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NEXT ENERGY ∙ EWE Research Centre for 
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www.next-energy.de

Oldenburg/Germany

System Modelling 
and Analysis

Energy Systems 
System Solutions for the 
Energy Transformation

Energy Storage 
Innovative Technologies
for Stationary and Mobile 
Applications

Fuel Cells 
Efficient Supply
of Power and Heat

Photovoltaics 
Integration of
Thin-Film-Technology
in Products

75% 
renewables
already in 
the grid

07-April-16



5

Fuel Cells Research Topics
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CISTEM - General Information

Project Duration: 
June 2013 – September 2016?
Grant Agreement No. 325262
Budget: 6,097,180 €

June 2013 Sept. 2016

Midterm Evaluation

Nov. 2014

0 3 6 9 12 15 18 21 24 27 30 33 36 40Month:
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CISTEM - Partners

Consortium:

Eight partners from five 

different countries:

 Czech Republic

 Denmark

 Germany

 Italy

 Spain

07-April-16
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EU-Project CISTEM

CISTEM: Construction of 
Improved HT-PEM MEAs and 
Stacks for Long Term Stable 
Modular CHP Units

Vision: Development of a 
new HT-PEMFC based CHP 
technology with high 
efficiency and long lifetime

Proof viability of HT-PEMFC 
technology for large
CHP systems

Degradation investigations:
single components, MEAs, 
stacks, CHP units

Development Overview

07-April-16
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EU-Project CISTEM

Technical targets

Modular setup with 4 kWel stacks

Electrical output: 

Up to 100 kWel

Electrical efficiency: > 40%

Working temperature: 160°C

Fuel flexible:

pure H2 / NG reformate

Modular Setup Approach Advantages:

Suitability for mass production

Higher system efficiency

Maintenance “on the run”

Stability and reliability

Annual load curve with modular CHP system

07-April-16
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EU-Project CISTEM

Components
Short Stacks
Full Stacks

Balance of
Plant

CHP 
Evaluation 

Unit
Operation
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CISTEM - Project Structure

WP 1 – Management (NE)

WP 2 – Materials beyond SoA (UCLM)

WP 3 – Degradation with SoA Materials (DPS)

WP 4 – Balance of Plant Design (OWI)

WP 5 – CHP Design and Setup (OWI)

WP 6 – Degradation Modeling (UCTP)

WP 7 – Dissemination and Public Awareness (NE)

NEXT ENERGY
Investigations

07-April-16
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Fuel and Air/O2 Optimisation

SoA MEA

Effect of O2 enrichment on fuel cell performance:
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Polarisation curves for the fuel cell operating with H2/Air* as function of oxygen enriched air. MEA: (a) BASF, (b) DPS.
5-fold serpentine flow field, Pc=0.75 MPa, T=160 °C, p=1 atm. * λH2=1.2; λAir=2, λAir-30% O2=2.85, λAir-75% O2=7.1, λO2=9.5

The higher the oxygen concentration,
the better the performance of the fuel cell is.

Mass transport improvement from
the gas flow channels to the cathode CL
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07-April-16



15

Overview

07-April-16

Introduction to NEXT ENERGY
EU-Project CISTEM
 Technical Targets & Challenges

Experimental Challenges:
 Oxygen enrichment
 Long-term testing at constant load
 Accelerated stress testing
 Fuel switching
 Start/stop cycling

Technical Challenges:
 Short and full stacks
 CHP system setup
 Operating conditions

Summary



Performance vs. time

Long-term Test (1)

Day 0 < Time < Day 7: Slight voltage increase over time and similar FC performance

 EIS: ORR improvement  Break-in time enough?

Time > Day 7: Voltage and FC performance reduction

 EIS:  H+ conductivity +  mass transport (H3PO4 redistribution) +  anode charge transfer
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Voltage loss rate: -57 μV/h -5% voltage at 0.3 A/cm2

~1.6 % ηel loss

(a) Long-term test for the fuel cell operating with H2/Air (λAnode/λCathode =1.5/2). Current density was interrupted for MEA 
characterisation on day: 0, 7, 14, 18, 28 and 35 (black circles). (b) Polarisation curves as function of operation time. 

T=160 °C, p=1 atm, serpentine flow field, Pc, real=1.4 MPa

SoA MEA

16

F. J. Pinar et al., Long-term Testing of a High Temperature Polymer Electrolyte Membrane Fuel Cell: The Effect of Reactant Gases. AIChE journal. Submitted 2015

07-April-16
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Long-term Test (2)

BoA1 MEA: Thermally cured PBIPerformance vs. time
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(a) Long-term test for the fuel cell operating with H2/30% O2 enriched air (λAnode/λCathode >1.50/2.85). Current density was 
interrupted for MEA characterisation on day: 0, 7, 14, 21, 28, 35 and 41 (black circles). (b) Polarisation curves as function

of operation time. T=160 °C, p=1 atm, grid flow field, Pc, real=1.4 MPa

Voltage loss rate: -22 μV/h -3% voltage at 0.3 A/cm2

~0.6% ηel loss

Day 0 < Time < Day 7:

 Slight voltage increase over time

 FC performance improvement at low current densities

After MEA characterisation  Voltage downward step (weaker than SoA MEAs)

Time > Day 7: Voltage and FC performance reduction

SoA MEA H2/Air: -57 μV/h

Operation with hydrogen and
oxygen enrichment (30%)

07-April-16
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Long-term Test (3)

Performance vs. time:

Long term test for the fuel cell operating at constant load (0.3 A/cm2). 
Anode gas: with 54% H2 + 15% CO2 + 31% H2O.

Cathode gas: 30 % O2 enriched air. (λH2/λO2 ≥1.3/2.85).
T=160 °C, p=0.1 MPa, 5-fold serpentine flow field, Pc=0.75 MPa

BoA1 MEAs:
(Tests 1 and Previous test)

 Improved anode activity
and H+ conductivity:

• Increased PA mobility

BoA2/BoA1 (Test 1 vs 2):

 Improved performance

 Decreased lifetime:

• Blackouts and load off 
periods are the cause
of extra FC degradation

Operation with synthetic wet reformate 
and oxygen enrichment (30%)

BoA1 MEA: Thermally cured PBI
BoA2 MEA: BoA1 + Extra PTFE

07-April-16
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Long-term Test (4)

Day 0 < Time < Day 7:

 j=0.2 A/cm2
 V≈constant

Time > Day 7:

 j=0.3 A/cm2
 V reduction?

Voltage loss rate:

 -6 μV/h (day 7 – day 40)

More oxidizing conditions but 
less FC degradation than 
previous test:

 Extended break-in time also 
improves lifetime

 Further investigation

Voltage vs. time
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Long term test for the fuel cell operating with 78% 
H2+22% CO2/O2 (λanode/λcathode =1.5/9.5). Current density 
was interrupted for MEA characterisation on day: 0, 7, 14, 
21, 28, 35 and 40 (black circles). MEA: DPS-55, T=160 °C, 

p=0.1 MPa, 5-fold serpentine flow field, Pc=0.75 MPa

BoA1 MEA: Thermally cured PBI

Operation with synthetic
reformate and oxygen

07-April-16
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Long-term Test (5)

Milestone-target: 
Degradation rate <-4 µV/h
Duration: 2,000 h

MEAs tested in parallel:
 DPS, UCTP, NE

> 2,500 h operation

Performance differences 
owing to different
setup utilization

Blackouts and load off 
periods may cause
FC degradation

Voltage vs. time BoA1 MEA

Long term test for the fuel cell operating with H2/Air 
(λanode/λcathode =1.5/2.0). T=160 °C, j=0.3 A/cm2 p=0.1 MPa,

serpentine flow field, Pc=0.75 MPa

Operation with hydrogen 
and air

2,000 h 3,000 h

07-April-16



Voltage rate over time / Degradation rate

21

Long-term Test – Low Deg. Milestone

MEA N° 2,000 h 3,000 h

MEA-14-707
(NE)

+14.2 μV/h +2.0 μV/h

MEA-15-389
(UCTP)

+3.8 μV/h -2.4 μV/h

MEA-15-396
(DPS)

-5.3 μV/h
-4.7 μV/h
(2,900 h)

MEA-15-529
(NE)

-4.3 μV/h -

Voltage loss rate target: ≤ -4.0 μV/h (2,000 h test)

Voltage loss rate target: Ø -1.7 μV/h (3,000 h test)

07-April-16
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Accelerated Stress Test (1)

Voltage vs. time 
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SoA MEA

Accelerated degradation
of materials

Voltage loss rate reduced 
after 13 days of operation:

 Degradation stabilisation
(EASA stabilisation vs. time)

Voltage loss at 0.3 A/cm2:

 -81 μV/h
(Constant load test: -57 μV/h)

MEA thickness loss:

 ~15 μm

AST of DPS MEA operating with 78% H2+22% CO2/30% O2

(λH2
/λ30% O2

=1.5/2.85). T=160 °C, p=0.1 MPa, serpentine flow 
fields, Pc=0.75 MPa. Current density cycling was interrupted for 

MEA characterisation on day: 0, 6, 13, 20, 27, 34 and 35
(black circles)

F. J. Pinar et al., Performance of a High-Temperature PEM Fuel Cell Operated with Oxygen Enriched Cathode Air and Hydrogen from Synthetic Reformate. 
International Journal of Hydrogen Energy 40 (2015) 5432-5438

07-April-16
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Fuel Switching Test - End User Scenario

Voltage vs. time

Fuel switching test. Black circles: MEA characterisation day.
Fuel: H2 and 78% CO2+22% H2, oxidant: 30 % O2 enriched air. 
MEA: DPS-56, T = 160 °C, p = 0.1 MPa, serpentine flow field, 

Pc=0.75 MPa

Fuel flexibility of the fuel cell:

 12 hours pure H2 / 12 hours 
synthetic dry reformate
(78% H2 and 22% CO2)

Approx. 2,500 hours of testing

Similar degradation rates than
Pure H2 - BoA1 MEA: -22 μV/h

Rectangular cycling of voltage:

 H2  H2+CO2 operation

 Anode catalyst deactivation

 Mass transport deterioration

Day 61 - Day 63: 
Load off

Till Day 84: +14 mV

Degradation rate:

-22 µV/h (syn. refomate)
-17 µV/h (hydrogen)

BoA1 MEA: Thermally cured PBI

07-April-16
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Start/Stop Cycling Test (1)

BoA1 MEA

Voltage / Current density / MEA thickness over time

Fuel cell voltage, current density and MEA displacement changes as 
function of time during S/S cycling test.

MEA characterisation on day: black circles. Fuel: H2 (λH2 = 1.5), 
oxidant: air (λair = 2); T = 160°C, p = 0.1 MPa,

serpentine flow field, contact pressure = 0.75 MPa

Day 0 < Time < Day 11:

 Voltage downward step

Time > Day 11:

 Voltage almost constant

 61 completed cycles

Voltage loss at 0.3 A/cm2:

 -13 μV/h

 -0.6 mV/cycle

MEA thickness:

 No changes at j=constant

 S/S cycling: 
Expansion/contraction MEA

Tidling = 25°C
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Start/Stop Cycling Test (2)

BoA1 MEA

Voltage / Current density / MEA thickness over time

Fuel cell voltage, current density and MEA displacement changes as 
function of time during S/S cycling test. MEA characterisation on day: 

0, 7, 14, 21, 28, 35, 42, 45 and 48 (black circles).
Fuel: H2 (λH2 = 1.5), oxidant: air (λair = 2); T = 160°C, p = 0.1 MPa, 

serpentine flow field, contact pressure = 0.75 MPa

Day 0 < Time < Day 21:

 Voltage ≈ steady

Time > Day 21:

 Voltage reduction

 After 27 cycles: EoL reached

Voltage loss at 0.3 A/cm2:

 -57 μV/h

 -2.4 mV/cycle

MEA thickness:

 S/S cycling:
Shorter displacement
than previous test

Tidling = 100°C
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Accumulated S/S cycles:
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High impact of fuel cell idling 
temperature during off modes
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Start/Stop Cycling – Ex-situ

μ-CT investigations
BoA1 MEA

Two dimensional μ-CT image from (a) fresh MEA, (b) MEA after S/S 
cycling test with Tidling = 25 °C and (c) MEA after S/S cycling test 

with Tidling = 100 °C

Fresh MEA:

 Mirror symmetry

 Few drying cracks

MEA after S/S cycling:

Tidling = 25°C:

 Increased drying crack

 Anode CL thinning

 Slight membrane 
irregularities:
thinning and swelling

Tidling = 100°C :

 More distinctive swelling 
and anode deterioration

07-April-16
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Short and Full Stacks

07-April-16

Results after 1.200 h

 Degradation rate
-5.4 µV/h @ 0.3 A/cm²
constant load conditions
H2/Air  dry  l = 1.5/2.0
T = 160 °C (cooling inlet)
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Short and Full Stacks

07-April-16

1st Full Stack

80 cells

Set-up accomplished.
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Fuel Processor

07-April-16

Development of FP for NG conversion and 
syngas production

Main characteristics:

hydrogen production 8 Nm3/h

Modulation range 25-100%

CO concentration 1%

Industrializable and marketable 
at competitive price

Efficient, reliable with low maintenance cost
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Fuel Processor Unit 1

CHIMNEY

WGS-HT

WGS-LT

HEAT 
EXCHANGER

REFORMER

THERMOCOUPLES

07-April-16
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Fuel Processor Unit 2 

07-April-16
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CHP Design

Overall System Concept with enhanced heat recovery from 

flue gas

07-April-16
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CHP Design => Hardware in the Loop

07-April-16

Cooler

Additional 
Gas 

Burner

TI

T2

TI

T1

FI

F1

Heat 
Storage

Tank

HEX 1 HEX 2Valve

Fuel Cell+
Reforming 

Unit

Valve

Gas

Gas

Pel

30°C

50°C

𝑄𝑓𝑢𝑒𝑙 = 𝑚𝑓𝑢𝑒𝑙𝐻𝑢

𝑄𝐻 = න( ሶ𝑚𝑤𝑐𝑝(𝑇𝑣𝑙 − 𝑇𝑟𝑙)) 𝑑𝑡

𝑊𝑒𝑙 = 𝑊𝑔𝑒𝑛 −𝑊𝑎𝑢𝑥
𝜂𝑡ℎ,𝐻 =

𝑄𝐻
𝑄𝑓𝑢𝑒𝑙

𝜂𝑒𝑙,𝐻 =
𝑊𝑒𝑙,

𝑄𝑓𝑢𝑒𝑙

𝜂𝑔𝑒𝑠 = 𝜂𝑡ℎ,𝐻 +
𝑓𝑃,𝑒𝑙
𝑓𝑃,𝑓𝑢𝑒𝑙

𝜂𝑒𝑙,𝐻

Test bench construction

Norm cycle (DIN 4709) Definitions (DIN 4709)

test cycle

𝑓𝑃,𝑒𝑙 = 2.6

𝑓𝑃,𝑓𝑢𝑒𝑙 = 1.1

system boundary
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CHP System Simulation

Value

𝑊𝐞𝐥 269.40 kWh

𝑄𝑓𝑢𝑒𝑙 763.72 𝑘𝑊ℎ

𝑄𝐻 379.13 𝑘𝑊ℎ

𝜂𝑡ℎ,𝐻 0.50

𝜂𝑒𝑙,𝐻 0.35

𝜂𝑔𝑒𝑠 1.33

Simulated thermal power 
and temperatures over the 
testing period of 24 h.

System efficiency based
on simulation.

0

10 000

20 000

30 000

40 000

50 000

0 5 10 15 20 25 30

th
e

rm
al

 p
o

w
e

r 
in

 W

time in h

Q_CHP Q_load Q_Boiler

0

20

40

60

80

100

0 5 10 15 20 25 30

te
m

p
e

ra
tu

re
s 

in
 °

C

time in h

T_CHP_vl T_storage T_load_rl T_boiler_vl

07-April-16



40

Operating Strategy

Heat based operating mode suggested for
CHP operation (without electrical storage)

Modules should have equal operating hours

 „Revolver“ strategy

Strategy includes:

 Temperature control for 
switch on/ off conditions

 Temporal conditions for 
minimal/maximal operating
times

 “First in – first out”

07-April-16
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Overview

07-April-16

Introduction to NEXT ENERGY
EU-Project CISTEM
 Technical Targets & Challenges

Experimental Challenges:
 Oxygen enrichment
 Long-term testing at constant load
 Accelerated stress testing
 Fuel switching
 Start/stop cycling

Technical Challenges:
 Short and full stacks
 CHP system setup
 Operating conditions

Summary
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Summary

07-April-16

Scientific Targets 
fulfilled:

BoA-MEAs with degradation rates  
<-4 µV/h (0.3 A/cm², H2 & air,    

>2,000h of operation)

BoA-MEAs show performances of 
750 mV at 0.2 A/cm² and 670 mV  
at 0.5 A/cm² (also SoA-MEAs)

Optimized membrane: thermally 
cured PBI

Optimized BPP: PPS-BPP

Optimized electrodes: Pt/SiCTiC

Stationary 3D-model of stack with 
100 cells

Short stacks have been tested.

Technical Targets
fulfilled:

Fuel flexible operation is possible.

Improvement of electrical 
efficiency by increasing of O2-
concentration 

Operation strategy is fixed: 
Revolver strategy

Fuel processor is finished.

Full stack is included in CHP setup.

Upcoming tasks:

Continue CHP evaluation

Include 2nd full stack

Verification of operating strategies

Complete FC stack model
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