B Ref. Ares(2023)5973739 - 02/09/2023

Horizon 2020
European Union Funding
for Research & Innovation

) BLAZE #

DELIVERABLE D3.4

SOFC stack testing report

DISSEMINATION LEVEL: CONFIDENTIAL

Grant AgreementGA) N. 85284
Research and Innovation ActiorRlA) project
Granted by:

Innovation and Networks Executive Agency (INEA)



» BLAZE #
N

AL Horizon 2020
PR European Union Funding
ikl for Research & Innovation

Document Control Sheet

Project BLAZE - Biomass Low cost Advanced Zero Emission sril
medium scale integrated gasifielel cell combined heat and pow
plant

Grant Agreement n. 85284

Document Title

D3.4SOFC stack testing report

LeadBeneficiary

SP_YV, EPFL, ENEA

WP number

D3.4

Type

Report

Dissemination level

C: Confidential

Version | Date Description
VO 71712023 First draft for revision
Vi 18/7/2023 Revised
V2 7/8/2023 Final version
Date 18/07/2023
Number of pages 65
Archive name D3.4

Authors

Stefan DiethelmAudrey Wesoly

Contributors

Florian Berset,PierreYves Aubertin, David Constantinlan Van
herle

Reviewe(s)

Jan Pieter Ouweltjes (SolydEra)

This project has received funding from the European @hidarizon 2020 research

and innovation programme under grant agreement No 815284



‘}‘ B LAZE f El?rr;zpoenai?.li?on Funding

for Research & Innovation

TABLE OF CONTENT

1 EXECUTIVE SUMMARY ..ttt e e e e eeaans 10
2 INTRODUCTION. ...ttt e e e e e e e e e e e e n e e e eenn e e e e ennnnaeeee 12
2.1  Objectives and scope of the doCUMENL............oooiiiiiiiirrciccc e 12
2.2 Structure of the deliveralle..............oo e 12
3 MATERIALS AND METHODS ... ..o 13
0 =1 =71 o [od a TSP PP PPPPPPPPPPPP 13
3.2 FUEI COMPOSITION... ..o e e e e e e e e e e e e e e e e e e e e e e e e e eneeas i naaaaas 15
3.3 MELNOM. ... e a e e e nnes 17
3.4 CONtAMINANT EXPOSUIE. . .uuuttuueiiurtrnetiinsimmmeeeeeeeeeeteeeeteeteeeeesiaaais s saasssmmmreeseeees 17
3.5 GAS ANAIYSIS.....ciiiiieiieeieee e ————————— e aaaaaaaaaaaaaees 18
TN I =l 1S T I T PP SUPPUPPRTRPR 21
4 RESULTS AND DISCUSSION. ...ttt e eeaa e eees 25
4.1 Stack 1, 2 and 3 performance SUMIMALY...........couiirurrrimmmirrerereeeeeesssaneessenessenneeeeeeeens 25
S - Y <. 1 PP 25
42.1 BaSEIING .. e a e 25
4.2.2 Preliminary test of contaminatiQn...............iiiiiiiiiccceeeeecceeeceeeeeeeeeeee e 27
4.3 STACKHZ ...ttt e e e e e ettt eeanr et et e e e e e e e e e e e aan 29
431 BaSEIING .. e e e 29
4.3.2  CONTAMINALION. .....tiiiieeiiee e ettt eme et e e s e e e e e ener e e e ennreeeeeas 30
S - Yo < 2 PP PP PPPPPPP 36
44.1 Reference conditions vs synthetic Woodgas.................coo i reee e, 37
4.4.2 BaSEIING .. e a e 39
4.4.3  CONAMINATION. ....eeiiiiiiiiiiiiitee e e e e e e e e eeneer e e e e e e e e e e e e nnn e e e ennnneeeeeeeeeenaans 43
A.A4  GAS ANAIYSIS. ... uuuieieiiiiiee e eeee e e e e e e e eeeas 53
4.4.5 RECOVEIY. ..ttt e e et e e et e e e e emeea e e e e e e e e e rbaa e e e e 55
4.4.6 HCI CONTAMINATION .....ciiiiiiiiiiiit et ieeee e eree e e e e et e e e eeereeeeeee s 56
S CONCLUSIONS ..t e et e e et e e e e et e e e e eeba e e e eeena e eaeees 60
6 REFERENCES. ... . et e et e e e e e e aeees 61
A N = =1 | R 62
This project has received funding from the European @hidarizon 2020 research 3

and innovation programme under grant agreement No 815284



SRR Horizon 2020
BLAZE ';* *: European Union Funding
* for Research & Innovation

LIST OF FIGURES

Figure 1. PFD of the testbench used in BLAZE to characterize the short stacks. Refer to text for details.
.13

Figure 2: Secondary fuel inlet port for the injection of IMPUNtIES..............oooiiiitmmmmmmene e 14...

Figure 3: Thermal decomposition of DMS into #$ in presence of B as a function of temperature, in
a quartz reactor filled with quartz wool. Chromatograms measured with an Agilent Gas
Chromatograph (GCequipped with a CPsil-5 column and a FPD detector (cf. 3.5)........ccccccennnn.. 15....

Figure 4: Comparison of the initiaM-1 performance of stack#1 with the reference KN > gas feed and
the two synthetic woodgases SG1 and SG2 (cf. Table 1 for composition). All measurements were
performed at 750°C and with comparable fuel flows in terms of equivalent number of transferred
L2110 1 SRR I o

Figure 5: Configuration of the GC enabling the measurement of permananent gases, hydrocarbons
and sulfur compounds, includng four different separation colomns and three detectors............. 109.

Figure 6: Known flow rate concentration of HS in H measured on FPD etector. The gas samples
were collected through a septum in the line with a syringe, the sample was manually injected in the

Figure 7: BS calibration curve of the FPD detector with the Gas Chromatograph. The mean values of
the data from FigUre 6 WEre USEQ.............uuuuuuunuimmmmmmmmseeeeeeeeeeeee s smmmemmnesssssnssnnn s smmmmmmmme e eeeeeeeeeees s n@Qans
Figure 8: Raw (dots) data in yellow and red. Smoothed data in blue.............cccooii e, 21...

Figure 9: Screenshot of Zahner analysis software. The purple plot is the impedance module evaluated

from the phase with the ZHIT approximation. The approximation and the measured moduldiverge

ADOVE L0 KHZo ...ttt e e ek et e e a2 e 44 mmmmnnnn et e e e e e e e e e e emmmmmnn Rl

&ECOOA pmg 4xT xAUO $2401 1710 ARAAI O xEOE EIT AOAOAT A
O&EGOHET ET AOAOAT AA68 1'd . UNOGEOO bIl.l.Qh..".d...23AA DI T
Figure 11: DRT fit frompeakfit (4 ppm DMS, 400 ppm toluene)Blue: data point from DRT tool. Red:

fit from peakfit. Green: Individual peaks contained in the red fit...........cccoo oo 24.

Figure 12:Overview ofthe short stack#1 test (750°C air outlet, 32 NL/min air, 69% kK 11% CQ, 2%
CHs, 18% HO) polarized at 32A..........ooviieiiiiiiicmmmeeee ettt emmmmeeeee e e e st s smmmmeneme e nnne e e e e s enee 200

Figure 13 Nyquist (A) and ImZ Bode plot (B) plots of EIS data measured at 32 A bias (100 kH5S
mHz, 1A perturbation) with synthetic woodgas (69% H, 11% CGQ, 2% CH, 18% HO)................. 21..

Figure 14: Nyquist (A) and ImZ Bode plot (B) plots of the EIS data measured at 32 A bias (100kHz
15 mHz, 1 A perturbation) with synthetic woodgas (69% bl 11% CQ, 2% CH, 18% HO) for RU 3

and 4 during the 1ast SOMN...........coooiiiiiiiiicmmeeeee e emmmmmmmne e s e e emmmmmmmms 24
Figure 15: Evolution of cell voltage consecutive to the first injection of a sulfur impurity. Conditions
= RS T o T = U2 o
This project has received funding from the European @hidarizon 2020 research 4

and innovation programme under grant agreement No 815284


file://///SOL-SWI-SDC01.sofc.local/dfs/Private/stefandiethelm/EPFL/Projects/BLAZE/deliverables/2023_07_14_BLAZE%20D3.4%20Report%20on%20stack%20tests_v2.docx%23_Toc142296939
file://///SOL-SWI-SDC01.sofc.local/dfs/Private/stefandiethelm/EPFL/Projects/BLAZE/deliverables/2023_07_14_BLAZE%20D3.4%20Report%20on%20stack%20tests_v2.docx%23_Toc142296939

SRR Horizon 2020
BLAZE ';* *: European Union Funding
* for Research & Innovation

Figure 16: Electrochemical impedance spectra for the first 3 cells of the short stack#1 measured at
the same conditions asFigure 12, before and after exposure to sulfur. Left: Nyquist plot; Right:
imaginary Bode plot. The arrow indicates the increase of polarisation resistance at high frequency

consecutive to the sulfur exposure. (32 A bias, 100 kHzl5 mHz, 1A perturbation)..................... 28...
Figure 17: Overview of the stack#2 test, showing multiple unintended emergenestops. Injection of
impurities started after 7000N.............coooiiiiicemmmmmem e smmmmmmnnr e emmmmmmmm e smmmead )
Figure 18: overview of the impurities injection sequences, showing the stepwise drease of HS
(070 1= o S OO PUPRRTPUPPPP: } B
Figure 19: Gradual increase of the air flow that led to the final failure of RU.4.....................eeeeen 31

Figure 20: Cell voltage drop consecutive to exposure to 0.2 ppm3$ Other conditions similar to
FIQUIE L2, ittt 44kttt mmm £ 44444k et £ 444444114 s £ £ e+ A

Figure 21: Cumulative voltage drop consecutive to exposure to different levels of$ (cf. Table 9) as
afunction of surface coverage of Ni by sulfur assuming Temkiike isotherm..............cccccoeevieeees 34

Figure 22: Time evolution of the Nyquist (A) and imginary Bode (B) plots for RU2 during exposure
(0T 02 o] o .4 1o ) 5 TS PPEPPRRR. 1>

Figure 23: Evolution of the cell voltages consecutive to the espure to increasing levels of toluene
(0, 20, 40 and 60 ppm) in addition to 0.8 ppm Of B INJECHION..........ccoovvviviiiiiemmmmmmme e e i 30

Figure 24: Overview of short stack#3 test (750°C air outlet, 32 NL/min air, 69% H, 11% CQ, 2%
CHi, 18% HO) polarized At 32 A......eeeeeei ettt mmmmmmmms e e e e e e e e e e e s s e ss s srennnnns smmaS s

Figure 25 Nyquist (left) and Bode Im(Z) (right) at reference conditions. 60% bk 40% N, 6

Figure 26: Nyquist (left) and Boddm(Z) (right) under dry H, (60% H,, 40% N, 6 Nml/min/cm 2) and
wood syngas#2 (69% H, 11% CQ, 2% CH, 18% HO, 4.7 Nml/min/cm?2) cut at p T"O4& The
polarization resistance is estimated from the area under the Bode Plot (full spectrum) according to
the Kramers-Kronig relation [S]. ....... o oo ceeeeeeeme et smmmmmmmms ettt e e eeeei3 O

Figure 27: RU4 DRT under dry £H(60% H., 40% N, 6 Nml/min/cm 2) and wood syngas#2 (69% H,
11% CQ, 2% CH,, 18% HO, 4.7 Nml/min/cm?). Peak areas are displayed on the small chart
(computed WIith PEAKTIL). .......eeieee e ceeeeemme e e e e e e e s emmmmmnme e 3O,

Figure 28: 576h baseline tesunder BLAZE conditions (without stops). The active load shows an
offset of 0.3 A that has been considered only after 672 h until thedfop, after 1104 h until the Estop
and for the last section. The 3 red stars refer to-Vmeasurements and the blacktsrs denote where
the degradation is computed. EIS is also measured at the beginning (first red star) and end of the
baseline (at 1436 h). The air outlet temperature, during the polarization, ranged from 755.9°C to

Figure 29: /I curves measured at 1 A/min at the start, middle and end of the baseline te§he outlet
air temperature at the beginning of the measurement was respectively 752°C, 751.2°C and 7542C

This project has received funding from the European @hidarizon 2020 research 5
and innovation programme under grant agreement No 815284



SRR Horizon 2020
BLAZE ';* *: European Union Funding
* for Research & Innovation

Figure 30: Nyquist (lef) and Bode Im(Z) (right) under wood syngas#2 (69% bkl 11% CQ, 2% CH,
18% H,O, 4.7 Nml/min/cmz2) at the start and end of the baseline test. The polarization resistance is
estimated from the area under the Bode Plot (full spectrum) according to the Krameisronig
(=1 E= 1110 I 1) PP PP PPPPPPPRRRRY - ¥4

Figure 31: RU4 DRT under wood syngas#2 (69%,HL1% CQ, 2% CH, 18% HO, 4.7 Nml/min/cm?2)
at the start andend of the baseline test. Peak areas are displayed on the small chart (computed with
[STST2 1 T PSP R PPPPRRRY Y28

Figure 32: RUADRT at 30 NL/min and 26 NL/Min of @ir...........cc.cevvvveiiiccceeme i 430

Figure 33: RU voltages during the contamination phases and recovery. Maximunpgm of DMS
(4ppm Qg Yinside the cell) and 400 ppm of toluene were added.............ooovviiiimmmmcmiiiiieeeeeeeee 44...

Figure 34: Zoom on the contamination phase after thesar-end break (2022/2023). Maximum 4 ppm

of DMS and 400 ppm of toluene were added. During the phase 1 ppm DMS + 0 ppm toluene and the
phase 2 ppm DMS + 0 ppm toluene, the current was set to 31.7 A instead of 32 A due to a bias on the
active load. Thus, thestep change after these cases was not due to the addition of toluene but to this
Lol =] g Aot o T (= Tox 10 o S SSRURSPRPY. Lo O

Figure 35: The VI measuredafter the baseline test was recorded from stable OCV (current ramp:
1A/min). For the other V-I, the measurement started from stable nominal current (to OA
instantaneously, then VWl recorded) to minimize the time under sulfur contaminant without
010 F= 1= 10 1 o FO PSSO PIOY ¥ 4

Figure 36: Nyquist (left) and Bode Im(Z) (right) under wood syngas#2 (69% bk 11% CQ, 2% CH,
18% H,O, 4.7 Nml/min/cmz2, increasing levels of DMS added, cut g m"©a The polarization
resistance is estimated from the area under the Bode plot (full spectrum) according to the Kramers
KrONIg relation [5]. ..veeeeeeeeeiiieeiii i immmmmeeme ettt emmmmmmmma et semmmmmmmm s s e e s D

Figure 37: Cell#4 DRT under wood syngas#2 (69% A 11% COQ, 2% CH, 18% HO, 4.7
Nml/min/cm 2) under increasing concentration of DMS, just before toluene was added............. 49.

Figure 38: Area specific ressitance of the ohmic resistae@nd the 5 peaks PP5 of the polarization
resistance, under increasing concentration of DMS, just before toluene was added.................. 50....

Figure 39: Cell performance drop as a function of the sulfur surface coveragd Left: cell#1 to cell#6
linear regression and plot. Right: stack linear plot and regression............cccceeveemmmmmevvvvennnee8100

Figure 40: Area specific resistance of the ohmic resistance and the 5 peaksH&Lof the polarization
resistance under increasing concentration of DMS and toluene..............ooo oo i eeen D2

Figure 41: Peak frequencies locations under increasing concentration of DMS and toluene......53

Figure 42: Dry inlet anode gas composition during the contamination phase. Mean value of 3
measurements from the MicreGC. The first level of contamination lasted 22 days without toluen
then each condition lasted 2 days. After the contamination, a measurement is performed after 4 days
and another after 2 days more. The measurement at 3 ppm DMS/ 0 ppm Tol(uene) had outlier values
and is not shown here. No values are available before thentamination. Error bars are plotted based

This project has received funding from the European @hidarizon 2020 research 6
and innovation programme under grant agreement No 815284



SRR Horizon 2020
BLAZE ';* *: European Union Funding
* for Research & Innovation

on the max and min value from the 3 measurements. The width of the lines is chosen for clarity but
hides the Small €ITOr DAIS...........oooiiiiii i ceeeeeee e emmmmmmeme e e s bbb smmmmmmmms oo D

Figure 43: Dry outlet anode gas composition during the contamination phase. Measurement from the
Micro- GC. The first level of contamination lasted 22 days without toluene, then each condition lasted
2 days. Afterthe contamination, a measurement is perfromed after 4 days and another after 2 days
more. The measurement at 3 ppm DMS/ 0 ppm Tol(uene) was an outlier and is not shown here. No
values are available before the contamination. Error bars of thestl 3d and the 4 last points are
plotted based on the max and min value from the 3 measurementS.................oeseceeeveeevvnnnns 55...

Figure 44: RU potentials during the recoverphase. 1 week (168h) separates each vertical grid line.
The step at 4200 h could not be attributed to any measured stack condition parameter such as
PrESSUIE OF LEMPEIATUIE ... ciivuieeeeii e e et mmcmemme e e et eeeete s smmmmmmmmr e e e e san e e e et vmmmmmmmms e s e sn s e e ees s smmmmmmmns oo e e SO,

Figure 45: RU potentials during exposure to HCI, plus 6 days without impurity. Data acquisition
stopped between 20 ppm and 50 ppm Of HCL.........ooooiiiii e e emmmmmee D ]

Figure 46: RU4 DRT under wood syngas#2 (69%,HL1% CGQ, 2% CH, 18% HO, 4.7 Nml/min/cm?2)
during a gradual INCrease Of HCl..........uuuueni i eeennns e s s e e e e e e eeeee eee DD

Figure 47: RU4 DRT zoom on frequencies from 10 Hzdd p 1t kiz where P3 to P6 appear.......... 58

Figure 48: Contamination phase = 0.5 ppm DMS. Cell potentials on the left axis. DMS and toluene
concentration on the right axis (read 100 ppm and 400 ppm for the toluene concentration)......! 62

Figure 49: Contamination phase =Jppm DMS. Cell potentials on the left axis. DMS and toluene
concentration on the right axis (read 100 ppm and 400 ppm for the toluene concentration)......! 62

Figure 50: Contamination phase = 2 ppm DMS. Cell potentials on the left axis. DMS and toluene
concentration on the right axis (read 100 ppm and 400 ppm for the toluene concentration.).....63

Figure 51: Dry inlet and outlet anode HS concentration during the contamination phase.
Measurement from the GC............oiiiiiiiiicececeee e ettt ee s mmmnmmnns s e e s smmmmmmnm oo« O

Figure 52: Left: 0.5 ppm DMS / 100 ppm toluene at 9% error. Right: 0 ppm HCI at 16% error. Top: Z
HIT test (red = phase, blue = impedance, purple = impedance frorHIT), Middle: DRT tool fit (red
=raw data, black = fit), Bottom: Peakfit (blue= data from DRT tool, red=fit, green= individual peak

LIST OF TABLES
Table 1: §nthetic woodgas compositions used within the BLAZE project................ccevieeeeeeeee... . 16,

Table 2: Combination of KIS and toluene concentrations investigated fostack#2 and stack#3.....18

Table 3: Parameters Set iN DRTIOOIS. .......cuuuiiiiiiiiieeemmmmme e eeemmmmmme e e e et ee e s smmmmmmmme e e eesnbnnn e e i DLeres
Table 4: Initial OCV values of stack 1, 2 and 3 under reference conditians..................ccceeeee.e...28
Table 5: Efficiencies of stack 1, 2 and 3 under dry hydrogen (reference conditions).................. 25....
This project has received funding from the European @hidarizon 2020 research 7

and innovation programme under grant agreement No 815284



SRR Horizon 2020
BLAZE ';* *: European Union Funding
* for Research & Innovation

Table 6: Efficiencies of stack 1, 2 and 3 under synthetic woodgas conditions (SG2)................. 25....

Table 7: Degradation ates for the individual repeating units after the & e-stop but prior to the
INJECLION OF IMPUITTIES. «.eeviiiiiiiii e e e eeeemmmes s e s s e e s e eeesssee s mmmmmmmme e e e 30

Table 8: Summary table ofhe initial voltage drops and consecutive degradation rate following the
injection of different Ievels Of SUITUN..............ooiiiiiii s ceeeeeemre e emmmmmmm e a2 3

Table 9: Cumulative voltage drop consecutive to the different levels ob& exposure expressed in mV
(shaded cells) and % of the reference cell voltage used for the sulftmverage calculation........... 33

Table 10: Detailed peak areas under dry H{60% Hz, 40% N, 6 Nml/min/cm 2) and wood syngas#2
(69% Hz, 11% CQ, 2% CH, 18% HO, 4.7 Nml/min/cmz2). The polarization resistance is retrieved
from the peaks sum. The ohmic resistance is estimated from the Nyquist plot.....................eeeeeu39

Table 11: RU voltages at 32 A during the baseline test. The black stars refer to the time indicated in
Figure 28. One EStop happens before 1130 h and 2-Etops after. The degradation is computed from
the first and last black str. Red and green boxes shows best and worst efficient RU.................. 40...

Table 12: Stack electrical efficiency Under SYNQas..............uvvvevimcccccceeeeeeesiivinnvimmmmmmmme e e e e 00

Table 13: Detailed peak areas under wood syngas#2 (69%,HL1% CQ, 2% CH, 18% HO, 4.7
Nml/min/cm 2) at the start and end of the baseline test. The polarization resistance is retrieved from
the peaks sum. The ohmic resistance is estimated from the Nyquist plot................coo e 43

Table 14: Mean potential loss during DMS and toluene exposition. A first drop is observed when the
stack is exposed to DMS alone {@column) followed by a stable degradation rate (# column). The
degradation reported in the last two columns is under DMS and toluene combined. In green the
voltages are increasing during the exposure phase. Degradation rates in mV/kh......................46..

Table 15: Potential loss during DMS and Toluene exposition. A first drop is observed when the stack
is exposed to DMS alone (2 column) followed by a stable degradation rate (# column). The
degradation reported in the last two columns isunder DMS and toluene combined. In green the
voltages are increasing during the exposure phase. Degradation rates expressed in %lkh....... 46

Table 16: Detailed peaks area under wood syngas#2 (69%,HL1% CQ, 2% CH, 18% HO, 4.7
Nml/min/cm 2) with increasing concentration of DMS, just before toluene was added. The
polarization resistance is retrieved from the peaks sum and from the area uedthe Bode plot. The
ohmic resistance is estimated from the Nyquist PlOL...............cvviiiiimmrecceciiiiiiieeee e e D010

Table 17 Detailed peaks area under wood syngas#2 (69%,H11% CQ, 2% CH, 18% HO, 4.7
Nml/min/cm 2) with increasing concentration of DMS, with addition of toluene. The polarization
resistance is retrieved from the peaks sum and from the area under the Bode pldihe ohmic
resistance is estimated from the NyquiSt PIOL...........oooiiiiiiiicmmm e D2

Table 18: Inlet gas composition (set point, thermodynamic equilibrium (8C), MicreGC
measurement (3% N and G removed and % adapted)...........ccoooiiiiii e DA

Table 19: Detailed peak areas under wood syngas#2 (69%,HL1% CQ, 2% CH, 18% HO, 4.7
Nml/min/cm 2) with increasing concentration of HCIl. The polarization resistance is retrieved from

This project has received funding from the European @hidarizon 2020 research 8
and innovation programme under grant agreement No 815284



ML M Horizon 2020
BLAZE 1* *: European Union Funding
‘ . * for Research & Innovation

the peaks sum (and does not reflect well the high frequencies resistance as peakfit was not fitting
well) and from the area under the Bde plot. The ohmic resistance is estimated from the Nyquist plot.
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1 EXECUTISUMMARY

In the frame of T3.4, three short staflom the manufacturer SolydEra were tested under simulated syngas
produced by thesteamgasification of woody biomas3he goalwasto address the impact of impugs
contained in the syngas, namely té@uene and naphthaleng sufur compound§DMS was injected
which decomposgin 'O “Yat the stack temperaturegnd halogengHCI) (as identified in D3.2) on the
performance of the shostacks The impuritiesvere added using a stepwise increase of concentration that
ranged fronD.2 ppm to 4 ppm all tests included.

The stacks are made of 6 repeating units includiNig'8SZ anodesupported cellsf 80¢# active area
The potential of each repeating uniere measuredand electrochemical impedance spectrosd@i$)
measuremesthave been conducted before each new level of contaminaticstrilidition of relaxation
times (DRT)was used taeconvolutdndividual processed he fuel inlet and outlegas compositionsf
the stack werealso analysedly two different gas chromatogragh

The first stackran 9000 h. At the begiming, the evaporator paranest were tunedand a degradation
benchmark 0f3.4mV/kh was measuredn the meantimehe mehodology for the injection of impurities,
including calibration, was developeldaphtalene turned out to be very challengingrict due to its
solid nature at room temperatub®th in thestack andn the gas chromatograpii his stack wadinally
exposed to 0.ppm DMS during 200. After 70h without degradatiortheindividual cellslost30 mV in
80h.

Thesecond stacilsoran9000h in total. After obtaininga baselingperformanceindersynthetic woodgas
conditions(benchmark degradation rate-6f73 mV/kh) sufur was addedo the mix Concentrations went
from 0.2 ppm to 1.4 pprusing stepsf 0.2ppm The onset of degradatioecurred25h after the exposure.
For all levels of DM$a first voltage drop was followed bylineardegradationAt the firstsuffur level of

0.2 ppm, voltages droppealy 42 mV followed by alinear degradation rate eR1 mV/kh. The last level
shows acumulatedvoltage drop of 60mV, followed by alinear degradation rate 0f32 mV/kh.
Simultaneous »xposure to toluenalid not produce a significant effeq20 ppm to 180 ppm)The
performance los®bserved due to the introduction of sulfuas been attributed to the increase in
polarization resistan¢avhereas the ohmic resistance sihgonstant Hansen[10] has shown that -S
adsorption follows a Temkitike isotherm and that the performarioss is linearly proportional tthe
nickel surface coverage the anodeThanks tahismethod, @scribed in the present document, the surface
coverage has been estimated to 70% of the nickel surface before the onset of degradation.

The third stackan 7000h including an initial baseline that shows a benchmark degradation re8e2of
mV/kh (-6.9 mV/kh if RU6 isexcluded. The sulfur contamination neged from 0.5 ppm to 4 ppm and it
tookagain40h before the onset of degradation at the first lesiehilar tostacki2, a first voltage drop was
followed by alineardegradation rate. For 0.5 ppm offsm] a drop of 37.5mV was recordddllowed by

This project has received funding from the European @hidarizon 2020 research 10
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a degradation rate 613.8 mV/kh. At 4 ppm, the cumulative voltage drop was 69.7 mV antnar
degradation rate30.4 mV/kh.Impedance spectra were deconvoluted usiktatiab toolreportedin [3].
The resulting DRTplot showed 5 peakshe physicsof which wereattributedin houseby Caliandro[9].
Sulfur poisoning was found to affddRT peaksinder 2 Hz and above ${. The low frequency peak was
attributed to the conversion impedance (H2js is consistent with the observations from Anke HdgEn
Using H/H>O/CO feed mixtures, she thahown that $oisoning affectthe kinetics of the reverse water
gas shift reaction (RWGS), thereby modifying the gas composition and resulting in a significant increase
of the conversion impedance as measured by BiA®. higrer frequency peaks are also affected; P4 tat

p Tito p Tt Hz that isattributed tocharge transfein the fuel electrodand P5 at tp mHz top 1T Hz
whose attribution doeénfind any consensus in literatur€he sufur surface coverage was estimated
similar to stack2, with the same resulnother observation worth meoning is that after stopping the
injection of impurity, thestack recovered50% of its performance in 33 and80% after 250 h. Total
recovery wasiot reachegdevennot 2400h later (76% recovery)A minor positive effect of toluene (100
ppm to 400 ppm) was observed the conversion peak (P2 moderates the impact of,8H as the peak
area is decreased at 48fm for all BS levels At the end of the tedihe anode wasxposedo HCI (5 ppm

to 50 ppm)during 120h. The degradation rate waB0 mV/kh for allconcentrationevels. After the HCI
supply wasstoppedthe performance continued to degradetamVv/kh.
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2 1| NTRODUCTI ON

2.1 Objectives and scope of the document
The scope of thdocument is to give a complete overview of the activities carried out by EPFL within T3.4

on the testing 08OFCshort stacks under conditions simulating the operation with syngas produced by the
steangasification of woody bionss(woodgas)As for T3.3, which focused on single cell testing at ENEA,
this task specifically addresses the impact of imggicontained in the syngas, namely tars, suphur
compounds and halogens (as identified in D3.2) on the performancestioitistacks.

The objectives of this document are therefore:

1 Investigate the performance of short stacks under synthetic woodgas feed
1 Investigate the effect of impurities on the stack performance
1 Determine acceptable impurity legdébr the gasleaning rguirement

2.2 Structure of the deliverable
Deliverable 3.4 is divided into three pabisside the introdion:

1 Chapter 3, in which the telsénch used for the testing of the shataicksthe methodolgy followed
to inject the impurities and the tools usedthe analysis of the data atescribedn details

1 Chapter 4in which the results obtained from the testing of the three short stacks are presented and
discussed;

9 Conclusions
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3 MATERLSAND METHODS

3.1 Test Bench

The SOFC short stacks used wprevided by SOLIDpowewhich, during the course of the Blaze project
changed its name ®olydEra. Theshort stackgonsist of 6 NiYSZ anodesupported cells with an active
area of 80 crheach.The air electrode is based ¢lm,Sr)(Fe,Co)@q perovskte oxideand the metallic
interconnecting plates are made of codidtic stainless steellhe experimental test setup is schematized
in Figurel.

!
S o r - ot T ] B

|
|
| STACK |
|

“—l 4

|Fue| and air

Condenser

iz e :

> o ()

- YQ_T

Figurel: PFD of the testbench used in BLAZE to characterize the short stacks. Refer to text for det

v
Condensate

The shortstacks are mounted on a dedicatedugpedt EPFI-GEM which delivers and preheats the gases
(air, Hy, Np, CO, CH, CQ,, steam) and allowthe measurement of gas inlet and outlet temperatures,
pressurgand the voltage of the individual repeating units (RU). The current is controlled by an electronic
load (EEktroAutomatik, Germany), the gas flows with mdksv controllers MFC, Voegtlin,
Switzerland) and the water feed by a membrane pump (K3¢fmany. Steam is produced in lome
madeelectical evaporatorBesides the regular gas feedhat allow to simulate the woodgas composition
(H2, CO, CQ, CH4, H0), the seup is equipped with an additional inlet for injecting impurities as shown

in Figure2. An alumina tubés usedo preventtheinteractionwith deliberately added contaminatisfore
reaching the staclEurthermorethe tubingused at roontemperature for the impuréis was glass coated to
prevent reactionThe simulated woodgas, as given in the next section (BLAZE conditions), was generated
using B, CO, CQ, H,O and CH through mixing to the desired partial pressupgsmeans othe MFCs.

This project has received funding from the European @hidarizon 2020 research 13
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Oil-free compressed air from tlegb infrastructure was used. The considered contaminants in the project
were HS, toluenenaphtalene an#& Cl. The direct use of ¥6 in our laboratorywas not possible because

of safety issues. Therefore, a less toxic precursor, dimethyl sulfide (DWS)usedrom a gas supply
bottle of 500 ppm in K. This organesufur compound was found to thermally decompose ini8
reducing exironment above 340 °C, as demonstrated in a separate expdigiEigure3).

Figure2: Secondary fuel inlet port for ghinjection of impurities.
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FPD2

¢ 26°C < T < 340°C
T>680°C

e [150 pA)

Figure 3: Thermal decomposition of DMBito H,S in presence of b as a funtion of temperature, in a
guartz reactor filled with quiez wool. Chromatogams measured witmagilentGasChromatograpfiGC)
equipped with a CBil-5 column and a FPD detector (8f5).

Toluene injection was done by saturatingwith toluene contained in a glass bottle maintained in a bath
of melting ice at 0 °C. The corresponding vapor pressurenise® accordingtdnt oi ne 6d]. equati o

The adjustment of the impurity level was done by substituting part of the médedHwith the secondary
H, feed containing impurities.

A similar approach was followed withaphtalene but with thermal bath set at 60°C sinoapttalene is
solid at room temperaturdHowever,due to uncontrolled condensation and solidificationtha gas
chromatograpliGC injectoy, theintroductionof naphtalendo the gas mixturavas finallyabandoned.

The injection of KC] intended to measure the impact of both halogens and alk#dis,wasfinally not
pursueckeitherbut replaced byHClI diluted inN-.

The electrochemicalimpedance spectréEIS) were recorded using adennium X electrochemical
workstation (Zahner, Germany) equipped withaative load (EL1000Zahney.

3.2 Fuel composition

The gas compositio(SG1) given in Table1 was considered to mimi typical syngas produced by the
steamgasification of woodAs CO wasonly availableto a limited extent, it was replaced by, Hbeing
equivaknt in terms obxchangd electrongSG2). The gas flows were chosen in order to reach 80% fuel
utilisation FU) at 0.4A/cm?. The resulting gasompositions anélows are given inrable1.
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Tablel: Synthetic woodgas compositiemsed withinthe BLAZE project

Gl SG2
Flows Flows

Composition| [NL/min] Composition| [NL/min]
H. 45.0% 1010 69.0% 1548
CO 24.0% 539 0 0
Ca 11.0% 247 11.0% 247
CH 2.0% 45 2.0% 45
H.O 18.0% 404 18.0% 404

The performance of the short stack was similar witlthbsynthetic woodgas compositioasd ae
overlappingn Figure4. The initial performance of stack 1 with the reference dfilitomposition is also
shown for comparisarThe presencef steamin the woodgasompositionddecreases the oxygen partial
pressire difference between the electrodes leading to a sroglber circuit voltage@CV) but alsoresults

in a slight decrease of tlaeea specific resistancA$R) compared to the dryf./N- feed.

1,3

1,2 —H2/N2_750°C
SG1_750°C

1,1 5G2_750°C

RU voltage [V]
=
=)

o
©

e
o0

0,7
0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40 0,45

Current density [A/cm2]

Figure4: Comparison of thénitial V-1 performance of sta¢i with the reference ¥N; gas feed and the
two synthetic woodgase¥51 andSG2 (cf. Tablel for composition). All measurementvere performed
at 750°C and witltomparablduel flows in terms of equivalemumber of transferreelectrons
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3.3 Method

The shortstacks were heatap to 750 °C at a heating rate of 60°C per hour with 2 NL/mforafing gas

(5% H in Ny) flowing on the anode side and 32 NL/min of air on the cathode side. Once the stack
temperature reached 600 °C, the argadewas changed to 1.728 NL/mipahd 1.152 NL/min K, keeping

the same air flon(nominal conditions)An initial V-l characterisation was performed under nominal
conditions (750°C air outléemperaturegases as above) up to 83using a 1A/min ramp. Tls V-l was

then used to check the health of the stack by comparison with the qualification sheets provided by
SOLIDpower/SolydEra. EIS measurements were performed under the same conditions (32A bias) with
2 A perturbation, in the frequency range from Ik to 15 mHz. After that, the gas conditions were
switched to the BLAZBprojectconditions(cf. Table1). The equivalent water flow was 324 pL/min. An

V-1 was performed under these conditions and EIS measur¢akenion each RU. The short stack was
then polarized at 32A for500h for stabilizion in orderto obtain a reference line. EIS measurements were
performedperiodically on each RUWepending of the test bat least at the beginning and end of the baseline
sequenceA steadybias current of 32 (0.4 A/cn¥) was maintainethroughout theest. It was planned to
never set the short stack to OCV (exception made in case of failure and/or emergeioctesto avoid
changing the state of the electredEhereforeto keep the short stack polariseih a constat DC-bias of

32 A, the current applied by the electronic load was griylubecreased to OCV while increasing
concurrentlythat of the EIS device.

3.4 Contaminant exposure
Stack 1

The stack was contaminatethinly at 0.5o0pm during 200,
Stack 2

The exposure to the contaminants was done in awisg increase: for §$5, a step of 0.ppm was used,
namel y, 0. 2,1608pm4Afterldhg exposui@ fotBe, indtial surface coverage, each level lasted
about 100 hours. During each$lexposure stegxposure to toluene wasliced gradualy, initially 0, 20,
40and60 ppm then later on, the steps were increased td B0and180 ppmsince the impact was small.
Each toluene exposure step lasted 20 to 24 hours wilpplitingrecovery phasesibetween.

Stack 3

The leves of exposure wreincreased bothof H,S and toluene, namely Q5 2, 3 and4 ppm of HS and
0, 100and400 ppm of tolueneAfter 15 weeks of recoverfgtackpolarised at 32 undersyngag the stack
endured4 days ofcontaminatiorwith HCl at 5 10, 20and 50ppm

This project has received funding from the European @hidarizon 2020 research 17
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Table2: Combination of HS and tolueneoncentrations investigated for st&2kand stack3

Stack 2: Stack 3:
- toluene[ppm] 0 20 40 60 120 180 Toluene [ppm]

H2S[ppm] H2S [ppm] 0 100 400
0.2 ppm 0,5 yes yes yes
0.6 ppm 1 yes yes yes
0.8 ppm 2 yes yes yes
1.0 ppm 3 yes yes yes
1.2 ppm 4 yes yes yes
1.4 ppm

EIS measurements were performed before and after each exposure step using a cons@nwithasit
returring to OCV. During the exposure, stack inlet and outlet gas compasitiere analyzed at the
beginning and end of the exposure sequence.

3.5 Gas analysis

Gas samples were extractedm the inlet and outlet of the staaking syringes (80QAL syringe forsulfur
analysis, 5anL syringe for the permanent gases) and injefde@dnalysisin a gas chromatograph (GC)
Agilent ® 8890equipped wittfour capillary columns (CFSil-5, CR-Sil-8, PoraploQQ and Molecular Sieve
5A) andthree detectar(FPD, FID and TM). The full range of gases and impurities could thereby be
analysedcf Figure5). With stack3, a smaller, mhile GC (Agilent ® 490 MicroGC) was used for the
permanent gases without syringe but directly connected Witpiacein the gas line.

The calibrationdataof the FPD detectoresponse to £6 is shownin Figure 6. In Figure 7, the final
calibration pants werecomputedrom the mean value of the calibration dafehe measurement method
showssome limitationsFirst, the concentration range is a bit high gdering the concentration measured
during the experimentwhich is below 1ppm, even though the contamination ranges frdinppm to 4
ppm.Secondit appeared thahe quantity of gas collected with the syringe depends on the floywneatesly

a smaller flow rate will result in a higher amount of gas. A better matioodt beto connet the gas line
directly to the GC where the gas will flow through an injection loop. Thisdawatl be done as the stack
test benchvasnotlocatedadjacet to the GC.The grapk of the inlet and outlet stagk measuremestare
givenin Appendix7.1.1.6
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Figure 5: Configuration of the GGnabling themeasurement of permananent gasgsirocarbons and
sulfur compoundsincluding four differenseparatiorcolomns andhree detectors.
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H2S area on FPD detector during calibration
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Figure6: Known flow rateconcentration of k& in H. measured on FPD detector. The gas samples were

collected throulg a septumin the line with a syringe, the samplas manuldy injected inthe GC.

H2S GC calibration
14
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Figure7: H,S calibration curvef the FPD detectowith the Gas Chromatograpfihe mearvaluesof the
data fromFigure6 were used.
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3.6 EIS, DRT
Electrochemical impedance spectroscopgasuremesthave been peidrmed with commercial devices

from Zahnerj.e. Zennium X conneed toanelectrical load EL1000, to allow to sink 22 instead obnly

2 A with the Zenniumapparatusnly. The peturbationfrequency ranged from 10Hz to 15mHz where
15 measurements per decade wedrded with 10 cyclesper measurememtbove 66Hz and7 cycles
from 66 Hz downto lower frequencies. The perturbation amplitude was setlté for stackfl (3.1% of
the bias) an® A for stacls#2 and#3 (6.3% of the bias) The measuremertbok 1h08 plus 30nin of
stabilizationbefore the measuremeitihalessoftware from Zahnewas used temooth the raw data. The
smoothed data were compared to témwe data(daots) and asa mismatchwasvisible attheinflexion point
and maximumthe raw dataverechosen in the Nyquist and Bode representations.

2022/09/27 BLAZE

Bode Im(Z) Cell4
32A Bias, 2A Pert

0.15

oty 1%

Im(Z) [©*cm?]

005 |

0 ‘ ‘ ‘ ‘
1072 107! 10° 10’ 10? 10° 10*

Frequency [Hz]

Figure8: Raw @otg data in yellow and red. Smoeithdata in blue.

The quality of the measu-HeEméent owh s[Z].¢igupeddbalthea s i ng
Z-HIT result applied to the first EIS measuremanterreference conditions. The impedance medul
measurement (in black) and its approximation (in purple) deviate from eachabther10* Hz. Thus

frequencies higher than 4Bz arenotfully reliable.
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Figure9: Screenshadf Zahner analysis software. The purple plot is the impedance module evaluated from

the phase with the-BEIT approximation. The approximation and the measured module digbme10
kHz.

In addition thedistribution of relaxation timeanalysi§DRT) wasperformed to identify processes affected

by the contaminant exposure.MATLAB GUI called DRTtools, based on Tikhonov regulatina and

developed by researchers from Hong Kong Unive[8itwas used with the parameters listed able3.

The DRTtoos applicationis perbrming a fit prior to the discretizatigrsince its model assumes an
imaginaryimpedanceof zero at high frequencgno inductance)the deconvolution is based on the full

spectra (up to 100 kHz) of the raw impedance daigure 10 shows the influence of thdifferent

Al nduct asicPRItoabipdii ®mar d i nducti ve dsaithéhéimagindriof del et
the impedanc&rgert han zer o prior to the fit, whereas #AFi t
the fitted data with Im(Zlargerthan zero. It inflences only the high frequendataabove 10 kHz, where

the ZHIT testshowsinamir acy. The opt i on waskherefdreprefgredvas tbe rasuitd uct a
is smoother but istill should beaakenwith caution. The location and area of the peaks are evaluated with
thefreeMat | ab code[dlipeakfits. mo

Table3: Parameerssetin DRTtools

Parameter Value Parameter Value
Discretization method [Gaussian Regularization parametgr 1,E-04
Data used Combined Re Im RBF shape control FWHM coefficient
Inductance Fitting w/o inductance FWHM Control 0,5
Regularization derivativel2nd order Run Simple run
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Concerning thepolarization resistancet was computed fromthe area under the Bode plasing the
KramersKronig relation[5] wheredeeae is theimaginarypartof the impedance andis the frequency

) ¢ Geeem
Y — —Qw
@

The numerical value is obtained in Matlaging thetrapzfunctionto integrate.This value is compared to
thesum of the DRT peaks coming from the interpolation of the fungéaifit

The polarisation resistanabtainedooth waysshow a discrepancy due to the inexadbyitDRTtools and
peakflt Under dry’O (reference conditions)t was estimated that tHepol from theBode plotis 485
G nus , whereas the sum of tHeRT peaks is 504 nx# , i.e. 4% of error,which is consideredas
acceptabIePeakfltprowdes a fasestimae of the areadellmltlng the peakswhen peaks areverlapping
an estimat of the gaussian shape of each peak is propasetsible on the last three peaks$-igurell.
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Figurell: DRT fit from peakfit(4 ppm DMS 400ppmtoluene). Blue: datpoint from DRT tool. Red: fit
from peakfit Green Individual peaks contained in the red fit.
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4 RESULTS AND DI SCUSSI ON

Three short stacks from SOLIDpower/SolydEra have been tested Wakki3.4. The main resultare

presented and discussed in this section. There are similarities between the different tests but as the third test
was the most complete, the explanasigiven in the analysis of the third tegte also the mostomplete
description, includingf observéions mentionned for thiérst 2 stacls.

4.1 Stack 1, 2 and 3 performance summary
Table4: Initial OCV values of stack 1, 2 anduBder reference conditions.

stack # | Ul bottom{U2 U3 U4 U5 U6 top [mean
1 1,22 1,221 1,224 1,225 1,217 1,210 1,22
OCV [V] 2 1,201 1,200 1,194 1,203 1,194 1,199 1,20
3 1,224 1,227 1,224 1,214 1,22 1,225 1,22

Table5: Efficiencies of stack 1, 2 anduhder dry hydroge(reference conditions)

Reference conditions / Dry hydrogen

stack #|Time |[U stack [V|]I stack [A]Pelec [W]Eff HHV [A4Eff LHV [%4
1|22h 4,84 33 159,9 43,5 51,4
2|276h 4,78 33 157,6 42,9 50,7
3/188h 4,76 33 157,Q 42,7 50,5

Table6: Efficiencies of stack 1, 2 and 3 undgnthetic woodgasonditions §G2)

Syngas conditions (SG2)
stack # |Time U stack [V|]I stack [A]Pelec [V\/|]Eff HHV [99Eff LHV [%
1/800h 4,69 32,10 150,6 41,98 49,34
2|4432h 4,81 32,05 154,17 42,95 50,49
3/690h 4,79 32,00 152, 1 42,40 49,84

4.2 Stack#1

4.2.1 Baseline

Figure12 givesan overview of the test with the first stack, which lasted more thanl@@d0can be seen

in the figure the cell voltages were initially noislpeto the steam generatio®ptimal operating conditions

were found after 30008. From there on, the cell voltages wstable except for cell, 8vhich haddegraed

from the start. The average degradationsragaged betweer8.4 mV/kh (-0.4%/kh) for cell 5 and26

mV/kh (-3.3%/kh) for cell 6. Electrochemical impedance spectroscopy (EIS) measurements revealed that
cell 6 differedfrom the other Bellsby largerohmic lossegcf. Figure13A), whereas thenaginary part of
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the impedancewhich reflects the polarisation losses, are sinfdaFigure13B). ThisindicaiesthatRU 6

sufferedfrom a contact issu&ooking at the time evolution @kell 3 and 4luring the last 3000 (cf. Figure

14), it can be observed thite degradation ialsomainly ohmig as the polarisation resistareggparent in
the imaginary Bode platcarcely changes over tingef. Figure14B).

BLAZE1
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Figurel2: Overview of the short stagl test (750°C air outlet, 39L/min air, 69% H, 11% CQ, 2% CH,,
18% HO) polarized at 32A.
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Figurel3: Nyquist (A) and ImZ Bode plot (B) plots of EIS data measured At13as (10kHz1 15mHz,
1A perurbation with synthetic woodgas (69%y, 11%CO;,, 2% CH,, 18%H-0)
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Figure14: Nyquist (A) and ImZ Bode plot (B) plots of the EIS data measured At [32s (100kHz-15
mHz, 1A perturbatior) with synthetic woodgas (69%,, 11%CO,, 2% CHa, 18%H->0) for RU 3 and 4
during the last 3000h.

4.2.2 Preliminary test of contamination
At the end of the test, impurity injection tests were made, to check the methodologgriinmance loss

due tosulfur, visible in Figure 15, appeared 7@ after the contaminatiostart DMS concentration began
at0.5ppm for 44h, then2.5ppm for 6h, 5 ppmfor 15h andagain0.5 ppm for 5h moreThe degradation

rate was mor@rominert for cells 3 and 6that lost 90mV in 80h. The voltage loss dhe other cellsvas
30mV in 80h. EIS measurements were performed before and after the sMposure without reducing

the polarisation, thanks the spectrometer adapted for high current. As expected, the high frequency part
of the spectra as mainlyaffected, indicating that treulfur contamination reduces the adtjvof thetriple

phase boundary of the fuel electrode Fifjure16). This observation is consistent with literature. However,

This project has received funding from the European @hidarizon 2020 research 27
and innovation programme under grant agreement No 815284



SRR Horizon 2020
B LAZE ESRCE European Union Funding
=i for Research & Innovation

the exactconcentratia of suffur injected was not certainat this pointbecauseof the inaccurateGC
calibration

BLAZE1

U cells during 0.2ppm st injection
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Figurel15: Evolution of cell voltage consecutive to tfiest injection of asulfur impurity. Conditions as in
Figurel2
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Figurel6: Electrochemical impedance spectra for the first 3 cells of the stack#1 measured at the same
conditions agigurel2, before and after exposure tofsul Left: Nyquist plot; Right: imaginary Bode plot.
The arrow ndicates the increase of polarisation resistance at high frequensgcative to the sfur
exposure.32 A bias,100kHz i 15mHz, 1A perturbation)
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4.3 Stack#2

4.3.1 Baseline

Figurel7 gives the full overview othe shoristackt2 test history The stackvasoperated #000h prior to
injecting impurites of which ~4000 h underpolarisation(considering a break between 2100 and 3900 h
and the 1200 of OCV starting from 6000). Because oanissuewith thetestbench, the stack experietce

6 unplanned shutiowns The aforenentioned break was used to investigate the computer harditlaoet
improvementtheroot causewas foundduring the third stack teghe phase control relay was found to be
too sensitiveAfter the 6themergency shudown the cells which had been operating stalbgfore that
started to degradsignificantly. Except forRU 4 and 6, which shogdstrong degradation 6f18.6 mV/kh
and-56.3 mV/kh respectively\suggesting a stronger impact of the sthoivn, the otheRU showeda mean
degradation 0f5.8 mV/kh with a minimum value of4.9 mV/kh for cell 1 and a maximum value of 6.8
mV/kh for cell 2 These voltage degradation rates prior to the fiopphase are taken as reference and are
regrouped imable7.
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Figure 17: Overview of the stack?2 test showing multiple unintendedemergencystops Injection of
impurities started after 7000h.

Table7: Degradation rates for thedividual repeating units after th& 6-stopbut priorto the injection of

impurities.

Cell number 1 2 3 4 5 6
Degradation [mV/kh] 4.92 6.85 5.00 48.64(!) 6.28 56.35(!)

To be noted also is that the st#2kvas set to OCV for 1000 hours betwekaimpurity free degradation
sequence and the contaminant injection. The stack was polarized back on 17.01.2022 to start with the
injection on 18.02022.

4.3.2 Contamination
A zoom of the stack voltagdkeft Y-axis) and the impurity leals (riht Y-axis) during the contaminant

injection sequence is given Figure18. The lowest and firstontaminat flow (H.S level of 0.2 ppnat
7400h) showsvery noisy values, oscillating between the set value and zero. Hiecause the set flow
was close to theminimum opening value of the mass flow cone&olA delay of 25h preceded the start of
the voltage losdJnfortunately, the b5 level of 0.4 ppm waskippedby mistake thereforghe investigated
contaminantevelswere 0.2, 0.6, 0.8, 1.0, 1.2, 1.4 and Jpm During the lastcontaninant level, the
voltages ofRU 2, 3 and 5Swere sill above 0.7V, which isthe redox potemal of the nickel oxidation
reaction and thus pursuing the exposition ve&#l corsidered relevant. fier 9280 h, RU 2 and RU5S
voltages went below 0.¥ and the test waautomaticallystopped 3 daylser ascell 4 reached the minimal
setvoltage value of 0.5%. This low value was chosen to alldie test campaign to contindespiteRU

4 was dropping.
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Figure18: overview of the impuries injectiorsequences, showing the stepwisirease of kS content.

Investigation of this failre revealed that thmint at which cell 4 (igreer) startso drop steeplycoincides
with the momenthatthe air inket pressure exceeded that of the {a&lFigurel19). The sulden increase of
theair inlet pressuravasdueto a malfunctioning of the MFC controlling the air stream, increasingiin a
uncontrolledmanner thair flow and thereby thpressuredropon the air side. At some pojnhe pressure
of the air compartment exceeded that of the fuel compartment and air leaked in thepeesmgmably
through gpinhole or microcrack, reoxidizing the Batalystand inducing cracks.
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Figurel9: Gradual increase of the air flow that led to the final failure of RU 4.

As a consequenogf this failure the last measured.8 level has been disregarded and, in the end, only 6
levels were investigated, namely, 0.2, 0.6, 0.8, 1.0, 1.2 and 1.4Fpmermore the level of 1.2 ppm of
H>S was kept for a loreyexposureeriod in comparison to the other levels. The reasstheoccurrence

of agasalarm in the lab and powercut (responsible for respectively the first and second points at OCV)
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which delayed thenjection sequencdor toluene.Figure 20 gives a more detailed overview of thell
voltages behaviour during tHiest injectionlevel of the contaminant$-or the sake of clarity, theoltages
before thedrop andat the start ofthe stable dagdation have been highlighted in blackhe voltage first
decreaserapidly (voltage drop) before stabilising a new steady degiaion rate.All voltage drops
consecutive to thehange in ontaminant levelare simmarisedn Table8 andTable9, along withthe
corresponding degradation rat@he voltage drop is maximum aftéhe first step (0.2ppm) but then
strongly reduce Thisbehaviouiis consisent with observations reported in literat6d with similar cells
and explained ythe graduatieactivatiorof electrahemicaly active sites byhe adsomption of sulfur [7]
on Ni. Hansen has shown thatadsoption follows a Temkidike isothem and thathe performancdoss
is linearly proportional to surface coveragghis is shown by plottinghe cumulative performance drop
expressedh % against the calcatled suface coverage (cfFigure21). The adsorbed Hwr coveragedy)
can be calculatedsingequation(1), whereT is theoperding temperature of the sta¢k023K)and HS/H,
stands for the ratio between timelar fraction of HS andthat ofhydrogen

0, = 1.45—9.53- 10T + 4.17- 10T In (H_ZS>
(1)

2

Most of thecoverage occurs during the first semd reaches 70%t 0.2 ppm of kLS. The furthersix-fold
increase of BB partial pressurenly results in 80% surface coverage
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Figure 20: Cell voltage drop consecutive exposure to 0.ppm HS. Other conditions similar tBigure
12

Table8: Summary table of the initial voltage drops and consecutive degnadatiofollowing the injection
of different levels okulfur.

Voltage drop [mV] Degradation rate [mV/kh]
H2S [ppm] Celll | Cell2| Cell3| Cell4 | Cell5 | Cell6 | average | Celll| Cell2| Cell3| Cell4 | Cell5 | Cell6 | average
0.2 417 | 375 | 348 | 29.9 | 37.7 | 38.6 | 36.7 319 | 226 | 184 | 94 24.7 | 17.7 | 20.8
0.625 9.6 8.6 8.3 8.3 9.0 8.3 8.7 36.7 | 28.7 | 30.4 | 19.8 | 29.7 | 19.8 | 275
0.8 1.7 1.5 1.4 1.5 1.5 1.4 1.5 200 | 17.3 | 184 | 189 | 19.2 | 179 | 18.6
1 2.1 1.9 1.9 1.9 2.7 1.7 2.0 228 | 204 | 215 | 219 | 181 | 219 | 21.1
1.2 2.6 4.6 24 1.9 2.0 6.7 34 316 | 409 | 279 | 27.9 | 205 | 31.6 | 30.1
1.4 2.4 2.0 1.8 1.8 1.8 1.9 2.0 316 | 26.6 | 22.3 | 61.4 | 22.7 | 250 | 31.6

Table 9: Cumulative voltage drop consecutive to ti#ferent levelsof H>S exposure expressed in mV
(shadé cells) and % othereference cell voltagesed for thesulfur coverage calculation

H2S [ppm]|RUL |RU2 |RU3 |RU4 |RU5 |RU6 |RU1 |RU2 |RU3 |RU4 |[RU5 |RU6

0,2 41,7 |37,5 34,8 299 |37,7 |386 ]54% |48% |44% |3,9% |4,8% |52%

0,625 51,2 |46,0 |43,1 [38,1 |46,7 |46,9 [6,6% |59% |55% |50% [6,0% |6,3%

0,8 529 1475 |445 |39,6 |48,3 483 |6,8% [6,1% [|56% [52% [6,2% |6,5%

1 55,0 |495 46,4 |415 |50,9 |50,0 |7,1% |63% |59% [|54% |65% [6,7%

1,2 57,6 |54,1 1488 434 |52,9 |56,7 |7.5% |69% |62% |57% |68% |7,6%

1,4 59,9 56,1 |50,6 |452 |54,7 |585 |7.8% [|7.2% |6,4% [59% [|7,0% |7,8%
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Figure21: Cumulative voltage drop consecutive to exposurdifferent levels oH.S (cf. Table9) as a
function of surface coverage of Ni Bylfur assumingremkinlike isotherm

Figure22 shows electrochemical impedance spegteasured consecutively on cell 2 during @2ppm
H.S poisoning As previously observed with shatack#1, the Spoisoning affectsolely the polasation
resstance of theell, since the ohmic reslance, given by thimtercept with theeal axis at high frguency

in the Nyquist plo{left of Figure22A), remains constant over timéhe frequency regiornimpacted by S
poisoring are best seen theimaginary Bode plotKigure22B). A majorincrease of the peak around 1
kHz is observed alongith that at 1Hz. This behaviour is consient with literature.The high frequency
peak is attributed to charge transfer atahede/electrolytinterface.Suffur is knowvn to adsorb strongly
on the nickel catalystin the anodgandtherebyto deactivatehe electrochemically active siteBhe low
frequency peaks associatedvith the fuel conversion impedancehich is sensitive to changé gas
compositionwithin the anodeHere again, by adsorbing on the nickel paaticlsufur deactivates the
catalytical properties of the angdenderingthe reverse wategasshift reactionresulting in a hydrogen
richer mixture at the begning of the anode @mels As the moisture ratio of the fuel outlet over the fuel
inlet is higher, the conversion peak is bigdgére internal refoming of methanel®uld also bdéimited by
thesulfur coverage, this will be addressed in the gas analysis of thet8tack
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Figure22: Time evolution of the Nyquist (A) and imaginary Bo@) plots for RU2 during exposure to
0.2ppm of HS.

For eachsulfur level, atriple step of tolueneexposurewas supemposed, as illustrated iRigure 23.
Contrarily to sulur, toluenealid not impact the performance of tbeisin the presace ofsulfur, as apparent
in this figure for20-60 ppmtoluene additionbut alsdfor values up to 18@pmtolueneinjectedlater onin
this test.
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Figure23: Evolution of the cell voltages consecutive to the exposuiecteasindevels of tolueng0, 20,
40 and 6(pm)in additionto 0.8ppm of HS injection

4.4 Stack#3

The overall evolution of the calbltagesis plottedin Figure24. The stack ran for0O00h and experienak

3 emergency stops during the first 13@0before the exposure to impurgied phasecontrol relaywas
foundtoo sensitivealready disturbing therevious testsafter whichit was set to a similar value as in other
test benchs Beginning of OctobeR022,stackt3 was tested in reference conditions (66 40% Ny),
andthenwith the baselingas mixturgfor several weeksFrom the end of Novemb&022to the end of
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February2023,the stack was exposed to DMS and toluafiewing recovey until June2023when findly
HCI injection was perfoned.

U cells for the whole test duration
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Figure24: Overview of short sta@ test (750°C air outlet, 3RL/min air, 69% H, 11% CQ, 2% CH,
18% HO) polarized at 32.

4.4.1 Reference conditions vs synthetic woodgas
An initial EIS measurement was performedl&erminghe stackhealth under reference conditions (dry

H2). According to the Nyquist plot of

Figure25, all repeating unitshowa similar ohmic resistance. It is noticeable that cells 2, 3 ambia
largerpolarization resistance g&, confirmed on the Bode plo#here the polarization resistance computed
from the KramersKronig relation shows a value of 585 for cell2, 4944 nxd  for cell 5 and 491

G mpit  for cell 3. Cell 1 has the smallestdy 13% smaller than cel®.

Thenthe impact of the gafeed compositionvas investigated A V-l curve under dry H and the two
different woodgas compositionwas already compared ifigure 4. Hereafter, EIS measurements are
compared between dry.Hreference conditions) anf8G2. The ohmic resistancstayssimilar for both
casesThe small variation in polarisation resistance is better seen in the DRT pliguoé26.

The higher polarization resistance of the dry mixture comes mainly froni%pedk, known to be related

to the level of gas conversidmthe anod¢8]. The fuel utilization is 77% and the biasA82n both cases.

In the dry condition, the amount of steam went from very low (~0.1%) to 46.5% along the fuel channels,
whereas in th&G2 mixture it contains already 18% of steam at the inlet, leading to a lower conversion
resistance. The higher total flow rate used in dry conditions ktlverconversion resistance compared to

a smaller flow rate. The difference in area specific resistance wbBI2 have been more important with

the same total flow rate in both conditions.i®&lso largewith syngaq9].
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Figure25: Nyquist (left) and Bode Im(Z) (right) at reference conditions. 6Q3%#B%6 N, 6 Nml/min/cn®
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Figure26: Nyquist (left) and Bode Im(2) (right)nderdry H, (60% H, 40% N, 6 Nml/min/cn¥) andwood
syngasf2 (69% H,, 11% CO,, 2% CHas, 18% H20, 4.7 Nml/min/cnf) cut atp m'Oa The polarization
resistance is estimated from the area under the Bodéulapectrum)according tahe KramersKronig
relation[5].
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Figure 27: RU4 DRT under dry H (60% H, 40% N, 6 Nml/min/cn?) andwoodsyngas#2 (69%H,, 11%
CO,, 2% CHa, 18%H0, 4.7 Nml/min/cnf). Peak aremaredisplayed orthe small charfcomputed with
peakfit).

Table10: Detailed peak arsainder dry H (60% H, 40% N, 6 Nml/mintn?) andwood syngas#2 (69%
Hz, 11% CO,, 2% CH,, 18%H,0, 4.7 Nml/min/cn?). The polarization resistance is retrieved from the
peaks sum. The ohmiesistancés estimated from thiyquist plot

[MKOYBrgH2 Woodgas

Roh
P 14 15
P 28 2
P
P4 13 15
P5 31 47|
Rpo 504 487
Rpol Bod¢ 485 434
error [%] 4 12
4.4.2 Baseline

The stack ran 578 in BLAZE syngasconditionsplus2 days of interruption caused by emergencystop
where the air tempature reacheta minimum of 645°C, followed by a pump issdeshortage of C®
occurreds530h after the baselinsthadstarted.The endV-I curve was recorded aftere2stopsthat led
to the complete cooldown of the stadkese events are repedin Figure28 where the cell potentials and
the applied current are represented during the baseline opeRitiénlocated at the top of the SOFC,
exhibits the best performance at the start of the baseline. During tH®6ifsta slight increase ofoltage
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is visible for allrepeating unit¢l mV for RU6 and 1.7mV for RUS). After the Estop,RU6 experiencéa
greater degradation than the ofheramely 1.8%/kh, where&dJ5, whichstartedwith the worst potential,
shows the leaglegradation with 0.7%/kHActually, RU5 potential only decreased after the two thermal
cyclesdue tothe 2 EStops The cell degradation rates are presemetable11.

U cells and | during the baseline
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Figure28: 576h baselinetestunder BLAZE conditiongwithout stops) The active load shows an offset of
0.3 A that has beenonsiderednly after 672h until the Estop, afterl104h until the Estop and for the
last sectionThe 3red stars refer tv'-I measuremestandthe blackstars denotehere the degradation is
computedEIS is also measured at the beginning (first red star) mthdfethe baseline (at 148§. The air
outlet temperatureluring the polarizatiorranged from 755.9°C to 756.3°C.

Tablell: RU voltagesat 32A during the baselintest The black stars refer to the time indicateigure
28. One EStop happens before 11B@&nd 2 EStops after. The degradation is computed from the first and
lastblackstar.Red and green boxes sholest and worst efficient RU.

* * *
at 690h [V] at 1130h [V] at 1440h [V] degradation [mV/kh] degradation [%/kh]
Ul 0,79 0,787 0,783 9,3 1,2
u2 0,79 0,788 0,785 6,7 0,8
u3 0,791 0,79 0,786 6,7 0,8
ua 0,796 0,795 0,791 6,7 0,8
us 0,79 0,789 0,786 53 0,7
ue 0,796 0,791 0,785 14,7 18
Umean 0,792 0,790 0,786 8,2 1,0

Table12: Stack electrical efficiency undsyngas

Time U stack [V]l stack [A]Pelec [WIEff HHV  Eff LHV

690h 4,79 32 152,1 42,40 49,84
1130h 4,74 32 151,71 42,29 49,71
1440h 4,72 32 150,9 42,09 49,43
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The threeV-l curvesand EISspectrameasurd at the time denoted by the red stars kigure 28 are
compared inFigure 29 andFigure 30. The OCYV for the start, middle and end are respectively 1.002 V,
1.005 V and 1.001Whereas under load the mean degradation is 8.2 mFdtowing Figure 30boththe
ohmic andolarization resistanséave increasedHowever, thenterference oinductanceand capacitance
at high frequenesmakes the ohmic resistance hard to evalddte DRT of Figure31and its peak details
of Tablel3show that P1 and P2 kaincreased at the end of the basetest,whereas thaigh frequeng
peaks decreasefs describedn Caliandro[9], it looksas ifthe processes afharge transfer and diffusion
of hydrogenare enhanced over tinvghereaghe cathoa processncluded in P1 seems tacount for the
increase of polarization resistanckiring the baselineoperation To check this assumption, two
measurements at two different air flow rates were compar€ayure 32. The first peakPlis definitely
linked tocathodic processe®/ith a smaller flow ratethe resistance increesand theprocesss slowed.
This seems to indicate ththte air feed to theRUswasworsened over time, either dtee obstruction or
leakage.

IV curves during the baseline
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Figure29: V-l curves measured at A/min at the start, middle and end of the baseigst The outlet air
temperature at the beginning of theasurement was respectively 752°C, 751.2°C and 751°C
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Figure30: Nyquist (left) and Bode Im(Z) (right) underood syngas#2 (69%H,, 11%CO,, 2% CH., 18%

H.0, 4.7 Nml/min/cn®) at the start and end of the baseliest The polarization resistance is estimated

from the area under the Bode Rfatll spectrum)according tahe KramersKronig relation[5].
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Figure31: RU4 DRT undemwoodsyrgast2 (69%Hz, 11%CO,, 2% CHa, 18%H,0, 4.7 Nml/min/cn?) at
the start and end of the baseliast Peak aremare displayed on the small chéabmputed with peakfit)
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Table 13 Detailed peak arsaunder wood syrgast2 (69% H,, 11% CO,, 2% CHs, 18% H20, 4.7
Nml/min/cn?) at the start and end of the baseliast The polarization resistance is retrieved from the
peaks sum. The ohmic resistancestimated from the Nyquist plot.
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Figure32 RU4 DRT at 30 NL/min and 26 NL/min of air.

4.4.3 Contamination
In total, thecontaminatiorphase lasted400 hours

Introduction ofthe first level of DMS (0.5pm) started at 150 the second level {dpm) was interrupted
by theyearendbreak, stack3 was left at OCV during that period. At 30801 ppm of DMS was added
again the accounted measurements for that lavelmade after the breako the contamination levels of
DMS of 0.5, 1, 2, 3 and4 ppm three contamination levels of toluewere added0, 100 and400 ppm).
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Figure33illustrates the cells voltages and the contaminant levels during the exposure to DMS and toluene.
Figure34represents a zoom after thearendbreak.

A delay of 40h precedd the first sign of degradatiomdeed, # three stack#l1,#2,#3experienced a delay
of 25 h to 70h after the firstS-injection, before degradationwas noticed This phenomenowas also
observed on the button cell tefiom ENEA[11], where the voltagdroppedonly 48h afterl ppm of O Y
was injected Also, Weber[12] reported a delay of 2B for an anode supportebutton cell of 1¢#&
contaminatedavith 0.1 ppmO "Y Weber also stated that the amount ofiguhnd the area of Ni surface will
govern the onset of the degradatiés. shown in stadk ( Figure21) and stack3 later (Figure 39), the
degradation starts when 7684% of the nickel area is coverddlargerNi areaand lower Sconcentration
will take longerto reachcritical covelage

In our short stackests the delay mighalso be affectetly the testbench itselfthough the impurity inlet
pipe was protected with an inert alumina tubeiusuwdould have adsorbed on the surface ofakdew cm
of unprotectednetalbeforereacling the cells

U cells and contaminants (DMS, Toluene)
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Figure33: RU voltagesduring the contamination phasand recoveryMaximum 4ppm of DMS(4ppm
"0 "Yinside the cell)and 400ppm oftoluene were added.
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U cells and contaminants (DMS, Toluene)
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Figure34: Zoom on the contamination phase afterybharendbreak(2022/2023) Maximum 4ppm of
DMS and 40(pm oftoluene were adde@®uring the phase gpm DMS + Oppmtoluene and the phase 2
ppm DMS+ 0 ppmtoluene the current was set to 314vinstead of 32A due to a bias on the active load.
Thus,the stepchangeaafterthese cases was rite to the addition of toluermit to ths current correction.

The typical behaviousf suffur exposireis observed hergmilarly to stack2: afirst voltagedrop followed
by a stable degdation rateThose characteristics are presentefiahle14 (in mV) and inTable15 (in %)

for the different contaminant levelBhefirst voltage dropof stack3 is 37.5mV in 168h. It is close tathe
observation ostack#2, that dropped6.7/mV in 65h with 0.2 ppm of DMSUnexpeatdly, with the lower
concentration ofontaminant@.2 ppm), performancealropped2.6 timesfaster tharwith 0.5ppm Stackt2

started the expose at a mean voltage of 0.7 0whereas stagi3 startedat 0.780V at nominal current
implying that aslightly healthier stacknighttake more time toeacha similar voltage dropand hence S
coverageThe stable degradatioate following thedrop is also lesprominentwith the healtier stack3

(14 mV/kh instead of 21 mV/kfor stack#2.

At 1 ppmDMS, the cumulave drop of stack3 was57.4mV and 48.9mV for stacki2. As the evolution

of the voltagesifter0.6 ppmDMS exposuren stack2 are quite flat, it is hard to evaluate the time needed
for the initial dropandto find a coherencen the evolution of the stable degradation rate along with the
exposure. One reas@that the degradation istenatedoverarathershort periodZ0h to 100h). It seems
that thehigherthe contaminatiotevel, thehigherthe degradation rat#. alsoseemghata healthier stack
showsa lower degradation ratsuggestingthat the oerpotentialmay playa role in the degradation
mechanism

The voltage dropattributed tothe sulfur surface coverag@he total cumulatve voltage dropwithout the
addedstable degradatigphaseswas 69.7mV and the overall voltage loss duringtlihole contamination
phase83.1mV. Thus 84%of the overallperformance loswasattributed to theulfur alone
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Table14: Mean mtential loss during DMS artdlueneexposition A first drgp is observed when the stack
is exposed to DMS alone"¢zolumn)followed bya stable degradation rateé"(@lumn). The degradation
reported in the last two columns is under DMS toligdenecombined In green the voltages are increasing
during the expage phase. Degradation rate mV/kh.

Toluene Toluene

DMS conc |DeltaU before stabe |Time for DeltaU |Stable degradation ratfdegradation rate |degradation rate
[ppmv] degradation [mV] [h] [mV/kh] 100ppm [mV/kh] [400ppm [mV/kh]
0,5 37,5 168 13,8 15,2 41

1 19,9 54 2,2 21,4 16,0

2 6 15 11,4 23,3 4,1

3 4,2 16 20,8 12,5 27,9

4 2,1 10 30,4 35,9 44,7

Table 15: Potential loss during DMS and Toluene exposition. A first drop is observed when the stack is
exposed to DMS alone T@olumn)followed bya stable degradation raté"(dolumn). The degradation
reported in the last two columns is under DMS totdenecombined In green the voltages are increasing
during the expagre phase. Degradation ratexpressedh %/kh

Toluene Toluene
DMS conc |DeltaU before stabe |Time for DeltaU |Stable degradation ratfdegradation rate |degradation rate
[ppmv] degradation [%] [h] [%%6/kh] 100ppm [%/kh]  [400ppm [%/kh]
0,5 4,8 168 1,9 2,0 0,6
1 2,7 54 0,3 3,0 2,2
2 0,8 15 1,6 3,3 0,6
3 0,6 16 2,9 1,8 3,9
4 0,3 10 4,3 5,1 6,4
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Figure35: TheV-I measured after the baseliest was recordefdom stable OCMcurrent ramp: 1A/min)
For the otheN-I, the measurement stadtfrom stable nhominaturrent(to OA instantaneously, thew-I
recordeg to minimize the time undesulfur contaminant without polarization.

An extended analys of theeffect of DMS is first presented iRigure 35, where V-I curves are measured
at each level of DMS just before the addition of toluene. Clearly the slgmmmesteeper as the
concentration of sélirincreaseswhereas the OCV stays similar. However, the resistance assowmitited
the slope is less impactdy the contaminarievel once an initialcatalystcoverage was madguring a
lower concentratiomxposure wittDMS. E.g, the mean voltage at 0.4 A/émecreasethy 6% after 0.5
ppm of exposre,but from 3ppm to 4ppm S-increasethevoltagedropsby only a further2%, similarly to
theobservation that the additionadltage dropbecame smallevhen the sdilir concentratiofurtherrises.
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Figure36: Nyquist (left) and Bode Im(Z) (right) underod syngas#2 (69%H,, 11%CO,, 2% CH., 18%
H.0, 4.7 Nml/min/cn?, increasing levels of DMS addedut atp 'Od& The polarization resistance is
estimated from the area under the Bplie (full spectrum) according tihe KramersKronig relation[5].

After theV-I recording impedance spectroscopy waerformed The EISresponsdérom Figure36 shows

that thetotal resistance increasdmcause of thencrease inpolarizationresstance whereasthe ohmic

resistanceremains constant throughout the experimdrte sufur coverage affes the polarization
resistance in the frequency regions beloMzZand above 5Biz. This is visiblefrom the broacening of the
Nyquist plot (the light blue curve, without DMS, has a shorter sparereaghe Bode plot inforraon the

frequency region (wtre the curvesvith contaminant lieabove the light blueurve without contaminaht

This is in line with stack2 observations.

The DRTanalysisof Figure37informson the most impactgatocessed-igure38represents the peak asea

as a funtion of the DMS concentratioYhen comparing the measure before the contamination and at 0.5
ppmDMS, P4 and P are the most impacted peakd is generallattributedto charge transfeat the anode
whereadP5finds no consensun literature and is expected to be affected by high frequency [9jide.
green the P4 specificarea is 6.8 timekrgerwith 0.5 ppm DMS than without contaminanshowing that

the active sites contaminated syifur have a higherresistance to the charge transfer.dA@ws aslight
increase of 3%P1adecrease of 10%, back to the value at the beginning of the bassliffeence this
(cathode) process appears to have recovered

Regardinghe global evolution of the peaks with the increasing contamination, P2 and P4 show the most
significant change Based orrable 16, in yellow, thegasconversion peak P2 increades eachnew S-

level by 3%, 23%, 10%and5%, compared to the level befoegcept for the last frorB ppm to 4ppm(0%).

As the gas feed compositiothe fuel utilization and the current densigreconstanthroughout thdest

the conversion resistande2 can only be affected by theontaminant This is consistentwith the
observations frorAnke Hagen[13]. Using H/H>O/CO feed mixturesshehas shown that-poisoning can

affect the kinetics ofhereverse water gas shift reactioni&S), thereby modifying the gas composition
andresultingin a significant increasef the conversion impedanes measured biylS. As the catalysis
partially deactivated, the internal reforming reaction should also be hindeceeasing the amount of
hydrogen However, as the share of methane is sntiadl combinal effect of the slower RWGS and the
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slower methane reforming is still an increaséydrogenlin Figure43, the fuel outlet gas composition is
analyzel andeven thouglthe increase of hydrogénroughout theontamination isiot visible, the increase
of methanads clear.

In green, P4 increases for eatltcessive $vel by 582%, 79%0%, 11%and 5% compared to the level
before

Gradual increase of DMS (no Toluene)

DRT Cell4
32A Bias, 2A Pert

0.45 R ! e e L e

baseline end
0.4 ~ P2 0.5ppm DMS |

{\ 1ppm DMS
0.35 2ppm DMS |
—— 3ppm DMS

03 4ppm DMS |

0.05

0 b s sl
104 103

107!
Frequency [Hz]

Figure37: Cell#4 DRT undemwoodsyngas#2 (69%H,, 11%CO;, 2% CHa, 18%H0, 4.7 Nml/min/cn¥)
under increasing concentration of DMS, just before toluene was added.
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Gradual increase of DMS (no Toluene)
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Figure 38 Area specific ressitance of the ohmic resistance and the 5 Pad¥s of the polarization
resistanceunder increasingoncentration of DMS, just before toluene was added.

Table 16. Detailed peaks area undewood syrgast2 (69% H,, 11% CO,, 2% CH,, 18% H20, 4.7
Nml/min/cn?) with increasing concentration of DMS, just before toluene was adiesl polarization
resistance is retrieved from the peaks sund from the area under the Bode pldie ohmic resistance is
estimated from the Nyquist plot.

Oppm Toluene
[mKOYmﬁm 0,5ppm 1ppm 2ppm  3ppm  4ppm
Roh

174, 155, 182, 179, 177,

P
P 249, 257,94 317, 349, 366,
P

P4 10,7 749 1343 133,17 1484 1564
P9 35,4 72,9 49,6 48,1 47,3 68,4
Rpo 4971 590 716 742 764 792

Rpol Bodg¢ 446 555 641 695 719 725
error [%)] 11 6 12 7 7 9
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Figure 39: Cell perbrmance drop as a function of tealfur surface coverage- Left: cell#l to celk6
linear regression and plot. Riglstack linear plot and regression

As already mentioned, the loss of performance arslttieiincrease of resistance is correlated tsuliar
coverage of the nickel catalystohn Hansen suggesdtto describethe covered fractiorof the catalyst
surfacein terms of a Temkin adsorption isothefhd]:

— P8 LV WD AP TY TP Xp ™ YAOYWO

where—is the surface coveradeactionand”Y(K) the temperature at thigple phase boundary. Here the

air outlet temperature was usesithe reference temperatufbe surface coverage ranges from 0.74 t0 0.84
for DMS concentratioa from 0.5 ppm to 4 ppm. The linear relationship between tlamulative
performance loss anddtsurface coverage is plottedRigure 39 wherethe voltage lossonsidereds the
voltage drop before the stable degradagibaseas this phase is believed to arise from other processes than
the coverag@rocess itselfThe linear fit seems to refletiieprocessas’yY is higher than 0.9corfirming

H a n s assuingtiorthat the voltage drop is proportional to the surface coverage

As Hansen suggestfiet minimum coverage needed for a performance loss can be extracted:

W o— 0 00— — o — =
W
The minimum coverage needed ranges frem = 0.6 for the least efficient celb — = 0.64for the

better ones. Despiteuch ahigh value, the b5 concentration leading to such covemagevery low,
respectively 19 ppand33ppb.
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Gradual increase of DMS with Toluene
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Figure 40: Area specific rdstance of the ohmic resistance and the 5 pé&dkB5 of the polarization
resistance under increasing concentration of DMS and toluene.

Table 17: Detailed peaks area undewod syrgast? (69% H,, 11% CO,, 2% CHs, 18% H0, 4.7
Nml/min/cn?) with increasing concentration of DM@&ijth addition oftoluene. The polarization resistance
is retrieved from the peaks suand from the area dar the Bode plotThe ohmic resistance is estimated
from the Nyquist plot.

P4 10,7 744 943 91§ 1344 1104 1104 1334 1364 1324 1484 1557 1471 1564 152,41 1587

Py 354 729 544 626 496 727 687 481 6349 678 473 567 645 684 621 650

Rpo 497 590 621} 609 719 732 697 742 754 750 760 777 770 792 779 771

Rpol Bod¢ 446 555 567 568] 641] 662 636 695) 698 683 719 712 704 725 720 714

error [% 11 6 9 7 12, 11 10, 7 8 10 6 9 9 9 8 9

The effect of toluenaddition wasnvestigated through DR&nalysis Onone hangFigure40 shows the
area of the 5 peaks as well as the ohmic resistance, for all levels ofilexpDs the other hand, the peak
frequenciesduring the exposrre are presentedn Figure 41. The conversion peaR2 is again the mst
impacted one in tergof area specific resistance. It looks like the toluene moddteempact of HS as
thepeakarea is decreased at 48@mtoluenefor all DMS levels and already at 1@@mtoluenefor 2 ppm

to 4ppmDMS. However, to confirm thigpositivedeffect of tolueneit would be necessary to understand
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better the evolution of P2 with a constant contamination of DMS over several daysegutar EIS
measurement\ similar behaviourwas obsenredfor P4, as well as P3 and P1 for 0.5 ppm and 1 ppm
DMS. On the contrary, P5 seems to increase with the addition of toluene starting fnom af DMS.
However,whenthe toluene isigainremoved the resistance of that peagaindecreasguntil 4 ppm of
DMS, where the resistance stays stable

Gradual increase of DMS with Toluene
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Figure4l: Peak frequeneslocatiors under increasing concentration of DMS and toluene

P3 and P4anode charge transfer procesisowa significant driftowards higher frequencieafter the first
sulfur surface coverage

4.4.4 Gas analysis
According toFigure42, the inletgascomposition of thenain gas cmponentss constant throughout the

test. It matches the expectation as the measurement is performed before thdestackthe furnaceat
750°C (The measurement atgpm DMS/ 100ppm tolueneis likely an outlier) On the one handthe
thermal equilibriunsimulatedwith the software HSCTable18) showsthat CH, will largelybereformed
to CO and H. If the total hydrogemrontentdecrease, the reversavater gas shifivould be activeand
transform Hand CQ partly intoCO and HO. On the other handhéegas analysishows thathe measured
gasesare similar to the set compositiarhus,theRWGS is inactiveipstream the stadklet (homogeneous
reaction) as expected

Focusing orthe outlet gas compositipthe methane share increases slowly but significantly throughout
the contaminatiophase as seen kigure43. It seems that the Gkimount increasest each new levelf

DMS and reachs a plateau until the DMS level is further increas&dis observationsuppors the
suggestiorof a maximum sydhur coveragef the active areéor a givenH,S concentrationlhe covered
nickel catalyst will lead to slower rate ofeactionof the gas mixture to reach thermodynamic equilibrium.
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A slower methane reforming reaction will preserve;@Hhich will also cause adecreasef H, and CO
concentrationHowever, a CO decrease is noticeable but only from 2 ppm of B\ESnporary faster te

of reaction of the RWGS could contribute to tbastant value of CO, which would in additidecrease
the hydrogen contemuntil 2 ppm ofsulfur, and increasefger 2 ppm.COwould also increase from 2 ppm
of sulfurdue tothe slower rates of both the (dry) reforming and the reverse water gas shift redttomes
trendsa r ectedrlyvisible on theoutput compositioof Figure43but neither conflict with this assumption
as both H and CO,wobbles around a constant vald#epoint that is more delicate is the fact that the
conversion losssincrease right from thieeginningof the injection of DMS whereas thdtkr explanation
would increase the steam content and thus decrease P2 area.

From thetoluenecontaminationsno significant impadis visible on the gas outlet measuremégviien the
contamination ceased, the methanacentratioryuickly returnedo the initial level Likewise,CO and H
re-increasein line with thesteammethane reformingeing active again

Table 18: Inlet gas compositionsét point, thermodynamiequilibrium (HSC), Micro-GC measurement
(3% Nz and Q removed ando adapted)

Composition [%]: H2 CH4 [CO [CO2

Inlet set point [% dry] 84,1 24 Of 134
Inlet HSC software simulation [% dry] 8384 03 11,0 49
Inlet measurement microGC 8L,7 28 04 151

Inlet fuel composition from micro GC measurement
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Figure42 Dryinlet anode gas composition duritigg contamination phaddean value of 3 masuremest
from theMicro-GC. The first level of contamination lasted 22 days without toluene, then each condition
lasted 2 days. After the contaminatipa measurement is perimed after 4 days armhotherafter 2 days
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more.The measurement atgpm DMS/ Oppm Tol(uene)had outlier values and is not shown heido
values are available before the contaminatinor bars are plotted based on the max and min waioe
the 3 measurementshe width of the lines is chosen for clarity but hidesstimallerror bars.

Outlet fuel composition from micro GC measurement
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Figure43: Dry outlet anode gas composition duritig contamination phaskleasurement from thdicro-

GC. The first level of contamination lasted 22 days without toluene, then each condition lasted 2 days. After
the contamination, a mgarement is perfromed after 4 days and another after 2 days e
measurement atfpm DMS/ Oppm To[uene)was an outlieand is not shown herllo values are available
before the contaminatioiError bars of the®, 39 and the 4 last points are fied based on the max and

min value from the 3 measurements.

4.4.5 Recovery
Whena RU voltagedroppedbelow 0.7V, the contaminanisjection wasstopged and the stackaskept

polarised at 32 under woodsyrgas conditionSG2). After 2400 h contaminant free operatiofi44
weekg, the stack recoveretb¥% of its initial performancejustbeforea newcontaminatiorsequencerl he
recoveryis logarithmical the time needed to recoved8% was only33 h, and the one to recover 60% was
250 h Compared to the total voltage dropused byhe sulfur coveragg69.7 mV) 91%(63.2 mV)was
recovered In other words, it seems plausible that the voltage loss due to sulfur contamination could
eventually be almost fully recovered, after several 100 ;unrecovered part (here 24% after 2400h)
would then be mostly ascribed to processes that degraded for other reasons than contaminant exposure
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U cells during the recovery
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Figure44: RU potentials during the recovery phaseweek(168h)separateeach vertical grid lineThe
step at 420(h couldnat be attributed to iy measuredstack conditionparameter such as pressure or
temperature.

4.4.6 HCI contamination
Before thedinal addition of HCI, stackt3was still slowly recoveringas shown above-igure45 shows the

RU potentials starting from the firsbntaminantevel of 5ppm HCI(in N»). As the injection startedhe
performance decreased steeply during the fiodt at -220 mV/khandthen reacled a stable degradation
rate of -60 mV/kh that stayed similar during thefollowing contaminationevels of HClup to 50 ppm
Unfortunately,dataacquisition stopped during the transition of @tn to 50ppm of HCl the potentials
look as if asmall stepoccurred during fis transition. According to theteadydegradation rate o060
mV/kh, at the time the acquisition restarted, the potentialdd be 1 mV higheit is suspected to come
from the dilution of reducing fugWith the addition of nitrogeras 226 Nml/mirN, wasadded at 5@pm
HCI, resulting inal mbar increase at the fuel inlg¢hen the expageto HClwasinterruptedthe potentials
jumpedinstantaneouslpy 1 mV, however, the performance contidue degradethough at a milder rate
of -43 mV/kh

EIS measuremestvere performedat the end of eacbhontaminanievel. DRT analysisis presented in
Figure46 anda zoomonthe high frequency peaks can be foun&igure47. Thechangs observed at low
frequenciesrerathersmall(P1, P2and P3; nonethelessP1 increasby 104 npsx  after the addition of
HCI. Surprisingly, a 8 peakappearegdalready at 0 pprof HCI, which alters the numbering of the peaks
compared to the previous sectiofke specific resistansef P4 to PGverenot evaluated as peakfit.mas

not able to fit properly the DR@utput even when reducing the frequency domain. This is true especially
for 10ppmHCI where P4 imlmost vanishebletween P3 and PB.manual integratiomvas notpossible as

the peak are ovelapping each otheilhe areaof P1, P2 and P3 are presented able19 as well aghe
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polarization resistance from the DRT pltite polarizatiorirom the Bode plot (not showandthe error
betweernthe Bodeplot andthe DRT fit.

First, the errowassignificantly higherimedian error 16%han those of the sfilir/toluenetest campaign
(median error 9%)The Z-HIT, the DRT fit from DRTtools and the peak fis from peakfit.mof a
measurement at 9% error and one at 16% eaobe found in Appendix.1.1.7 The error arises mainly
from the high frequencies and th& geak couldbeanartefact.

SecondP1 has a specific area 30% higher than during therseist campaigrithe air flow rate was set
to 30 NL/min instead of 32 NL/min ands seen previouslg lower airflowaffects P1.

The performance loss is attributed to a small ohmic resistance increase of araungi#i0 and to a
polarisation resistance increase of aroundi2@& both at low andat high frequencieHCl seems to
have small impast but on a wide range of progsesincluding fuel diffusion and charge transfer
Apparently,it is not covering the catalysis the conversion peak P2 stays unchanged throughout the test.

Gas analyss were carefully carried gutut notrendscould be recognized.

U cells during HCI injection
BLAZE3 2022-2023
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Figure45: RU potentials during expaseto HCI, plus 6 days without impity. Dataacquisition stopped
betwveen 20 ppm and 50 ppm of HCI.
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Gradual increase of HCI
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Figure46. RU4 DRT underwood syngas#2 (69%H,, 11%CO;, 2% CH,, 18%H,0, 4.7 Nml/min/cn?)
during a gradual increase of HCI
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Figure47: RU4 DRT zoom on frequencies from 10 Hatbp 11Hz where P3 to P6 appear.
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Table 19 Detailed peak arsaunder wood syrgast2 (69% H,, 11% CO,, 2% CHs, 18% H0, 4.7
Nml/min/cn?) with increasing concentration BICI. The polarization resistance is retrieved from the peaks
sum(and doesot reflect well the high frequencies resistance asfitaalis not fitting well) and from the
area under the Bode plot. The ohmic resistance is estimated from the Nyquist plot.

[MKOYu 60ppm  5ppm 10ppm 20ppm 50ppm

Roh

P1 214 224 22 221 221
P2 242, 243 24 245

P
Rpol 592 593 593 608 617
Rpol Bode 512 516 504 526 529
error [%] 16 15 18 15 17
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5 CONCLUSI ONS

Three shortstacks from SOLIDpower/SolydEra were tested under conditions mimicking their
operation with syngas producbky thesteamgasification of woog biomass.

The first stackl was operate@000h in steady conditions at 0.4A/érand80%FU, setting the
baseline degradationrate without the injection of impurities. Most RU showead ¢&expected
degradation rate§.4mV/kh, -0.4%/kh) except the last RU (cell6) that started degrestioggly

after 3000n (-26 mV/kh, -3.3%/kh). EIS measurements showed that the degradation was mainly
due to an increase in tikdmic losses.

The second sta#® was also operate®000h in total, including 2000 h with impurities . The
stack hadundergones unplanned emergency stogsd had therefore already degradbedore
impuritieswereinjected Thecontaminants were an orgasidfur compound (DM$0.2-1.6ppm)
anda light tar(toluene 20-180ppm).Sulfur had a stong impacton the performance of the stack
even at the lowest Vel (0.2 ppm). It was shown thathe loss of performance wdisearly
proportional to the Nsurfacesulfur coverage assuminga Temkinlike isotherm This was
confirmed by EIS, which showed thapBisoningincreasedhe charge transfer resistar{@) at
the electrolyte/anode interface amddered the RWGS reacti¢R2), both catalysed bii. The
impediment of the internal methane refroming was also wigte8wough gas chromatography
measuremest The addition ottolueneup to 180ppm did not have any impacton the stack
performance

These observations wecenfirmed duringthe tests with the third sta#8 which lastedd500h
altogetherwith 1000h of impurity injectionup to 4ppm DMS and 40@pm Tolueneln addition
to the previousobservationsit was shown that ecéeeding oftoluene with DMS could have a
s 0 me whereft i @dtiahon mitigating thepoisoning of Ni by sdlr. Another observation
worth mentionings that afteistopping the injection of impurityhe stack recovereds0% of its
performance within 33h and 80% within 25Ch. And potentially full recoveryafter several
thousands of hours

Using theTemkinlike isothermsuggestiona maximum sudilr coveragehatwould notgenerate
any additional degradatiomas estimated to 64%6orresponding to an allowabsailfur lewel in
the fuelof only 30 pph showing how strong nickel interacts wihlfur.

On average over stack#nd stack#3thetotal voltage loss for 0.2 pprand 1ppm of sulfuris
respectivellyd0 mV and55mV.
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7 APPENDI X

7.1.1.1 Cells voltages during the exposure to 0.5 ppm of DMS

U cells and contaminants (0.5ppm DMS)

BLAZE3 2022-2023
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Figure 48 Contamination phase 0.5 ppm DMS. Cell potentials on the left axis. DMS and toluene
concentration on the righixis (read 10@ppm and 40@pm forthetolueneconcentratioh

The currentitroughout this contamination phase wasfA32Z'he step at 1865 hours is the late adjustment
of the hydrogen flow rate.

7.1.1.2 Cell voltages during the exposure to 1 ppm of DMS

U cells and contaminants (1ppm DMS)
BLAZE3 2022-2023
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Figure 49 Contamination phasel ppm DMS. Cell potentials on the left axis. DMS and toluene
concentration on the right axis (read Jj@n and 40@pm for the toluene concentratjon

The current throughout this phase was 31.7A @B182h (the active load has an offset of R)3 After
adding toluen, | wascorrectly set to 32A.
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7.1.1.3 Cells voltages during the exposure to 2 ppm of DMS

U cells and contaminants (2ppm DMS)
BLAZE3 2022-2023
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Figure 50. Contamination phase 2 ppm DMS. Cell potentials on the left axi©OMS and toluene
concentration on the right axis (read Jj@n and 40@pm forthetolueneconcentratior).

The currenwith DMS was 31.7A and corrected at 3360h, whenaioéwasadded, to 32\.

7.1.1.4 Cells voltages during the exposure to 3 ppm of DMS

U cells and contaminants (3ppm DMS)
BLAZE3 2022-2023
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Thecurrent set point was held to 32hroughout the whole phase.
This project has received funding from the European @hidarizon 2020 research 63

and innovation programme under grant agreement No 815284



MM Horizon 2020
BLAZE 1* *: European Union Funding
‘ . * for Research & Innovation

7.1.1.5 Cell voltages during the exposure to 4 ppm of DMS

U cells and contaminants (4ppm DMS)
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The current set point was held to 82hroughout the whole phase.

7.1.1.6 H2S measurement from GC

H2S concentration in Fuel Inlet/Outlet from GC measurement
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Figure51: Dry inlet and outletanodeH>S concentratiorduring the contamination phase. Measurement
from the GC.
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7.1.1.7 Error comparison on the asfrom Bodeplot and DRTanalysiqpeakfitm)
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Figure52: Left: 0.5 ppm DMS / 100 ppitoluene at 9% error. Right: 0 ppm HCI at 16% error. ToptlZ
test (red = phase, blue = impedance, purple = impedance fidih)ZMiddle: DRT tool fit (red = raw
data, black = fit), BottomPeakfit (blue= data from DRT tool, red=fit, green= individual peak fit)
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