 $87.10 £87.10
Assembly $379.39 $303.03 $295.39 520471 §747.40 £506.96 £581.91 3570.13
Total Cost

vl $4,069.68 | $1,798.42 | $1613.33 | $1,501.04 || $7.860.04 | $3748.28 | $2.963.81 $2,882.56

[46] (5"551‘5 Y- E) Voo (ot SOFC Lgo..\.).lf C)Lé‘ Ga s> O Js..\>
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Width (mm) 38 | 183 457
Height (mm) 38 38 38 38
Length (mm) 254 254 254 254
Flow Channels 20 48 96 240
Heat Trans Area (cm?) 1,423 3,319 6,571 16,326

[45] SOFC )l,> Jow sl saods 0Y Jga
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Material s4M $4.26 $3.89 $3.81 $11.79 $10.66 $10.05 $9.96
Process £29.05 $29.05 $29.05 $2346 $68.75 $68.75 $68.75 $46.98
Scrap $1.69 $1.67 $1.65 $1.36 $4.03 $3.97 $3.94 §2.85
Tooling £90.50 $9.05 $0.91 $0.91 $122.33 $12.23 $1.22 $1.22
Part Cost $125.95 $44.02 $35.49 $29.53 $206.90 $95.61 $83.97 $61.01
Assembly $3.22 $24.94 $24.31 $24.25 $57.01 $45.54 $44.39 $44.29
Total Cost $157.17 $68.96 $59.80 $53.79 $263.91 $141.15 $128.36 $105.30

[45] S19skS 0 5\ pieews SOFC Sl > Jowe gty so a5 OY Jgox

Material §22.37 $20.22 $19.57 $19.50 $53.15 $48.99 $48.28 $48.25
Process $134.91 $134.91 $105.45 $82.80 $333.10 $333.10 $224.33 $173.88
Scrap $7.86 §7.76 $6.25 $5.12 $19.31 $19.10 $13.63 $11.11
Tooling $173.39 $17.34 $1.73 $1.73 $330.44 $33.04 $3.30 $3.30
Part Cost $338.54 $180.22 $133.01 $109.15 $736.01 5434.25 $289.55 5236.55
Assembly $102.43 $81.81 $79.75 $79.57 $293.44 $234.37 $228.47 $223.84
Total Cost $440.97 $262.04 $212.76 $188.72 | §1,02045 $668.62 $518.02 5460.39
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Annual Production: 1kW S0FC Systems Annual Production: 5kW S0OFC Systems
Subassembly| - ComponentDesciPtion | (1000 | (1000) | (10,000) | (s0000) [ (100 | (1,000 | (10,000 | (50,000
Filter 5112 102 593 589 5112 §102 493 489
Compressor 5507 06 4385 5374 S682 SETD 5520 5454
3-way valve (start-up bypass)| 5107 597 SE7 584 5107 87 587 484
Desulfurizer 5644 599 568 561 5893 5162 5122 5111
Ejector 5342 5308 5277 5269 5342 5308 5277 5268
Pre-Reformer £1,312 5816 S544 5480 51,388 5904 5571 5530
Tail Gas Combustor 5467 421 4384 5373 5457 5421 5384 4373
Filter & Housing 5347 5333 5320 5307 5347 5333 5320 5307
Blower [Anode Air) 5307 5276 5248 5241 5307 4276 5243 5241
Flow Meter 5117 5105 S94 592 5137 §123 §111 5108
Blower |Cathode Air) 5307 5275 G248 5241 5418 L3756 5339 5329
Flowmeter |Cathode Air) $137 $123 5111 5108 4144 5130 5117 4113
Cathode Air Heater 5157 569 %60 554 5264 5141 5128 5105
CHP Load Heater 5135 5122 s111 5108 5355 4319 5291 5284
CHP Bypass Valve 5166 5145 5134 5130 5198 5178 5160 5155
DC/AC Inverter S1080 | 51,004 5934 5869 51980 | s1841 51,713 | 51593
Transfer Switch 5105 595 585 577 5308 5262 5209 5188
Resistor Bank 525 523 520 520 5150 135 5122 5118
DC/DC Converter [Power) 4805 $546 4581 4558 51969 | %1575 | 1418 | 51,361
Batteries 532 531 530 529 4154 5146 5142 4139
Control Module 4719 Sed7 4582 4565 5719 5647 5582 5565
DC/DC Converter (Controls) MN/A HiA M A MN/A 5134 5121 5109 5105
Wiring & Connectors 4162 147 §133 $120 5288 4261 §235 5212
Temperature Sensors 520 516 514 514 520 516 514 514
Current Sensor 521 519 Li6 516 521 £i9 516 520
Voltage Sensor 549 S 540 539 549 S} 540 539
H2S Sensor 5243 5219 5210 5204 5243 5219 5210 204
Stack Anode Pressure Sensor| 5226 5303 Sig2 5177 5126 L2303 5182 5177
- ply | Assorted Plumbing/Fittings | 5407 5370 4335 5300 5488 S 5400 5360
Assembly Hardware 541 537 £33 530 549 Sikd 540 536
¥ Frame & Housing 5122 5111 5100 590 5147 §133 5120 $108
+Work Est. | Additional Work Estimate 5900 £700 5600 S600 $1,100 5500 $200 5800
TOTAL BOP COST 510,17 | $3012 | $7.062 | 56726 | 514,205 | 511450 | 510,1¢1 | 55,528
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Annual Production: 10kW S0FC Systems

Annual Production: 25kW S0FC Systems

Subassembly|  ComponentDescrption | (100) | (1,000) | (10,000) | (s0,000) | (100) | (1,000) | (20,000 | (50,000)
Filter 4112 §102 93 589 5112 $102 593 489
Fuel Supply Compressor WA M/A WA WA M/A WA WA M/A
3-way valve [start-up bypass)| 5107 597 iy 584 5107 97 G87 G4
Desulfurizer 51,255 5235 5186 5167 51,562 S4B 5373 5335
Ejector 5342 5308 5277 5269 5342 5308 5277 5268
Pre-Reformer 62,241 | 51,065 5579 5834 52,877 | 51,802 | 51271 | 51,206
Tail Gas Combustor 4457 5121 5384 5373 5457 £421 5384 5373
Start-up Air Filter & Housing 5347 %333 5330 5307 5495 Sid6d 5445 5427
Supply Blower [Anode Air) 5307 5275 S248 5241 5465 5420 5378 5366
(cPox) Flow Meter 4144 130 §117 §113 5133 $120 5108 5105
hode Alr Blower (Cathode Air) 4617 G555 4500 5485 4572 5605 4545 5528
Flowmeter (Cathode Air) 5144 £130 5117 5113 5144 £130 5117 5113
Cathode Air Heater 5441 5262 5213 5189 51,029 5669 5518 5460
CHP Load Heater 4537 184 S441 5430 5931 SE38 5764 5745
CHP Bypass Valve 4235 6111 5180 5184 5415 5374 5336 5326
DC/AC Inverter S3600 | S3348 | 53,114 | 52896 | S9.540 | S8872 | SRIS1 | S7.674
Transfer Switch 5308 5277 5249 5224 5710 5639 4575 5518
Resistor Bank 5300 5270 5243 5236 5900 SE10 5729 5707
DC/DC Converter (Power) | 53900 | %3000 | s2700 | s2502 | s9900 | 57200 | Se600 | 46300
Batteries 4556 5527 5515 5504 5738 £700 5683 SE70
Control Module 5719 ST 4582 5565 5719 5291 5262 5254
DC/DC Converter [Controls) | 5251 5276 5303 5197 5627 5564 5508 5453
é E Wiring & Connectors 4484 440 5396 45356 $1,077 579 5881 5793
g Temperature Sensors 520 516 t14 514 520 t16 514 514
E = Current Sensor 532 529 525 533 532 529 525 %33
ER Voltage Sensor 549 ) 540 539 ) S sa0 )
o H2S Sensor 5243 5219 5210 5204 5243 5219 5210 | sam
Stack Anode Pressure Sensor| 5225 5303 S1R2 5177 5226 5203 5182 5177
Assembly Assorted Plumbing/Fittings | 5507 G161 5415 5375 748 5680 5610 5550
it Assembly Hardware 551 SdE S41 537 575 568 561 455
i Frame & Housing $152 5138 5124 5112 5224 5204 5183 5155
+Work Est. | Additional Work Estimate | $1400 | 51100 | $1000 | 51000 | 52300 | 51700 | S$1500 | 51400
TOTAL BOP COST £20,094 | 515,595 | 514,205 | 513,538 | $37,682 | 530,014 | 527011 | 25471
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Annual Production of 1006W SOFC 5

Annual Production of 2506W SOFC 5

e (100) [ (1000) | (10000) | (s0000) | (00) [ (1000 | (10000 | (soo00)
Mat. Gas Filter 5 97 | % Bl |5 EAE 80| 5 32 (3 6 |5 =13 188
Matural Gas Control Valve 5 17 |%  1as53|%  rmm|s 1ume|s zee|s zaer s 1ee7|3 1m1e
Desulfurizer g a7 (% 1457 |3 rmemfs 11428 amss |4 zam s zoer|s 2
3-wiay valve 5 137 | & 115 | & 971 % BE] S 137 | & 115 | & a7 | % B&
E|ector 5 Erl 545 [ 5 501 | 3 a7z|s  iu3 |3 poes |3 941 | 3 BET

E Iltefnrmerjﬂurner 5 amm|s 1me|s 1e13|s 1sm|s vmso s 3mam s zoeea|d zam
Tail gas Burner 5 3583 |%  3350|%  3133fs  zeme]s s vafs  soas (s aesefd aam
Air Filter 5 510 3 47 (3 479 | 3 are|s  imo|s 958 [ 3 b E 958
Start-up Alr Blower 5 981 | & BSd | & TSE| S GOE| & 3009 | & JBIE |5 25863 2586

E Start-up Alr Flowmeter 5 1aE (% 1a6|% 1m7fs 1wm)s 1as(d 1nae |3 a3 12w
& [start-up Diverter Valve 5 21 (3% g 172 | 3% 1525 21 (3 ol 172 | 3 152
Cathode Air Blower 5 951 (% Bsd [ 3 76| 3 gog|s  zme |3 zmE(%  zsEE |3 2see
Cathode Air Flowmeter 5 143 |%  ras|s  rmvfs  1wm]s 1as(s rass s 1mrf3 1w

_ E- Cathode Recuperator 5 18800 |% 17580 )% 16430|5 1565|5280 (% 26360 (5 Mese|s 23S

Eg Systern Exhaust Valves 5 21 (3% o 172 | 3% 152] 5 21 (3 po g 172 | 3 152
CHP Export Exchanger 5 xme|s 15 |%  imafs 17Es|s sas (% 514535 amss|3 4w
Hybrid Inverter 5 42000 (% 3eo0|% ze4a00f3 zieo0)s 9000 |3 7sooo (s sroo0f3  aspo0

"E Batteries 5 5690 |% Saed|%  5260|%  S060)S5 10765 (35 11098 (5 10897 (3% 10465
E Resistor Bank 5 oo0|%  1Ew0|%  1mefs  imo]s ams|s 3rm|s 2sir|3 zoel
Grid Interconnect Switch £ 14 |%  1oma|s 975 | 3 a7e|s  zess |3 z3m % zu4z|3 1mom
Control Module 5 719 5 Ba7 | 5 582 | 3 ses | 5 719 |3 647 | 5 582 | 3 565
Thermocouples 5 28| 5 9|5 168 | & 168 | & 3|5 56 | 5 2415 234
H25 sensor 5 243 (5 pal g 20| 3 204 | 5 23 (5 pa g 110 | 3 204
anodefcathode Pressure Sensor -1 aM [ & B12 | & TIE| 5 JOR| 5 2260 |5 20305 1820] 5 1,770
Assorted Plumbing/Fittings 5 335(% 3pe0|s  27ss|s zamo|s ssw|s sowo |3 aswof3 apen
Assernbly Hardware H 335 |5 E s s 0] s 550 | 5 00| 5 450 | 5 405
Frame and Housing 5 1005 | 5 a1s | & BS |5 Fa5] 5 1650 | 5 1500 | & 1,350 | & 1,215

il A dditional Work Estimate 5 Gam|s seo|s sw0fls  amo)s 11am(s waoo s saoof3  ssoo
TOTAL BOP COST 5 w3503 |s srans|s msme|s ererv|s aossvs |5 wmeers [ w933 v
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Atrex Energy (USA)
A 1 ' WWW.atrexenergy.com
VOENERGY
Blomn.F;ﬁérmf. {USA] bl
www.bloomenergy.com

Bloom &
Ceramatec (USA)

Xt | WWW.ceramatec.com

4% CERAMATEC

Delphi (USA)

www.delphi.com

DELPHI

FuelCell Energy (USA)
|.',._ uel {: o 1 | r Nnergy WWque|C€| Ienergy-com

LG Fuel Cell Systems (USA)

no website
@ LG Fuel Cell Systems
MSRI (USA)
wWww.msrihome.com
Protonex (USA)

Ultra USSI (USA)

Ultra www.ultra-ussi.com
ELECTRONICS

Nexceris (USA)

«}PNEXCERIS

WWW.NEXceris.com
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Adelan (United Kingdom)

www.adelan.co.uk

Bosch Thermotechnology (Germany)

) BOSCH

www.bosch-
thermotechnology.com

Ceres Power ( Umted Kingdom)

Wwww.cerespower.com

www.convion.fi

www.elcogen.com

Elring Klinger (German

Elringklinger)

www.erlingklinger.com

Haldor Topsge (Denmark)
HALDOR TorsoeE

www.topsoe.com

Kerafol (Germany)
H

="

Keramische Folien GmbH

www.kerafol.com

Hexis/Viesmann (Germany)

HEXIS

www.hexis.com

New enerday (Germany)

-N ERDAY

www.newenerday.com

Plansee (Germany)

—

www.plansee.com
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SolidPower (Italy)

www.solidpower.com

Sunfire/Staxera (Germany)

‘l sunfire

www.sunfire.de

ZEG Power (Norway)
WWW.zegpower.com
ZEG Power
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Aisin-Seiki (Japan)
AISIN

WWWw.aisin.co.jp

Chaozhou Three-Circle (China)

CCTC WWW.cctc.cc
=MD
G-cell Technology (China)
— www.gcell.com
w_

Gas Authority of India (India

GAIL (India) Limited

www.gailonline.com

h2e Power Systems (India)

(.hze

www.h2epower.net

Huatsing Jingkun New Energy Technology (China)

£ ol

www.huatsing-
power.com

Mitsubishi-Hitachi Heavy Industries (Japan

¢ MITSUBISHI

D HEAVY INDUSTRIES

www.mhi.com

MiCo (China)

MiCo

Www.mico.kr

SOFCMAN Energy Technology (China)
SOFCMAN

www.sofc.com.cn
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