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1 THE HYDROGEN FUELLED LT PEM pCHP

1.1INTRODUCTION TO THE DANISH uCHP DEMONSTRATION PROJECT

The Danish pCHP (micro combined heat and pdwepject * develops and tests fuel cells
integrated into units aimed for single family hosigeCHPs based on three different types of fuel
cells (LT PEM, HT PEM & SOFC) is developed withiretDanish project. The LT PEM units are
solely developed by IRD, and aimed for pure hydrofgelling. The project status is as follows
(Mar-2010):

* Phase 1 is completed. The phase comprises congtractd test of three prototype-{
HCHPs each based on one of the FC-technologies1(Fig

* The LT PEM based uCHP technology has been completgzhase 2 also. Five (B}
MCHP units were in phase 2 installed in ordinangla family houses (Fig. 2) in the village
Vestenskov, situated at the Danish island Lolland

* The SOFC and the HT PEM uCHP technologies areemtiadle of phase 2. None of these
technologies have been CE-certificated nor ingtdtde field test yet

 The LT PEM pCHP field test comprises 35 units, snstheduled to begin in Q2-2010. The
y-LCHP has been constructed and CE-certified (Fig. 3

PHASE 1 PHASE 2 PHASE 3 Fig 1
EENEE NEEER )

) ot The three project phases of the

'.’\ BEBBE 5 Danish iCHP project, and the

#)  Improvements oo ~ projeqt pa_lrticipants. The project
el onRoit . . l . l coordination has recently been

taken over by SEAS-NVE, as

1. generation Danish micro Prototypes at 100 demon-

combined heat and power units "professional” consumers stration units Danfoss (prior Coordinator)
withdrew from the project.
‘COWIlM /,:”nmn-m-lsccl DONG | IRD |s--s nv-l Ss | ====== =u===LL‘
Oy Heko

The Danish
concept on
storing surplus

¢ [ energy (wind)
L4 by water

- |
¥
? ey Ry electrolysis, for
$ o $ later use by the
E kctricity grid MCHPs.

H, storage Electro by=er

flacced ¢ ose &7 e ered L) (occmed ¢ bose &7 Fae ered uner)

! Abbreviations are listed in Annex 1

2 partly funded by Energinet.dk (phase 1) and TheisbeEnergy Agency (phase 2 & 3) through the catgrePSO
J.no. 2006-1-6295, and EFP-Akt.167 J.no. 033008331151, respectively

3 Further information can be foundtetp://www.dk-mchp.eu/project.html
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2006/7 The IRDo-pCHP unit has the following key
characteristics:
Nominal power: 1.5 kWAC
Power range: 0.9-2.0 kWAC
Nominal heat: 1.1 KWTH
Heat Range: 0.5-1.1 KWTH
Efficiency (LHV) at nominal operation:
Electrical (H— Ppc) 49%
Electrical (H - Pac) 43%
Combined efficiency 75%
Stand-by-power: 85 W¢
Ready-mode Power: 105\
2008/9 The IRB-WCHP unit has the following key
characteristics:
Nominal power: 1.5 kWAt
Power range: 0.9-2.0 k\y
Nominal heat: 1.5 kW,
Heat Range: 0.8-2.0 kW
Efficiency (LHV) at nominal operation:
Electrical (K- Ppc) 52%
Electrical (H— Pac) 47%
Combined efficiency 94%
Ready-mode Power: 40\
2009/10 The IRB~UCHP unit has the following key
characteristics:
Nominal power: 1.5 kWAt
Power range: 0.9-2.0 kW
Nominal heat: 1.6 kW,
Heat Range: 0.5-2.0 kWY
Efficiency (LHV) at nominal operation:
Electrical (H— Ppc) 47%
Electrical (H— Pac) 44%
Combined efficiency 94%
Ready-mode Power: 15\

Fig. 3 Key numbers and pictures (almost the sammakesof IRDs hydrogen fuelled uCHP

based on the LT PEM technology.
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Key numbers electrolyser:
» Gas Outlet Pressure up to a 8 bar(g)
« Max Hydrogen production 20 Ni
« Max Oxygen production 10 Nih
« Continuously H production 16 Nrith
« Continuously @ production 8 NrYh

¥ * Gas Purity 99.5 + 0,1%

» Max electric energy consumption 104
kw

Key numbers btstorage:
* 25 Nn?
« 0-6 bar(g)

Fig. 4 Picture and key-numbers of the alkalinetetdgser installed in Vestenskov (project
phase 2).

The main difference between theand the3-uCHP is related to efficiency (Fig. 3), while timain
difference between th& and they-CHP is related to cost (reduced with more th&)%8ize,
and easier to service and repair.

The uCHP is connected to a 200 litre heat storagje t

An electrolyser has been installed centrally intéaskov for fuelling the five uCHPs in the project
phase 2 (Fig. 4). A hydrogen distribution grid bagn buried.

The initiation of the phase 2 field test was dethgbnost 9-month due to lack of authority approval
of the hydrogen pipe that enters the house (c3Q@&m of piping). The phase 2 was finally
initiated, but only with a dispensation not a fiaglproval.

The five (5) phase B-uCHP units has been in field test for a period pamised the
(summer)autumn-winter 2009. The phase 2 is now tetexgb for the LT PEM technology.

1.2THELT PEM pCHP

1.2.1THE STATEOFTHE-ART IRD LT PEMMEA AND STACK TECHNOLOGY

The state-of-the-art LT PEM MEA is based on NafifR212, Cabot carbon supported catafyst
and SGL DC30 GDL (Freudenberg GDL is under impletaggon). The present state-of-the-art
MEA is not reinforced, but reinforcement is beingpiemented in the production shortly. Several
reinforcement foils are presently being examined important that the reinforcement rim protects
the membrane from the ‘needles’ at the GDL edgedftan puncture the membrane.

4 http://imww2.dupont.com/FuelCells/en_US/assets/doaadédfc201. pdf
® Anode loading: 0.3 mg PtRu per tand cathode loading 0.5 mg Pt pefcm
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Fig. 5

Stack performance at BoL and
as calculated after 5,000 hours
of operatiofi.

Fuel:

Oxidant:

Dew point: -20°C
Pressures400 mbar

Lambda=1.01

B-uCHP: Operated on base of heat demand (cf. setiBoh)
YV-LCHP: Operated as a simulated VPP (cf. sectio2)1.3

“Pure hydrogen” (alkaline electrolyser)

'Fresh’ air from outdoor
Dew Point:=57°C

Lambda=2.7

Nominal load: 0.35 A/ch
Temperature: | 62°C

Tout 65°C

10/06/2010 13:20:03

The state-of-the-art IRD MEA is fabricated by uls@nic spray coating GDL (CCB). However,
MEAs fabricated by catalyst coating the membran@NKis presently under implementation as
standard.

The IRD pCHPs are in all versions equipped witl7 &dll stack with a performance as shown in
Fig. 5. The bipolar plates are made by graphitepmsite material aimed for long lifetime. The
bipolar plates are moulded in-shape at IRD by c@sgon moulding. A serpentine flow field is
applied on both the anode and the cathode. Theeagiectrode area is 156.25Tmhe number of
cells in the stack has been selected as a tradetvieen stack cost and performance, taking into
account that the FC-power @ BoL needs to be abavkW and simultaneously operate with a

® Assuming a degradation rate of 10 pV/h (c.f. B@) including many start/stops, as described &r ls¢ctions
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Fuel [H;] utilisation in the
B-uCHP (equivalent to
utilisation in they-uCHP).

Cell voltage at
nominal load upon
hydrogen purge
and air ‘purge’ in
they-uCHP.

100
95
g
S
§ 90 /
5 / / Fig. 6
(4]
Lf 85 — MCHP purge every minute
— uCHP IRD 2001
— uCHP IRD 2006
UCHP IRD 2008
80 :
0.0 0.1 0.2 0.3 0.4
I [Alcm?]
0.70 0.42
V-UCHP S/N 012
- I \ 1T
=
>, 0.65 Mm———
2
(@]
[T —
= 5
< 060 | 0.32E
Eg _ = Fig. 7
S Air Flow
% 0.55 — Average Cell voltage |
® : — H2 pressure
3
D
0.50 0.22
10.00 10.05 10.10
Hours
Table2  Summary of gas and fluid configurationha - and they-uCHP stack.

10/06/2010 13:20:03

Fluid Flow pattern Stack orientation
Air U
Fuel Z Vertical
Cooling water Z
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o
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/

E Wﬂ\
)
S 25 Fig. 8
S Stack performance in
% open-end R&D tests (cf.
Fig. 5) compared with
Performance of the LT PEM Stack the stack performance in
Optimized Test Conditions the dead_enﬁ_uCHp
O Within thep-uCHP Rack

| system.

0.00 0.25 0.50 0.75
Current Density [A/lcm?]

maximum current of 60 A into the inverter. The noalioperational conditions of the LT PEM FC
stack are listed in Table 1. The standard stackections are listed in Table 2.

All IRDs LT PEM stacks are equipped with in-houssidned and constructed cell voltage
monitoring system (CVMS) having a resolution of #8¥. The CVMS has proven to be very
important in the BoP-control cf. section 1.3.3.

1.2.2THE HYDROGENCIRCUIT

The HCHP is operated with ‘pure’ hydrogen afterdbad-end principle where the hydrogen circuit
is closed with a solenoid valve at the outlet. @ibad-end operation is applied to enhance the fuel
utilisation (Fig. 6) and the overall system effiotg. The solenoid valve is opened approximately 1
S every minute to remove accumulated water onrnbédeelectrode (purge), Fig. 7. The hydrogen
loss during purge depends on the stack and systefire of hydrogen is ventilated during purge

in the IRD uCHP. However, the system is designédmuaentilate more than four (4) litre of
hydrogen to the ambient per hour; the other puagesnade internally in the system. The hydrogen
supply is=400 mbar to ensure a sufficient flow even withia flurge situations. The supply
hydrogen has a low dew point (c. -20°C).

1.2.3THEAIR CIRCUIT

The cathode pressure is ambient, and the air @iedpby a blower. The oxygen stoichiometry is at
nominal conditions 2.7. However, the air supplinigeased briefly (once every 100 s) to remove
accumulated water on the cathode. This patteriéas applied to ensure the lowest possible
power consumption of the air blower, while simuétansly avoid water management problems.

The air is humidified by a passive membrane hunedthat utilise the humid cathode exhaust to
heat and humidify the FC air supply. The approachperature obtained is 8°C.

The air intake is realised by a balanced ventitatibthe uCHP cabinet. The pCHP air intake is
equipped with a filter active for organic comporgerthe air filter fulfils the DIN 71460 efficiency
standard.

10/06/2010 13:20:03 8 of 28
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60

50

===
/ Fig. 9
30

/ AC-power

|

efficiency of thef3-

HCHP.

/ DGC is an
independent

/ B'“CHIRPD — Danish Gas

n H,» P [%]

20

10

e DGC Technological
Centre.

0 500 1,000 1,500 2,000
Grid power [W

AC]

1.2.4THE THERMAL CIRCUIT

The 47-cell IRD stack is liquid cooled with DI watg present. The uCHP primary cooling circuit

is connected to the secondary cooling circuit (etral house heating) through a heat-exchanger.
The primary cooling circuit is equipped with an ogxpansion tank.

1.2.5THE ELECTRICAL CIRCUIT

The uCHPs are all electrically connected to the \2g9grid through an inverter (commercial
available inverter). The present inverter efficigrcrather low (92%).

The 24 V power for the BoP components are deliveiasttly from the 230 Wc-grid, and not yet
through the inverter.

1.2.6NOMINAL OPERATION

An expression of the capability of the system tar&e’ the stack can be found in Fig. 8, where the
polarization curve obtained in a R&D test stanchvaiptimal operational conditions is compared
with the polarization curve obtained in fag1CHP. The two curves show insignificant deviations
leading to the conclusion that the short term gjpmmal conditions in the uCHP are acceptable.

The system efficiency measured at IRD and at ThadbaGas Technology Centre (DGC) is shown
in Fig. 9. TheB-uCHP efficiency does not peak at nominal powes KiWac). The efficiency

number listed for thg-p CHP in Fig. 3 are slightly lower than for tAguCHP. This is due to the
following two factors:

» The substantial cost reduction obtained betweef-tla@d they-uCHP unit has resulted in
choosing a few much cheaper, but less efficient BmRponents

* The efficiency of thgd-uCHP was measured on a ‘fresh’ almost unused-white the
efficiency of they-uCHP was measured on a unit that had been intogefar 1,000 h’s

10/06/2010 13:20:03 9 of 28
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A typical load profile during cold start of tiffe andy-pCHP is shown in Fig. 10. The load increase
rate is 0.3 A/s (if the min. cell voltage is abdxé V), which means full load within 3 minutes. The
operational temperature is then reached wi#ii@ min.s, depending on the ambient temperature.

The uCHPs[§- & y-version) are solely remote operated through aerB#t connection. The data-
logging frequency is every 60 seconds. The lastatjpmal hour is logged every second. This log-
file can be downloaded for data-processing, bud diter than one hour are deleted as it is a
running log. The log-files contain all set-poirdasfual measurements of temperature, stack &
inverter current and voltages as well as all irdinal cell-voltages.

1.3OPERATIONAL EXPERIENCE

1.3.10PERATIONAL PATTERNS BASED ONHEAT DEMAND

The-uCHP unit has been operated on base of the hewtrik This causes limited operation
during summer with many start-stops (Fig. 11) whmgth the number and age of the occupants (1-
3 grown-ups with 0-2 children). However, the heatndnd in Denmark during winter and in
particular the demand during the cold winter 2009tiade most of the pCHPs runs continuously.
The existing oil-fired boilers having not been resad from the test houses during the phase 2 field

test (of theB-uCHPSs).
All five (5) field B-test units have, in general been exposed to vifigreht consumption pattern.

1.3.2VPPOPERATIONAL PATTERNS

They-uCHP field test will be done differently than thiease 2 field test. The uCHP will within this
field test act as virtual power plants (VPPg)hich mean that they will be operated as grid
equalisation units upon high power demand and/drigin power spot price. It is not yet possible to

" The VPP-vision is very important in Denmark duéhe high amount of wind-power installed.

10/06/2010 13:20:03 10 of 28
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2,000
1,500 k
g
% 1,000
(]
2
o]
[a
500 .
Fig. 11
B-uCHP S/N 005 | 9
5.4 kI\INIh pel‘rldar Summer operation based

03 e e . . P > o Onheat demand.

QS Qe QS Qe QS Qe Qe

0 O o O 0 O o O o O o O o O

S S SN} SR} SR} SR} SN} SR}

o o o N — O — (N — O — NN N O

m O o m O [l o O o o O

FC-Stack; 2
Other; 13 BOP Comp; 10

Heat Storage;

O FC-Stack
B BOP Comp
O Control/Comm

O Heat Storage
Control/Comm; 35 B Other

Fig. 12 Recorded types of failures during the figlst of the3-uCHP units in Vestenskov.

make a full VPP-test. It has therefore been decidedake a simulated VPP-test. The test year has
preliminary been divided into a summer and a wipesiod. The operational patterns in the two
periods will be as follows:

* Winter: Eight operational hours a day divided itite following two time spans: 7 AM -11
AM and 4 PM — 8 PM. This will result in a produgatiof 12 kWhc and 12 kWhy. The
heating storage is equipped with 12 kW electrieagting elements, which will be activated
in case the heat produced by the uCHP doesn’t ¢hedreat demand.

* Summer: Max. six hours a day within the time spai8-2 PM. An average ‘heat’ demand
to utility water for a single family within Denmaduring the summer is 7 kWi

1.3.30PERATIONAL FIELD TESTEXPERIENCE WITH THER-uCHP

There have been many lessons learned in the pHasd fst. An overview of the recorded failures
from the field test of the fiv@-units in Vestenskov are summarised in Fig. 12. e\, it is
important to bear in mind that almost all failucegside the PEM stack results in unfavourable LT
PEM MEA conditions leading to reduced durabilitigtime e.g. drying out, $0, starvation,
carbon corrosion. It is therefore important to édesthe BoP in order to enhance the lifetime, but
this subject is outside the scope of the presemépr. However, an important expected outcome of

10/06/2010 13:20:03 11 of 28
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750

B-LCHP S/N 000
[02-09-2009 15:11:0

500

Ucell @ 0.3 arem2[MV]

Fig. 13

V-shaped cell voltage at
55 A.

1 6 11 16 21 26 31 36 41 46
Cell number

Fig. 14

Simplified test for visual inspection of pin-hole
location in a failed MEA. The MEA is fixed in a
frame with a perforated plate on top
(c.12.5*12.5 cm). The MEA is exposed to air
underneath and water on top. Air bobbles going
through the MEA locate the position of the pin-
holes e.g. along the GDL edge at the manifold
position.

the KeePEMALIve project is not only improved maa#sj but also guidelines in optimal
operational strategies.

Some failures have been related to control errbtiseoheat storage, where the heat storage
mistakenly has heated up the FC-stack throughehedxchanger. Temperatures in excess of 80°C
have occurred for longer time in such situatiorfgs has not caused instant MEA failures, but has
contributed to a limited MEA-lifetime.

Below is discussed the most important/relevantrdtifires observed.
1.3.3.1 Hot Spots

Uneven cooling, e.g. due to air trapped in theiogatircuit, results in local overheating of some
cells, often several neighbouring cells. A typipaiture of the individual cell voltages in such a
situation is shown in Fig. 13. The situation canwat too low cooling water level or just after
maintains where fresh cooling water has been addeallocal hot spot results in dry MEAS,
particularly the membranes dry out and do for theson become less mechanical stable during the

10/06/2010 13:20:03 12 of 28
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O, +4H* +4e— 2H,0  C+2H,0 — CO,+4H* + 4e-

A Alr I No net current
‘ .
H+ Reverse currentl Fig. 15
—r - — @/ The unmitigated start/stop
eglon expose: egion in whic as no .
#to hydrogen displaced air mechanism (Motupally 2007)
Hp—» 2H* + 2e- 0, + 4H* + 4e— 2H,0

dead-end operation (pressure pulsing cf. Fig. d)@oss-over can occur as a consequence of this
(Fig. 14).

1.3.3.2 Sart-up and shutdown

The majority of the failures are, as discussediptesly, not related to the FC stack itself, but
particularly related to the control and the comngation particularly during start-up or at shut-
down. Fuel starvation e.g. due to flooding candsgy occur during cold start-up resulting in cell
reversing and/or destruction, if the unfortunateaion occurs while loaded and the system
response is too slow or the cell voltages notestameliously’ monitored.

» Cathode flooding: Protons are passed through thebrane to form hydrogen in the
absence of oxygen, and the cell essentially acastgsirogen pump. The cathode potential
drops due to the lack of oxygen and the presenbgdrbgen, and the cell voltage drops to
very low levels or may even become negative

* Anode flooding: When hydrogen no longer is avagatol be oxidized, the anode potential
will rise to that required to oxidize water, assagwater is available, resulting in the
evolution of oxygen and protons at the anode. Toeops will pass through the membrane
and combine with oxygen at the cathode in the nbretction reaction to produce water.
Anodes based on catalyst supported on carbon ane po degradation during fuel
starvation due to oxidation of carbon, which isabated by the presence of platinum. The
catalyst support is converted to &@nd Pt and/or Ru particles may be lost from the
electrode, resulting in loss of performance.

The hydrogen pressure is released upon shutdowtharadr-fan stopped. Air will then eventually
fill the fuel and air manifolds on extended shutdoBtart-up therefore requires displacing air with
fuel/lhydrogen. The non-homogeneous mixture pbhrithe anode is the root cause for unmitigated
carbon corrosion where the/ir portion of cell drives “reverse current” elskere (on the Air/Air
part of the cell), cf. Fig. 15.

13 of 28
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2 THE REFORMAT FUELLED LT PEM pCHP

2.1INTRODUCTION

Ideally a PEM fuel cell needs to be fuelled by ol&égdrogen, another possibility is operation using
reformat. This is in particular interesting for asewith natural gas implemented. The natural gas is
reformed into a mixture of hydrogen and £&th a small fraction of CO. In particular the CO
content is very undesirable since it is known tmpoomise the fuel cell performance. This is often
circumvented by a small air bleed which elimindtesCO at the expense of the overall efficiency.

EDF (Electricité de France) via EIFER instituteriabed in the past (2004-2007) a wide field
experimental testing of four (4) Vaillant technojdgased on LT-PEM FC technology. Three (3) of
these units were installed in the heating roomsoofal housing in Sarreguemines, Giromagny, and
Orléans (Fig. 16). The fourth one was first useday out lab tests and afterwards installed in
Liévin afterwards. The lab test was carried ouhatEIFER fuel cell test laboratory at the
University of Karlsruhe. The unit was installedaitest stand, which provides a natural gas supply;
a grid feed in point, a deionised water supplfearmal load bank for simulating heat demands and
a ventilation system for the flue gases. The presgort relates main results deduced from this
study, and especially from Orléans campaign. Tlaetebotal operation hours of the field test are
not known, but the field test has been in operaior20 months (>5,000 h for the stack/system).

2.2FIELD TEST OF PEM FC FROM VAILLANT TECHNOLOGIES

2.2.1SYSTEM DESCRIPTION
The Vaillant heating system is presented in Fig.Thé system is composed by:
o Afuel cell system

» A pre-storage water tank of 500 litre is used minarthe start and stop events of the fuel
cell, which can worsen the degradation.

* 4 sites in France :

» 6084 h (10/2005 — 12/2006)

Fig. 16

_ | Experimental field testing of
O e s GRmesgny: Vaillant Euro2 technology
- : by EDF-EIFER.

10/06/2010 13:20:03 14 of 28
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Zusatzheizgerat
(Baispiall
Warmwasserspeicher
. s
Energiamanager (Beispiel)

Hydraulische
Weiche

Fig. 17 Description of the boiling system of theNPEC Vaillant technology setup.

Control system

DC/AC inverter b

Fuel Processor

1,74m

PEM FC stack
Desulfurizer
Humidifier

Fig. 18

Overview of the PEM
fuel cell system
including the natural
— gas reformer.

Water tank

An energy manager controls and regulates the lesgstem online (external temperature
measurements, valves opening control, power derapplication and definition...). Vaillant
specifications require a return temperature ofibtewater line below 55°C in order to avoid
overheating of the system. According to the therdesmhand, the energy manager increases or
decreases the electrical power signal (steps df\W.pbetween 1.5 to 4.5 kW.

The heating system is furthermore connected withdas boilers that will help the fuel cell in
situations where the heating demand exceeds tltrigiion capability. The fuel cell setup

including reformer is displayed in Fig. 18. It mses that the complete system is rather extenside an
a reduction of the size would be favourable.

The technical data of the PEM FC is shown in T&bldere is seen that the expected lifetime of the
stack is 4,000-6,000 hours. And that the electocapput may be altered between 1.5 and 4.6 kW.

10/06/2010 13:20:03 15 of 28
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Table 3  Overview of the technical specificationshe Vaillant PEMFC system.
Type EURO?2 fuel cell heating appliance
Manufacturer Vaillant / Plug Power

Electrical power output 1.5-4.6 kW
Thermal power output 3.0-9.1 kW
Electrical >30%
Total efficiency >86%

Maximum number of cold start-ups

<125 per year

Expected stack lifetime

4,000-6,000 hours

Fuel Natural gas
Supply pressure: 20 mbar
Fuel consumption H (LHV = 9,5 kWh/m3) 1.8 m¥/h
Fuel consumption L (LHV = 8,1 kWh/m?) 2.1 m¥/h
Primary cycle max. pressure 3 bar
Max. flow temperature@perating temperature) 70°C
Max. return temperature 55°C
Primary cycle flow rate ~ 1,000 I/h
NOy emissions minimal
CO emissions <20 ppm
Protection degree IP 20
Starting time 60 — 150 min

Fig. 19

a0 G000

80 4500

0,95 8
’ 3

0.9

« After 1000h of operation —
w After 2250h of operation

o After 45500 of operstion

s z s
< 704 3000 ¢ g
8 | # =5
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&0 L 1500
0,55 :
ik DS T T T 1
50 : . .= 0 0 0,05 0.1 0.15 0,2
0 30 0 o0 120 i (Afem?)
I (A
Polarization curve (reconstructed) of stasktime.

2.2.1.1 The Valliant LT PEM

10/06/2010 13:20:03

A remarkable ageing impacting the catalytic acyiwit stack is noticed with time (strong voltage
decrease at low currents) but didn't impact cealistance (parallel curves at higher current) which
reveal a good water management of the system 1B)g.
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Natural gas is firstly desulfurized and deodorizedrder to avoid any stack degradation, then
saturated by water in a humidifier. The gas is ttiecomposed into hydrogen in 3 following steps:

* An autothermal reaction (ATR): the natural gasasainposed into CO and,Hn the range
of operation of temperature between 550 and 9209@llowing two simultaneous
chemical reactions:

2CH; + O, - 4H, + 2CO

And

CH4 + Hzo N 3H2 + CO

* The oxidant reaction of CO or "Low temperature gfait" (LTS) made in range of

temperature 200-220°C, within the following reantio

reaction is operated between 120 and 150°C.

CO+HO - H, + CO

* The preferential oxidant reaction which oxidize tasidual CO (between 2,000 and 3,000
ppm) into CQ in order to reduce the final concentration of @Qess than 50 ppm. The

The excess of Hnot consumed by the stack is burnt in the temperatinge 500-800°C during the
oxidant reaction of outlet anode gas ("anode gasstaliser”, ATO).

This free energy is used to heat up and regulatéethperature of humidifier which will saturate
the air/natural mix gas into pure water dedicateATR (drying effect avoided for the system). The
water of the flow circuit of stack is used to heptthe pre-storage tank. The final reformat tyycal
had the following composition: 73%,HL9% CQ, 8% N, and <20 ppm CO.

100%
0%
B80%
T0%
60%
50%

Efficiency

40%
30%
20%
10%

0%

10/06/2010 13:20:03

—— Electrical efficiency

—a— Thermal efficiency
Total efficiency
Hydrogen stoichiometry

1 2 3 4
Qutpout AC electrical power (kW)

Hydrogen stoichiometry

Fig. 20

Evolution of system efficiency
and fuel stoichiometry vs. power
system value.
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Fig. 21 The figure presents the operation pattetheaOrléans test site during summer (left)

and winter (right) periods. The upper two figudesplay the electric power production
(green) and the average outdoor temperature (blabk) lower two figures show the
stack temperature [inlet: blue and outlet: red]riBgiwinter operation the fuel cell is
predominantly operating at full power — 0.4 Afgwhereas in the summer time the
production is stopped almost daily due to insuéiitiheating demand

2.2.1.3 Other operational parameters

The other important stack operational conditiorsslsted below:

Fuel anode stoichiometrii, = 1.2 ()
Air cathode stoichiometryka; = 2.5
Stack: 65°C (cf. Fig. 21-23)

Max current: 0.4 A/cm? (estimated)
Pressure: 1.02 (abs)

Min flow of reactants: NA

Reactant dew point: NA

8 Range\,. 1.1-1.8 according to the operating conditiong 4sab testing results below

10/06/2010 13:20:03
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Fig. 22 Influence of seasons on AC-power producéiod the corresponding stack temperature
(exhaust temperature).

Finally, the current supplied by the stack is d&led on the electrical network under a modophasic
mode (230 ¥, 50 Hz) and after the DC/AC converter step.

2.2.1.4 Sart-up

The system starts with a purge of the enclosure &iit=12 min), which ensures the absence of
combustible gases in the system. Then the refogetsrpurged with natural gas, to avoid local
hotspots, which could possibly damage the refordier that, the reformer starts heating 2@
min), first electrically and then using NG. Fronistpoint, the production of thermal power usually
already starts (30 min after starting the systéftgr 2.25 hours the reformer is ready for
operation, the system switches on the gas supplyeodtack.

The duration of the cold start-up=2.5 h, of warm start-up 2 h until the system islladlectric
power output.

2.2.2PERFORMANCE

The system is in operation for two years without arajor failures. The system consumed in this
period 16,339 rhof natural gas and produced 39,195 kWh of eldéttrand 103,228 kWh of heat.
Electrical and thermal efficiencies reached 23.8r% 61.5% respectively, resulting in a total
efficiency of 84.6 %. These values show that trstesy performs less efficient than claimed by the
company, in particular the electrical productioniethwas claimed to reach 30% is considerably
lower than expected, see table 1. This is possiléyto a higher content of periods where the fuel

10/06/2010 13:20:03 19 of 28
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Sarreguemines field test site during summer [A] &ider [B].

cell is not operated at maximum power. In particol@eration during warm periods, where the
system is not running on highest power set poide@ease in the electrical efficiency is observed.

The overall efficiency increase with a decreaseleftrical efficiency and an increase of thermal
efficiency when the output AC electrical power amr& system is increased (Fig. 20). This is
caused by a higher excess gf Which gets burnt by the reformer, and therebgdeda higher
thermal power output and a lower electrical efficig.

Fig. 21-23 display examples of the operating coost during summer and winter respectively. In
the summer period the outdoor temperature is velgthigh and the heating demand is therefore
relatively low. This is also seen from the smalfatence in inlet and outlet temperatures of the
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cooling water. In this period the fuel cell is altg between stand by and a low power set point.
The fuel cell is almost switched off once a dayhiis period generating a high number of start stop
cycles. In the winter period the situation is vdifferent. Here the heating demand is considerably
higher, seen from the lower stack temperaturedeffit heat exchange] and the high difference in
inlet and outlet water temperature. The fuel celitimaximum power in the majority of the

operation time in this period which results in gngicantly higher electrical power conversion
efficiency.

From the field test a typical power demand prdidee been extracted, see Fig. 24. This may then
be adopted in laboratory experiments.

Fig. 25 describes the monthly evolution of totadmrgyy produced (thermal and electrical) by the LT-
PEM FC stack during the whole period of field tdisis observed several months where the energy
production is highly below the average. The tofatiency of the system is between 63 and 96%
(11 to 34% for electrical efficiency). A wide vatian of values is noticed. This fact is mainly
induced by the shut down events history of theesygiinsufficient thermal demand during summer

period, maintenance interval, operation of theesysin degraded mode due to malfunction or
technical faults of the system).

2.2.3RELIABILITY OF THE SYSTEM

Availability level of whole test: around 60% in amge of operation (70-75% of availability) for a

total energy production of around 100 MWh as thémnargy and 22-44 MWh of electrical energy
according to the sites considered (Fig. 26).

During operation a range of technical issues waoe@ntered. This resulted in a range of events

where the system needed to be stopped for maircendwo indicators were defined in order to
characterise the availability:

The operation time: The ratio between the operatroe and the total time period

The available time: The ratio between the timestystem is available and the total time
period

Over the complete test period the operation time 622% and the available time were 75.4%

10/06/2010 13:20:03 21 of 28
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The operation time and available time is presefdedach month of the entire test period in Fig.

27.

After the first year it was decided to shut dawe system during some of the summer months

in order to prevent the undesired start/stop cyeteish typically is necessary in the summer, see
Fig. 21. The sources of break down are summaris€&igi 28 & 29. It is seen that the main issue is
the system auxiliary periods (42%).

Production d'énergie (kWh)

Rendement

Fig.
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Maintenance
events realized
on Vaillant Fuel
Cell during the
test. Some alert
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been induced by
two parts of the
system (in
particular stacks
alert + methan
sensor alert).
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Overview of system failure modes during2Bemonth long field test. System

The Valillant field test consisted of assessingréti@bility and performance of a complete LT PEM
FC commercial system connected to the EDF custoereng)y demand of a collective residential
site. The stack (and so MEAs inside) has not b&ehasnged during the whole period.

2.3LT PEM FC MEA OPERATION WITH SIMULATED REFORMAT

A long-term MEA test in an open-end fuel configimathas been performed at IRD (Fig. 30). The
test indicate that reinforcing the MEAs may be vattyactive i.e. a constant voltage degradation of
2 pV/h will result in a lifetime of plus 20,000 hsyif the EoL definition is a 10% voltage loss.
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Fig. 30

Long-term MEA test in
simulated reformat
containing 75% bt 25%
CO,; 50 ppm CO & 3%
air bleed. The other
relevant operational test
conditions are as follows:
)\Hzl 1.2

Fuel dew point: 74°C
)\02: 2.7

Air dew point: 70°C
T-in: 72°C

T-out: 77°C

A. State-of-the-art
IRD MEASs.
Measured
degradation rate
is 10 pVv/h. The
MEAs has been
exposed to more
than 1,200
start/stop cycles

B. Reinforced MEAs
in comparison
with state-of-the-
art MEAs (A).
The measured
degradation rate
is <2 uV/h. The
MEAs has been
exposed to more
than 300
start/stop cycles
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3 CONCLUSION AND RECOMMENDATIONS

It is obvious that the main failure mechanism thed been observed in both reported field tests is
malfunctioning or badly controlled BoP and contll.these failures have resulted in LT PEM FC
degradations and often in reel MEA ‘destructiofi$ie scope of this project is to enhance the LT
PEM durability and lifetime. Part of this oughtlie related to the BoP/control and part of this is
related to enhancing the robustness of the LT PEHRAMNA stack. An expected important
outcome of this project is improved understandihthe optimal operational conditions. This will

be gained through the extensive tests planed. Aperience obtained in the two field tests reported
has pin-pointed the following topics that are etiséto enhance the LT PEM durability and
lifetime:

1.

3
4.
5

6.

Improve the MEA and in particular the membrane wé$pect to mechanical properties i.e.
to withstand the pressure pulses at the dead-esrtign

Improve the catalyst support durability in ordemmimise the possibility of carbon
corrosion in case of fuel starvation e.g. flooding

. Improve the long-time water management of the eddets and the GDL

Improve the long-time hydrophobicity of the bipofdate flow channels

. Define optimised start and stop procedures

Develop operational strategies for dead-end drydgeh operation

It is furthermore recommended to improve the memd@nd catalyst tolerance towards fuel
impurities as a commercial WCHP product is notlyike be equipped with expensive filters. It is
recommended to improve the MEA tolerance towardsiama, NOX, soot, salt and other pollutant
that may occur in uncontrolled amount.
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ANNEX 1. ABBREVIATIONS

AST Accelerated Bess Est

ATR  AutoThermal Reaction

BoL Beginning-d-Life

BoP Balance-é-Plant

CCB  Catalyst (ated Backing

CCM  Catalyst-ated Membrane

CVMS Cell Voltage Monitoring_S/stem

DGC  The Danish Gas Technological Centre (DanisdmdB Gsteknologisk €nter)
EoL End-d-Life

FC Fuel Gell
GDL  Gas Dffusion Layer
LT Low Temperature

LTS Low Temperature gash#it

MEA Membrane Ectrode Assemblies
OCV  Open_Cll Voltage

PEM  Roton Exchangeable Mmbrane
VPP  Virtual Power Rant
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