SOFC SYSTEM DEVELOPMENT AT
FRAUNHOFER IKTS

Thomas Pfeifer, Group Manager »System Concepts«

Fraunhofer IKTS, Dresden, Germany

Allimpex/IKTS-Workshops
Moscow, 31.05.2016 / St. Petersburg, 02.06.2016

\

Fraunhofer

IKTS



Outline

B Introduction
M SOFC Stack Technology at IKTS

M General System Engineering Approach & SOFC System Integration Examples
eneramic® - 100 W, LPG-fueled SOFC Power Generator
h2e® - 1 kW, NG-fueled SOFC/Battery-Hybrid System

\

~ Fraunhofer

IKTS



SOFC Basics

M SOFC = Solid Oxide Fuel Cell / Electrolyte = Dense Ceramics, Oxygen lon Conductor

M Fuel Processing steps and their

m SOFC Working Principle
influence on FC complexity / efficiency.

Liquid fuels g3 Es
Fuel Fuel-cell types
Hy + CO H,0 + CO, —— s
CO + H,0 — H, + CO, heat Natural gas : M Thermally integrated I
: reformer o
H,0 H,0 H,0 H,0 1000°C
Permeable H, H, H,
Anae - 4e” ¢y e MCFC
£ =hhi 208 8 a0 s Thermally integrated Rslsig
Impermeable | O (0 ©= O reformer
electrolyte o o o O e B o M
— - e_ - o iz
Permeable g% SS g O, ed9 20 g% g% (_e_] Increasing |, 800°C
cathode complexity of PAFC .
O ) 0. )) n 02)) O, fuel processing {CO<5%) 200°C
Air Depleted O, BEMED
o . 2 EMFC
Oxidant heet Decreasing - (CO<10 ppm) IS
efficiency * (COp, H20, etc.)

Source: Nature 400, 619-621 (12 Aug. 1999), doi: 10.1038/23144

Source: Encyclopedia of Electrochemical Power Sources, Elsevier
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Fuel Cell based Energy Conversion Chains

Primary Energy Energy Storage On-site Power
Sources and Transport Generation

NG, CNG, LPG

Gasoline,
Diesel,
Kerosene,
JP-X

Fossil Fuels

Coal Gasific.

EtOH, Biogas,
Biomass Gasific.

Industrial
By-Products

Wind Battery Storage

Li-lon, Na/NiCl, Na/s,
MetallAir, RedOx-Flow, etc.

PV & CSP

Renewable Energy
Sources (RES)
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Stationary Fuel Cell Applications

Distributed Power Generation
Off-grid Power Generation

Backup Power

Electricity from Landfill Gas, Sewage Gas,
Biodigesters, Ethanol

Electricity from Biomass Gasification

(Micro) Co-Generation: CHP & CCP

District Heating / Cooling

Distributed H,-Generation (MCFC, Reversible FC)
Stationary Energy Storage (Reversible FC)

Virtual Powerplants, Smart Grids
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SOFC-Components and Services at IKTS
Complete Value Chain - ,From Powder to Power"”

Materials and Cell and Stack SOFC and SOEC Reactors and System
Processes Components Stacks Components

» Powders, Pastes, Foils * Electrodes, MEAs » CFY Mk35x, 10-40E » Reformer, Burner, HEX
* Protective Coatings « Contact Layers * HotBox-Integration » Membrane Reactors

» Characterization » Glas Sealings + Test & Characterization » Sensors

Production Planning, System Engineering Customized Test-Rigs CAD and Simulation

Pilot Manufacturing <: and Demonstration <:| and Validation <: . System Concepts C

» Design to Cost * Proof-of-Concept » Customized Test-Rigs » 3-D CAD Drafting

* Production Planning + System Prototypes * Assembly, Commissio- » Process Models

* Pilot Manufacturing  Safety Concept, CE » Component Models
y : . s ) = 2 2 =
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-
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PART 1

SOFC STACK TECHNOLOGY
AT IKTS
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Planar SOFC Stacks based on Electrolyte Supported Cells

eneramic® Stack CFY-Stack
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Planar SOFC Stacks based on Electrolyte Supported Cells
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eneramic® Stack (IKTS)

CFY-Stack (IKTS / Plansee)

Electrolyte 3YSZ (ESC), 90 um 10ScSZ (ESC), 165 um
Interconnect CroFer 22 APU CFY Alloy

Active Area per Cell 16 cm? 127 cm?

Rated Power per Cell 3,5 W 25-40 Wy

Standard Stack Size 20/ 30/40 Cells 10/20/30/40 Cells

Gross Power Range

70 .. 150 Wq per Stack

300 .. 1.200 Wq per Stack
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SOFC-Stacks for System Integration & Plant Engineering

IKTS: eneramic-Stack IKTS / Plansee: CFY-Stack 3rd Party SOFC-Technology

* ~3,5W, per Cell, « ~ 30 W, per Cell,  Options for HotBox- and

* ~50.. 150 W, per Stack, * ~300..1.200 W, per Stack, System Integration of 3™ Party
* Elektrolyte: 3YSZ (ESC) * Elektrolyte: 10ScSZ (ESC) Cells and Stacks

* Interconnect: CroFer 22 APU * Interconnect: CFY * Previous collaborative projects
 Active Area: 16 cm?/ Cell * Active Area: 127 cm?/ Cell in the range ~50 .. 1.000 W,

SOLID
POWER

‘l sunfire

VA e E FuelCell Energy

Ultra-Clean, Efficient, Reliakle Power

imeneramic
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CFY-Stack Endurance Operation

Start of measuring; T_Cat_0=820 °C
March, 6th 2012, 14:20 (118 h)

Reduction of temperature
AT=30K; T_Cat_0=790 °C

Increasing of temperature
AT=30K; T_Cat_0=820 °C
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CFY-Stack Cyclisation Test

30-cell stack in HotBox operation: cycling without purge gas at anode side (2-4 K/min),
operation point: @35 A, fuel: 40% H, in N,, air: 80 sl/min, ng,=75%

200(

AP/Py,= 860 W — 812 W (120 start/stop cycles) 0,5%/10 cycles j: output
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PART 2

SOFC SYSTEM INTEGRATION
EXAMPLES
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Generic System Development Approach

Concept
Approval

Customer / Application Concept

Requirements Validation

|

Phase System Concept Proof-of-Concept Technology Product
Definition (PoQ) Demonstration Design

R&D Focus — Model-based conceptual Development, commis- Development, commis-

study and preliminary sioning and test of PoC-  sioning and test of

system design prototypes demonstration proto-

types

Objectives  System concept definition ~ Concept validation by Concept approval by

and component laboratory tests environment, reliability

specification and lifetime tests
TRL™ after ~ TRL 2 — Technology TRL 4 — Technology TRL 6 — Technology
completion  concept formulated validated in lab demonstrated in relevant

environment

*) Technology readiness level according to Horizon 2020 — Work Programme 2014-2015 TRL definition:
http://ec.europa.eu/research/participants/data/ref/h2020/wp/2014 2015/annexes/h2020-wp 14.15-annex-g-trl_en.pdf
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Exemplary Development Tasks in Phases

Concept Proof-of-Concept Technology
Definition (PoC) Demonstration

B Application Analysis B Component Design and B Concept Review
® Requirements Definition Bl =Eid ® Iterative, Model-based
B Model-based System = 3-D CAD Modelling Design Optimization
Concept Determination B Assembly Concept ® 3-D CAD Modelling and
B Process Layout Calculation | ™ Parts Procurement and Design Freeze
M Multi-Physics Simulation Manufacturing of W Parts Procurement
Components

Analyses ® Small-Series Prototype
M PoC Prototype Assembly Manufacturing

B Reactor and Component S
and Commissioning

Layout B Prototype Commissioning
m Draft System CAD Study B Concept Validation and Delivery
B Characterization Tests B Prototype Testing for

Endurance Operation,
Cyclisation, etc.
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Exemplary Project Timeline

Project Month

t2]a]a|s]|6|7|s|o]t0]t1]12]13]14]15]16]17[18[19]20]21

22| 23|24 25| 26| 27| 28 | 20| 30| 31 [ 32 | 33| 34| 35 [ 36

37| 38| 30 [ 40 [ 41| 42

Negotiation

Projec

Project Review |

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Engineering and

System Concept

MS1 System Definition

Model-based
Design

Prototype
Manufacturing
and
Commissioning

Prototype Test
and
Demonstration

G1 System Engineering ‘MSZ G1 Desig

Lmim.

Project Review I

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

In Freeze

G2 Engineering ‘M54 GZ Design Freez

| Demonstration >

Project Closure
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Fuel Cell Systems at IKTS

1w 100 W 10 kw

hand-held portable stationary

Hydrogen Butane LPG Natural Gas Biogas NG / Biogas
PEFC SOFC SOFC SOFC SOFC MCFC

eZelleron  jEeneramic

by Fraunhofer

e @ ,
"‘" 1 g FuelCell Energy Solutions
2 bk v | & | :v2-Ciean, Effcient, Reliable Power
| LE N
! wan

Ceramic Bundled Planar Integrated CFY Stack DFC®
Multilayer Microtubes Mini-Stack Stack Module Technology Technology
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SOFC System Integration
Generic Approach

Start-up
Device

tomer [ |-

Exhaust y
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SOFC System Integration Examples
eneramic & h2e Project Characteristics & Scope

Funding

Duration

Market
Segment

System
Description

Commercial
Exploitation

meneramic

by Fraunhofer

Internal program, funded by the
Fraunhofer Future Foundation

June 2007 — August 2015

Off-grid power generation for industrial
applications (low power / long runtimes),
e.qg. traffic control systems, corrosion
protection, surveillance systems, etc.

LPG-fueled 100 W, SOFC power
generator (SOFC/battery-hybrid)

Commercialization through a corporate
spin-off with third-party investment,
NewCo to be operable in 2016

U Inee

Contract research, assigned by h2e Power
Systems Pvt. Ltd., based in Pune, MH, India

January 2013 — June 2016

micro-CHP for 24/7 power supply and hot
water preparation in interference-prone
grids, e.g. for small businesses, clinics,
housing, rural applications, etc.

NG-fueled 1 kW, SOFC pCHP system
(SOFC/battery-hybrid, optional heat use)

Contracted project includes IP- and
technology transfer for local manufactur-
ing and commercialization by the customer
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SOFC System Integration Examples
HotBox Concepts for Planar SOFC (100 W .. >1 kW)

imeneramic @‘2@

eneramic®-Stack Start-up Burner

Thermal

Insulation Thermal

Insulation |

Afterburner !

Afterburner ;

£

o

) <

Reformer ! 3

Air Pre-
heater

% %
- strictly confidential -
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SOFC System Development - eneramic®
Product Concept and Applications

\

|
| Ambient Air ) : | Exhaust
| &
|
1

Aerosol Filter RS232 to USB

Adapter / Cable
Standant dccessorny) (standard accessory)

\
[\ \\ Operator Terminal
——'\_ (optional)

{ = ;
' ./\‘
.M ;;'./)
\\\\‘ -',). =

Pressure Regulator,
50 mbar

Pressurized eneDesulf eneramic® E-2.X Fused Lead-acid Electrical
Fuel Desulfurizer Cartridge Charging Cable Battery Consumer
(optional accessory) (standard accessory)
L § J { g )
Customer Installation Scope of Delivery Customer installation
Leisure Security
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SOFC System Development - eneramic®

Sub-Tasks Accomplished

B Core Module

Afterburner SOFC Stack

(
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Reformer &
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SOFC System Development - eneramic®
HotBox Endurance Operation
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SOFC System Development - eneramic®
HotBox Cyclisation Test

Different HotBox generations operated in const. current/power

mode, heating rate @ 10 K/min, propane/butane fuels

900 - 150
1 125
880 - i HB-0 (2013)
1 o L
TZ | oo - AP,,=8.2% / 10 cycles
S 860 — =
i . SR 51 (2013)
e x 25X AN - AP, =7.9% /10 cycles
< 840 | x W.,’“XW x 600NN S -
[S} [ [a)
B L - - SN HB-2 (2013/14)
g 820 A - = APan =3.4% / 10 cycles
O . HB-3 (2014
1 7 13 19 25 31 37 43 49 55 6L 67 73 79 85 91 97 103 100 - AP, = 2.6% /10 cycles

number of cycles

X temperature stack | HB-O X temperature stack | HB-1  x temperature stack | HB-2 temperature stack | HB-3 X temperature stack | HB-4 H B'4 201 2

O power stack | HB-0 O power stack | HB-1 @ power stack | HB-2 O power stack | HB-3 @ power stack | HB-4 = APan - 1 3 % / 1 0 CyCl es
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SOFC System Development - eneramic®

Evolution of Prototype Systems

Prototype E-1.0 E-1.1 E-1.2/E-1.3 E-2.0

Series Laboratory Sample Proof-of-Concept Demonstrator Series  Pre-Commercial Unit

Net Power 95 W, 100 W, 100 W, 110 W,

Output 12 Vpe 12 Vpe 12 Vpe 12 or 24 V.

Fuel Input, 35,3 g/h 48,8 g/h 35,5¢g/h 35,8 g/h

Efficiency 21 %4y 16 %y 22 %4y 24 % v

Volume, 1751 1151 94 | 55 |

Weight 71 kg 55 kg 36 kg 23 kg

No. of Units, 1 1 9 > 15

Availability 0572012 01/2013 06/2014 07 /2015
imeneramic’ Z Fraunhofer
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SOFC System Development - eneramic®
Sample Applications

B Remote Traffic Control Devices B Cathodic Corrosion Protection

KTS

Consumer

Lead-Acid Battery |

\
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SOFC System Development - eneramic®
Sample Field Trial - Traffic Control Panel
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SOFC System Development - h2e®

System Concept

re o, T Ch ./

| Application-dependent Batey  conroier
installation -
| LigP

| Scope of IKTS
| development

BoP

Reformer

DC/DC
Converter

T Burner

D

Heat
Exchangers

Hot Water
Tank

O

|
3
I 5001 / day
| I 60 .. 80 °C
3 < 1 Usable Heat
| I : 80 .. 125 MJ / day
3 | 3 (23 .. 35 kWh / day)
I
th |
|
|

<

S

20 .. 30 kWh / day

End-User
Demand

I Exhaust >
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SOFC System Development - h2e®
Proof-of-Concept Prototype (3-D CAD-Model)

150 em

Communication
Interface

Exhaust Pipe}—— —

{ Power Socket

and Valves|

Exhaust piping,
Heat Exchanger’

Condensate|
Pan

CondensaleL | Hot Water In-/
Drain| Outlet
{ Fuel Inlet
Pumps, Blowers' |SOFC Stack-Hotbox, Current Rod} |sOFC Stack

Thermal Insulation

Electric Cabinet,
Control Unit

Power Conditioning
System

Exhaust/ Water
Heat Exchanger

Ther les - < Cathode Air Inlet
Cell Voltage|
Monitoring|
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Afterburner|
>
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SOFC System Development - h2e®
Achievements of Project Phase | (1)

® HotBox-Integration / Pre-Testing m System Integration / Proof-of-Concept

3 d
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SOFC System Development - h2e®
Achievements of Project Phase | (2)

® First SOFC System Commissioned in India

a
0
\
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SOFC System Development - h2e®
HotBox Concept Validation

T_POX T_TOX T _Stack (1) T_Stack (2)
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SOFC System Development - h2e®
Initial PoC Prototype Test
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SOFC System Development - h2e®
PoC Prototype Performance Analysis

SOFC_Genl / h2e G1 Performance Analysis

Data: G1-1, Oct. 26, 2014, 02:00 - 02:15 p.m.

Reference conditions of enthalpies: p = 101325 Pa, T =20 °C Electricity (DC)

1021...
=31,1%

=476 %

20°C 805°C 837°C (SOFC, gros..
Fuel P.. ch: 2989 J.. SO.. 850 °C Balance of Plant
Input LMB: th: 514 J/s ch: 695 J/s 154..
0,29 th: 618 J/s =4,7 %
. Air: 2541 J...
597 °C - FU:
Air: 1954 J... 85%
OPH 630 °C
~ 140 slm
Exhaust
Air: 0 J... :0J. d 70 J..
=21%
766 °C Useable Heat
Air: 1269 J.. X fn;' 1656 J...
=50,3%
388 J
Thermal Insulation / Surroundings =11,8%
- strictly confidential - - ' L
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SOFC System Development - h2e®
PoC Prototype Part-Load Performance
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Summary eneramic® & h2e®

Project
Status
Summary

Achieved
Maturity
Level

Upcoming
Activities

meneramic

by Fraunhofer

. Proprietary stack technology, core com-

ponents and system concept developed

. Prototype system development

advanced to the pre-commercial stage

. Readiness for marketing demonstrated

by field trials / business case validation

. CE-Certification acc. to IEC 62282 and

EMC directive prepared

. Pilot manufacturing for demo activities

and field trials started in July 2015

. Corporate spin-off for commercial

deployment to be operable in 2016

. CFY-stack successfully integrated into a

compact and robust HotBox design

. Two proof-of-concept (PoC) prototype

systems commissioned / in operation

. High-performance SOFC system based

on POX demonstrated (85%gy, 43 % o)

. PoC prototype system shipped to

customer for test and demo activities

. Project Phase Il (initiated): development

of improved demonstration prototypes

. Technology Transfer and start of local

manufacturing / commercialisation

\
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Conclusion

® [KTS has developed SOFC stack technology platforms and system concepts for SOFC
power generators — from materials development to near-product systems.

B A top-down requirements definition / bottom-up system engineering process was
established — from customer ideas to prototype demonstrations.

B Proven engineering process, test infrastructure and tool-chain is available for new
development projects — from hand-held devices to stationary plants.

B Future contract research and system integration projects may be based on
eneramic® technology platform (100 .. 500 W)
CFY SOFC stack technology by IKTS / Plansee SE (500 W .. 100 kW)
Client’s proprietary cell / stack technology

Third-party fuel cell products
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Dr. Roland Weidl
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Dipl.-Ing. Thomas Pfeifer
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