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Summary

In this periodic activity report, the work progress of the second reporting period (M7-M12) of
HyCoRA project is summarised.

In WP1 after the first 6 M the use of resources and work progress has been more even
uneven between partners with an exception of slow start of JRC.

In WP2 the progress has been according to work plan. The main topic of the first 12 months
has been to share the work between partners in the best possible way and verify the
performance of commercially available instruments.

In WP3 the sampling campaign at hydrogen refuelling stations (HRS) was successfully
completed the delivery of the gas sampler from Linde.

In WP4 the first version of qualitative risk model has been improved and focus has been
shifted to develop a quantitative model for CO monoxide poisoning with NG-PSA as
production and purification and tube trailer as delivery method.

In WP5 contacts have been established with JRC and ISO TC197 WG24. VTT, SINTEF and
CEA have established co-operations with US national labs (LANL, ANL)

The management WP6 has been executed as planned.
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1. Project objectives for the period
The objectives of the months 7-12 of the project has been to continue the research activities

in all WPs after further guidance from OEMSs for the experimental work and development of
the risk model.

2. Work Progress and Achievements during the 2" Period

The progress here is reported for those tasks, which have been active during the reporting
period.

2.1 Summary of progress

2.1.1 WP1 Determination of susceptibility of hydrogen contaminants for automotive
applications (VTT, CEA, JRC, PC)

Task 1.2 Functionality of hardware materials for fuel cell measurements. (M01-MO06)
(VTT, CEA, JRC, PC)

VTT and PC completed their parts of the work in Task 1.2 in Period 1. Therefore, only CEA
and JRC are reporting their progress in this report.

CEA

For the second reporting period of HYCoRA, CEA set up a system with a recirculation loop at
the anode in order to evaluate the impact of the impurity accumulation or dilution in that loop.
The schematic of the system is shown in Figure 2.1 and an example of results in Figure 2.2.
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Figure 2.1: PID scheme of EPICEA (modified system at CEA)
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Figure 2.2: evolution of the voltage of the stack (C) and the anode RH (B green) and cathode
RH (B blue) depending on flow inside the H, recirculation loop (A) on EPICEA.

CEA have tested 2 gas analysers for CO quantification at the anode exhaust of the stack.
One based on MS detection and the other on IR detection. The second one gives the best
results for subppm level online quantification.

At single cell level, CEA tested the impact of pollutant at three different concentrations (1, 2
and 5 ppm CO) at 1 A/lcm? in specific operating conditions (80°C, 1,5 bar, 50% RH and H,
stochiometry 1.2). The operation conditions are given in Table 2.1 and an example of results
is given in Figure 2.3.

Table 2.1: single cell test operating conditions

Parameter (test input) Unit Value / Range
Cell temperature, Tq °C 80
Fuel gas type / composition - H,
Hydrogen stoichiometry, Ay - 1.2
Fuel gas inlet temperature, Tyel, in °C 90
Fuel gas inlet dew point, Ty, gew (COrresponding to o (0

relative humidity at cell temperature RHy,e) C (%) 64 (50)
Fuel outlet pressure, Pruel, out mbarg 500
Oxidant gas type / composition - Air
Air stoichiometry, Ay - 2
Oxidant inlet temperature, Toy in °C 90
Oxidant gas inlet dew point, Tox gew (COrresponding to o~ (0

relative humidity at cell temperature RH,) C (%) 64 (50)
2" Periodic Activity Report 4
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Parameter (test input) Unit Value / Range

Oxidant outlet pressure, Po, out mbarg 500

Impact of CO on single cell (open anode)
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Figure 2.3: evolution of the MEA performance when using CO containing H2. 1ppm CO
(bleu), 2 ppm CO (green), 5 ppm CO (red).

The humidity of the gas entering the single cell are controlled thanks to two boilers (one for
anode, one for cathode). They are fed with deionized water but not degased. The small
recovery of performance at 35 hours during 5 ppm CO poisoning corresponds to a filling of
the anode boiler. The results has been reported in publically available report D1.2
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JRC

JRC tested the VTT designed setup with hydrogen fuel recirculation pump (operated at
constant speed through control voltage of 1.3 V) using a 100 cm® MEA (supplied by IRD)
mainly to determine in comparison to an anode open end configuration - termed single pass
- (Figure 2.4) the effect on pressure in recirculation mode (hydrogen fuel) loop at anode inlet
and outlet of the cell upon performing linear sweep polarisation curve measurements at a
rate of 3.5 A/min (Figure 2.5) for three different fuel utilisation (stoichiometry) levels namely
95% (1.05), 98% (1.02) and 100% (1.0); Figure 2.6 and 2.8 . The other operating conditions
are given in the below figures.

In summary, the test setup (adapted from VTT's design as already described in the
deliverable D1.2 but GC replaced by MS analyser and using in part components on loan by
VTT) used in combination with the test bench existent at JRC can operate together to
conduct the intended testing. Although the cell was operated only at 60°C, we would not
expect a different outcome when it is raised to 80°C in future tests to align to more realistic
automotive conditions.

Actually, the instantaneous performance in terms of voltage output was improved in
recirculation mode compared to single pass operation (open anode configuration). A further
investigation to identify the root cause for this observation is not in the scope of this task.

Further, no significant differences are observed for the three different hydrogen fuel
utilisation levels and the anode inlet and outlet pressures follow almost in unison the same
trend for all three levels as well as in the test using single pass of the hydrogen fuel.

Test Conditions:
Single pass, stoich: 2.0 An/2.0 Cath
Cell active area 100 cm2

T cell: 60°C

Tgasin: 65°C

Tdew cat: 40°C

Anode: dry

Recirculation pump speed at 1.3V
min flow 0.2A/cm2
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Figure 2.4: Evolution of the cell voltage and of the anode inlet and outlet pressures in
response to a steady increase in current density from zero to 940 mA/cm2 with
corresponding increases in reactant (air and hydrogen) flows during a test of a large area
IRD MEA in single pass configuration (anode open mode with hydrogen fuel humidified at
room temperature)
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Figure 2.5: Comparison of linear sweep polarisation curve measurements (instantaneous
cell voltage vs. steadily increasing current density) on a large area IRD MEA in anode open
mode (single pass) at 2.0 stoichiometry of hydrogen fuel humidified at room temperature and
in hydrogen fuel recirculation mode using a pump operated at constant speed for three
different utilisation (stoichiometry) levels (UF) namely 95% (1.05), 98% (1.02) and 100%
(1.0).
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Figure 2.6: Evolution of the cell voltage and of the anode inlet and outlet pressures in
response to a steady increase in current density from zero to about 1.4 A/cm2 with
corresponding increases in reactant (air and hydrogen) flows during a test of a large area
IRD MEA under hydrogen fuel recirculation at 95%, 98% and 100% utilisation (top, mid,
bottom).
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Figure 2.7: The dew points and temperatures of the anode recirculation loop. Data from the
measurements presented in Figure 2.6 (bottom).
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Figure 2.8: Representation of the measurements under hydrogen fuel recirculation at these
three different utilisation (stoichiometry) levels (top; 95%, mid: 98% and bottom: 100%) as
polarisation curves including the corresponding anode inlet and outlet pressures of the cell
and fuel flow (from test bench mass flow controller).

In addition to these performance tests, the mass spectroscopy-ion molecule reaction (MS-
IMR) gas analyser was employed to verify whether hydrogen fuel contaminant
measurements are possible. For this purpose, CO/CO; at 1-2 ppm were added to hydrogen-
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nitrogen mixtures. Sampling of these mixtures were directly from the flow with the cell by-
passed; Figure 2.9.

It is observed that the CO/CO2 readings are significantly affected by the presence of water
in the measured gas stream; in fact, the sensitivity of the instrument reading is reduced. The
effect caused by the presence of nitrogen being of same mass 28 (2 x 14) as CO (12 + 16)
can be compensated up to 5000 ppm of nitrogen present in the measured hydrogen gas
stream.
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Figure 2.9: MS-IMR measurement of impurities (CO, CO2) in humidified hydrogen-nitrogen
gas mixture when deliberately diluted by 10%, 20% and 50% using 10 ppm CO.
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Task 1.3 Study of reversible impurities. (M04-M34) (VTT, CEA, JRC, PC)

VTT
Work with system test bench using S2 development phase stack

The first version of stack model S2 was received from Powercell Sweden in October 2014.
The fluid connections were measured and suitable adapters were acquired for the
installation. The stack was installed to the test bench. A week after the installation was
completed with gas and cooling connections, cell voltage monitoring and load cables.

Unfortunately, during the leak testing step, a major leak was detected. With liquid leak
detecting fluid, the leakage source was located between anode gas manifold and the bottom
cell. The stack was then dismounted from the bench and sent back to PowerCell for
inspection. Even though the stack had to be sent back, mechanical and electrical
compatibility with the test bench was verified.

In the meantime, the test bench software was updated with a scripting engine in Labview
based control and graphical user interface (GUI) system, which allows fully automated and
repeatable control of tests. When the scripting engine is applied, the commands are edited
and saved in a text file, which is loaded and run from the graphical user interface. All the
control commands available in the GUI are also available in the scripting engine. The use of
scripting engine enables the test runs with drive cycles such as new European drive cycle
(NEDC).

Due to the S2 stack manifold design issues, PowerCell agreed to send VTT an older
prototype version of the S2 stack, which is fitted with PtRu-catalyst at the anode side. The
stack was installed to the test bench during March 2015. The initial test are planned to start
before end of April. Figure shows the current installation with the S2 prototype stack.

Figure 2.10: 1-2 kW test bench installed with the 8-cell S2 prototype version.

During the reporting period Powercell has solved the gas manifold problems and have
shipped to VTT a production version of a S2 stack (10-cell). This stack is having a CO
tolerant anode catalyst and will be used in another FCH JU project. The assembly and
shipment of production version of S2 (10-cell) is scheduled for late May or early June 2015.

No work has been carried out with the 2-10 kW test bench since M6 report. Without on-line
GC analysis, this remains as a back-up test station for HyCoRA project.

2" Periodic Activity Report 12
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Improvement of gas analysis by GC

Mass flow controller based impurity mixing is a useful for screening measurements with
large variance in impurity concentration. Each constituent in the mixing has usually been
analysed separately. The fuel cell recirculation or exhaust gas composition is also analysed
during the measurements.

However, the mass flow controllers have uncertainties. For increased confidence on the
mixing ratio, the mixed gas that is fed to the fuel cell also needs to be analysed. To verify
that the gas mixing produces the desired results, GC response was tested using two mass
flow controllers to dilute a 90.9 ppm CO/N, source with N, and H, streams.

Input CO reading based on flow readings of two mass flow controllers and verified 90.9 ppm
CO gas source was used. Measured CO reading was based on 10.2 ppm CO calibration gas
source and FID peak area. Figure 2.11 shows the results within a 10-100 ppm CO mixing
range.
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Figure 2.11: GC response verification with mass flow controller based mixing of CO.
Within the 10-100 ppm CO range, the detector gives linear response and the mass flow
mixing seems to match with the GC readings. The small differences are due to baseline

variation (H,/Ny) in the peak integration routine and nonlinearity of the mass flow controllers.

This work will be repeated with lower CO concentrations, when HyCoRA measurements with
CO are continued with 1-2 kW test bench.
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Preparation for the experimental work with formaldehyde (HCHO) and formic acid
(HCOOH)

The work with formaldehyde and formic acid as contaminants in hydrogen has been started
according to recommendations from the first advisory board meeting (Deliverable 5.3)

During the reporting period formaldehyde and formic acid contaminants, mixed with nitrogen,
were ordered from Air Liquide. The nominal concentrations for the HCOOH and HCHO were
100 ppm and 20 ppm. The delivery time for the HCOOH was 10 weeks and it was received
26.2.2015. The realized HCOOH concentration was 94.1 + 9.4 mol-ppm. The HCHO was not
received during the 2™ reporting period.

The work has been started with formic acid by building and validating the contaminant
feeding system and improved recirculation system. The planned test station has been
occupied by another FCH JU project (PEMBeyond). Therefore, the validation of the
recirculation system, contaminant feeding and analysis system has been performed by using
MEAs with PtRu anode and also test conditions of PEMBeyond project.

The experimental conditions are listed in the Table 2.2. It should be noted that there is
relatively large uncertainty in fuel utilisation and corresponding anode stoichiometry. The
combined maximum uncertainty of the mass flow controllers and the electric loads are in the
range of 3% with applied experimental parameters. Therefore, the targeted fuel utilisation
(98 %) was not reached, as can be seen in the analysis of the methane and nitrogen data.

A higher fuel utilisation is difficult to reach with mass flow controlled mode, due to the risk of
fuel starvation. A higher fuel utilisation than 98% could possibly be reached with a purge
controlled mode’. However, in that approach the control of the flow is lost and and fuel
utilisation lost could only be measured afterward from the enrichment of methane or some
other trace gas. In addition, the purge controlled mode requires additional safety measures.

Table 2.2: Experimental conditions for the 5 ppm HCOOH test.

Temperatures Anode gas feed Cathode gas feed
Cell 70°C Fuel utilization ~99% Oxidant utilization | 50%
Fuel utilization per
Recirc. loop 70°C pass 22%
Water trap 65 °C H2 flow rate 105.6 ml-min™ | Air flow rate 497.8 ml-min™
Water
condenser 5°C Inlet pressure 5 kPa(g) Inlet pressure Not regulated
Inlet dew point 63 °C Inlet dew point 68°C
Inlet temperature 80 °C Inlet temperature 80°C
HCOOH in feed 5 ppm
Current density | 0.6 Acm™ | Impurity flowrate | 5.93 ml-min”
H2 source purity 5.0
HCOOH in N2 94.1 ppm

The cell hardware was the same as descried in Deliverable 1.2. The MEA applied was a
commercial MEA with 25 cm? active area and catalyst loadings of 0.4 mgp/cm® on the
cathode and 0.25 mgptRu/cm2 on the anode. The GDLs were Freudenberg H2415 C5.

! Koski, P., Pérez, L.C., Ihonen, J. Comparing Anode Gas Recirculation with Hydrogen Purge and
Bleed in a Novel PEMFC Laboratory Test Cell Configuration (2015) Fuel Cells, Article in Press.
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The measurements system is presented in Figure 2.12.
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Schematic of the recirculation system for advanced GC sampling

BPR: back pressure regulator, C: Condenser, CV: check valve, D: dryer, DP: dew point
measurement, F: flow controller, GC: gas chromatograph, H: humidifier, H2C: hydrogen
concentration measurement, MV: manual valve, P: pressure measurement, P+HE: pump and
heating element, SV+CE: solenoid valve and cooling element, R: reservoir, T: temperature
measurement, TLC: thermostatic liquid circulator, V: ventilafor and WT: water trap.

Figure 2.12. Schematic of the anode side experimental setup. HCHO feed is shown in red,
recirculation loop in yellow and gas analysis loop in green. Nitrogen (N,) lines used for
diluting H, feed and drying sampled gas are shown in blue.

The description of the measurement system and test station has also been given in
Deliverable 1.2, Figure 1.3. However, there are following differences.

1)

2)

3)

4)

5)

The gas mixing is now after the recirculation pump. Based on our experience the
applied pump (NF Neuberger AB PM24927-86.12(AP.DC) can operate several
hundred hours at temperatures to at least up to 75° C, even is the pump
manufacturer claims that 60° C is the maximum temperature. The higher operating
temperature will help to avoid condensing of water inside the pump.

The volume of the recirculation loop has not been optimised, as no dynamic
measurements are planned. This enables easier water separation after the cell and
integration of sensors. The volume of the recirculation loop in this configuration is
about 100 cm®.

The low temperature humidity sensors (Vaisala HMP110) have been replaced by
high temperature humidity sensors (Vaisala HMT317). This enables higher gas dew
point in the recirculation loop and more stable operation of the system, as water
condensing inside the recirculation loop is easily avoided.

Hydrogen concentration sensors (AppliedSensor HPS-100) have been added in the
recirculation loop.

Check valve has been added in the recirculation loop before the pump to disable
back flow in the recirculating loop in the case of pump failure.
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6) The impurity feeding system has been improved to enable nitrogen flushing after the
experiments. This is now necessary as corrosive gases are used in the experiments.

7) Water condensing system between the cell exit and GC has been improved to enable
condensing of water and dissolving of the impurities in the water. The temperature in
this condensing system can be kept close to 0° C.

8) The verification system of inlet gas contaminant concentration has been improved.

The modifications and improvements, which still could be done, are following.

1) Addition of the 3-way valve, with the exhaust to ventilation, between check valve and
pump. This would enable effective drying of the pump by dry nitrogen, in case it gets
flooded by water during the measurement.

2) Addition of thermocouple to the water condensed in the solenoid valve. The
temperature of water at this point is needed for the calculation of the gas dissolution
in the water. Now this temperature is estimated by measuring the surface
temperature of the solenoid valve and the dew point of the gas coming out from the
condenser.

3) Minimising the gas volume between MFC and the 3-way valve for XX/N, and N,. This
gas volume is about 30-50 ml. Since the gas pressure here is about 4-6 bar, the time
needed for the gas change is up to 60 minutes with 5 ml/min gas flow change. The
gas change from XX/N, and N, causes significant time lag in the measurement and
makes the analysis of the results more difficult. An alternative is to switch between
two MFCs, one feeding impurity in nitrogen, and the other only nitrogen. In this
approach the MFCs must be calibrated frequently in order to keep high accuracy in
the flow control.

The results of the test system validation for HCOOH and HCHO measurements

In the Figure 2.13-A is shown the cell voltage and carbon dioxide concentration during the
measurement. At about 310 min the 5 ppm HCOOH is injected in the cell. Since HCOOH is
mixed with N, there is a voltage drop due to hydrogen dilution. The significant dilution of
hydrogen is also seen in the signal of hydrogen concentration sensors, presented in the
Figure 2.13-B.

The additional nitrogen in HCOOH/N, dilutes also exit gas, which is fed to GC. Therefore,
the carbon dioxide concentration drops. As a consequence, HCOOH oxidation to CO; is
practically impossible to quantify using only anode exit gas concentration data for CO..

Due to the voltage drop due to hydrogen dilution, the possible effect of HCOOH is difficult to
distinguish. However, when the HCOOH in N, mixture is switched to N, (at t = 530 min),
there is no recovery of voltage. The recovery of the voltage is only seen in the end of the
measurement, when N, flow is switched off and hydrogen concentration in the recirculation
loop increases again. This indicates that 5 ppm HCOOH had no effect at all.

The data for the hydrogen humidity sensors shows also how the anode gas humidity and
hydrogen are staying stable during the measurement. The control of the recirculation loop
was successful, which is further illustrated by the temperatures and dew points in the Figure
2.13-C and fuel utilisation per pass, show in Figure 2.13-D. Fuel utilisation per pass was
calculated using known flow, pressure and humidity data, as shown by Nikiforow?.

% Nikiforow, Kaj, MSc. Thesis Optimization of polymer elctrolyte membrane fuel cell systems - Applied
study of hydrogen recirculation p. 64-65 (https://aaltodoc.aalto.fi/handle/123456789/3335).

2" Periodic Activity Report 16
HyCoRA, 7FP FCH JU project no. 621223



All HZO and H, sensors

Cell Voltage

| —E&—co2ppm)

0.645

Cell voltage (V)

0.63

0.625

H20 sensors (kPa and mbar), H2 sensors (%)

0.62 L L L . \ } = o . ) ‘
0 60 120 180 240 300 360 420 480 540 600 0 100 200 300 400 500 600

Time (min)

Temperatures and dew points for the recirculation loop Fuel utilisation per pass for dry hydrogen

Pump T |
e Recirc: loop T at pump inlet |
Loop coldest paint T ‘
Dew point before the pump| |
Dew poit before the cell |

85t

Temperatures and dew points (C)
Fuel utilisation per pass (%)

0 100 200 300 400 500 600 0 100 200 300 400 500 600 700
Time (min) Time (min)

C D
Figure 2.13 A-D. The results of the HCOOH injection validation measurement.

The HCOOH injection was taking place between t=310 min and t= 550 min, meaning that the
injection time was about 4 hours. When the HCOOH/N, mixture was switched to N, there
was about 30 minutes time lag due to gas exchange in the upstream from the impurity
feeding point.

During this time period the effluent water was collected for the measurement of possible
HCOOH concentration.

As discussed earlier, when HCOOH/N, mixture was injected to the cell, the possible
HCOOH conversion to CO, was impossible to measure due to change in hydrogen dilution.
However, when HCOOH/N, mixture was switched to N, (at about t=550 min), there was
about 3 ppm (6%) drop in CO, concentration, which can be seen in Figure 2.14. This
reduction could be due to the fact that HCOOH conversion to CO, was stopped. In that case
it would correspond less than 10% of the HCOOH entering to the cell.
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Figure 2.14. A more detailed data of CO, and CH, concentrations during the system
validation measurement presented in Figure 2.13 A-D.

The obvious question is where does rest of the HCOOH disappear? This question is difficult
to answer. A part of the HCOOH can permeate to the cathode, a part can be dissolved in the
anode exhaust water and a part stays in the gas coming out from the condensing unit.

Formic acid has very high permeability in Nafion type membrane®. Unfortunately, no
guantitative data is available for the formic acid permeability when it is in the gaseous phase,
which makes the analysis of cross-over difficult. Zhang et al. (2010) have, however, shown
gualitatively that significant amount of HCOOH can permeate to the cathode.

If the data from Jeong, et al. (2007) for the formic acid permeability in Nafion is used, then
the flux through the membrane is in the range of 10-100 mAcm™ for 1M formic acid at 70° C
and for membrane used in this work.

If it is assumed that the HCOOH concentration in water in the membrane surface is 1 mM,
then crossover current would be 0.01-0.1 mAcm™. Here, a linear relationship between the
crossover current and HCOOH concentration in water is assumed.

The calculated cross-over current would correspond 6-60 times the molar flux of incoming
HCOOH in the cell in the current experiment with 5 ppm, 0.6 Acm™ and anode stoichiometry
of 1.02.

3Jeong, Kyoung-Jin, Craig M. Miesse, Jong-Ho Choi, et al. 2007. Fuel Crossover in Direct Formic
Acid Fuel Cells. Journal of Power Sources 168:119-25.

Song, C., M. Khanfar and P. G. Pickup. 2006. Mo Oxide Modified Catalysts for Direct Methanol,
Formaldehyde and Formic Acid Fuel Cells. Journal of Applied Electrochemistry 36:339-45.
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Naturally, this calculation example is only illustrative and contains significant uncertainties
when the formic acid permeability in Nafion is estimated. However, it shows that permeation
through the membrane may be a very significant factor, when formic acid is studied as
contaminant in hydrogen fuel.

In this experiment the amount of condensed water was 10.55 grams in 4 hours during the
formic acid injection. This corresponds 53% of the product water during that period. The
large amount of water can be explained with very wet cell conditions (cathode inlet humidity),
which facilitates water transfer to the anode.

With this large amount of water almost all (>99%) of the formic acid coming out from the
anode should be dissolved in the water at 5° C. On the other hand, the corresponding
concentration in the effluent water should be in the range of 2 ppm, if most of the formic acid
is not converted to CO; in the anode cell or permeated to the cathode.

No measurable amount of formic acid could be found in the effluent water. The data,
measured by electrophoresis’ is presented in the Figure 2.15 shows that the measurement
limit is the range of 0.5-1 ppm.
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Figure 2.15. Electrophoresis data for the HCOOH validation measurement.
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If most of the formic acid is permeated through the membrane, then there will not be
measurable amount in the condensed water. The formic acid, permeated to the cathode, is
most probably oxidised to CO, on the cathode electrode. This, however, would increase the
CO; concentration in the cathode air so little (from sub-ppm to few ppm), that it would be
detectable only if CO, free synthetic air is used as gas.

The experiences from the first measurement with formic acid are as follows:

1) Injection with HCOOH in N, is a usable method to study the effect of the
contaminant. However, for more accurate measurements HCOOH in hydrogen is
preferred. However, the stability of HCOOH in hydrogen may not allow this.

2) The effect HCOOH on the cell voltage could be better distinguished from the dilution
effect by having hydrogen diluted by N, flow on before switching HCOOH in N, on.

3) Measuring HCOOH permeation to the cathode and oxidation to CO, to get a
complete mass balance for HCOOH requires CO, free air on the cathode and low

* Water, lon Analysis Methods for IC and CIA and Practical Aspects of Capillary lon Analysis Theory.
April 1998 Jim Krol, Mark Benvenuti, and Joe Romano lon Analysis Group. Method: Direct UV
Detection at 185 nm of Anions and Organic Acids 1998
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4)

5)
6)

7

CO; level in hydrogen used. 5.0 hydrogen may not be enough, as it may contain
severalppm CO..

Measuring possible HCOOH in the effluent water requires lower net water transfer
from the anode. Otherwise, the HCOOH concentration in the water is so low that
measurement using electrophoresis is not possible.

The measurement times needed are long and even one measurement in one working
day is challenging to perform.

The increase of the current density from 0.6 Acm™ to 1.0 Acm™ in the measurement
could help to see the effect of HCOOH.

The probable maximum HCOOH concentration in the anode gas will be about 10
ppm, when 100 ppm HCOOH in N,. Otherwise, the hydrogen dilution effect may be
too dominating. Alternatively, the fuel utilisation should be reduced to 95%. This
would make the interpretation of the GC and effluent water data even more difficult.

With these expediencies the following experimental recommendations has been drafted for
the low loading (0.05 mgcm?) Pt anodes. These apply for both formic acid and

formaldehyde.
1) Experiments are started with maximum current density (1.0 Acm?) and HCOOH
concentration (10 ppm).
2) Fuel utilisation of 95% will be applied, when HCOOH in N, is used. The higher fuel
utilisations will be applied when HCOOH in H; is available.
3) The gas condensing in the anode loop will be minimised and so the amount of
effluent water should be reduced by 90%, when also the cathode gas is drier.
4) Contaminant injection time of 8 hours is targeted. This means relatively low
stabilisation time in the beginning.
5) The contamination measurement should be started by switching from N, to HCOOH
in N to distinguish better between contaminant and dilution effects.
6) 6.0 Hydrogen will be used for more accurate mass balance for HCOOH and HCHO.
7) CO, free synthetic air will be used in the cathode and CO2 level of humidifier water
will be reduced by degassing procedure.
8) CO., levels of cathode inlet gas and exhaust gas will be measured.
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CEA

In that task, CEA studied the impact of CO using the NEDC as reference current profile all
other parameters equal. The operating conditions are thus the same as presented in
paragraph 2.1.1 in this document.

The impact of pollutant has been studied using current cycle in order to check if the :
- The impact of pollutant is higher with constant current
- The impact of pollutant is higher with current cycles

The cycle used is propose by the European Harmonisation group for PEMFC testing and
based on NEDC inputs. The integration of the NEDC gives an average current of 0.37 A/lcm?

NEDC profile
1,2
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0
0 200 400 600 800 1000 1200 1400
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Figure 2.16: NEDC profile for single cell

With that cycle, the impact of 5 ppm CO is lower than using stationary condition at 1 A/cm?
which is consistent with the fact that the flow of CO injected in the PEMFC is also lower.

We can see that a plateau is reached for the performance of the cell at high current.
Considering that the loss of performance because of the ageing of the MEA due to the cycle
is equivalent with pure and polluted H, We can estimate that the use of 5 ppm CO is
responsible for 2.5% of drop of performance. The cell voltage at 1 Acm? after 24 hours under
5 ppm CO is 0.576 V while the one after recovery of performance under 1 hour under pure
H, is 0.581 V.

Comparison of current cycle or constant cycle:

The flow of CO entering the cell is same for the 2 configuration:

- 1 Alem® with 2 ppm CO

- NEDC with 5 ppm Cycle.
The loss of performance is calculated at the same current (1 Alcm?).
The drop of performance because of CO is higher when 2 ppm of CO is injected and the
MEA working at constant current (1 A/cm?).
To reach stronger conclusion on that comparison, a test using 5 ppm of CO under 0.37
Alcm? should be done.
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The impact of NEDC cycle also to be discriminate from the impact of pollutant.

By looking in more detail the evolution of the cell voltage for each step of the NEDC cycle,
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Figure 2.17 Impact of 5 ppm CO using NEDC cycle
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Figure 2.18 Impact of NEDC cycle without CO (0 ppm CO), detail of performance for 1 hour.
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Table 2.3: Impact of different CO concentration for different current cycles

current profile  Currentdensity ~ CO concentration

constant 1

constant 1

constant 1
NEDC 0,37
NEDC 0,37
NEDC 0,37

GO N~ O N -

CO concentration pg/min

0,0186
0,0371
0,0929
0,0069
0,0137
0,0344

U cell (after 24 hrs
under pollutant)

0,621
0,597
0,447
0,549
0,576
0,576

U cell (pure
H2) recovery

0,622
0,622
0,622
0,551
0,581
0,581

% loss

0,2
4,0
28,1
0,4
0,9
0,9

Note: for NEDC, 0.37 represent the average current density and the flow of CO represents the average flow
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Impact of NEDC cycle on degradation:

The polarisation curve obtained at the BoT and EoT have also been compared. It shows that
there is no loss of performance when the constant current is applied whereas there is a loss
of performance when NEDC is applied. Moreover, the loss of performance is the same
whatever is the CO concentration when the NEDC is applied.

Table 2.4: Impact of the current cycle on the irreversible degradation for different CO
concentrations

current Current Cco U cell at 1Acm2 Ucellat 1Acm2on

profile density concentration on pol curve BoT  pol curve EoT oloss
constant 1 1 0,616 0,616 0,0
constant 1 2 0,616 0,616 0,0
constant 1 5 0,616 0,618 -0,3
NEDC 0,37 1 0,589 0,581 1,4
NEDC 0,37 2 0,604 0,595 15
NEDC 0,37 5 0,595 0,587 1,3
Note : for NEDC, 0.37 represents the average current density
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JRC

Following the initial MS-IMR measurements conducted under task 1.2, preliminary MS-IMR
measurements of the anode outlet gas stream of a 100 cm? MEA (supplied by lonPower)
operated on 1-2 ppm CO contaminated hydrogen fuel humidified at room temperature in fuel
recirculation mode at 60° C cell temperature and 0.25 A/cm? current density; Figure 2.21.
The cell operating conditions are detailed in the below table. The cell was operated in these
measurements at a constant load of 0.25 A/cm? current density.

Table 2.4: Cell test and operating conditions

Parameter (test input) Unit Value / Range
Cell temperature, T °C 60

Fuel gas type / composition - H,-2 ppm CO
Hydrogen stoichiometry, Ay - 1.5, 1.05, 1.02-
Fuel gas inlet temperature, Tiel. in °C 65

Fuel gas inlet dew point, Ty, gew (COrresponding to dry gas due to
relative humidity at cell temperature RHy,e) i bubbler by-pass
Fuel outlet pressure, Pruel, out mbarg 0
Oxidant gas type / composition - Air

Air stoichiometry, Ay - 2.0
Oxidant inlet temperature, Toy in °C 65
Oxidant gas inlet dew point, Ty gew (COrresponding to °C 40
relative humidity at cell temperature RH,)

Oxidant outlet pressure, Pox, out mbarg 0

In summary, the MS-IMR measurements performed over a two-days period evidently enable
at 2-10 seconds measurement duration to capture the dynamics of (transient) cell operation
at the anode outlet for the measurement of CO in hydrogen gas. No noticeable voltage
degradation was observed during the measurement.

The intake of oxygen causing some of the CO to readily convert to CO, and the
simultaneous occurrence of nitrogen almost in unison with that species in the analysed gas
stream could be the result of several reasons but primarily due to a possible leak too small to
be indeed noticeable giving a minor tightness issue in the test setup upstream of the MS
analyser. Other possibilities include minor residual oxygen in the hydrogen supplied, oxygen
(and nitrogen) crossover through the membrane from the cathode to the anode given a small
pressure difference and/or oxygen present in the feed water for hydrogen humidification. It
requires due attention in future measurements.

Despite the employment of a dryer between the cell anode outlet and the intake at the gas
analyser, residual water was detected in the analysed gas stream to cause a significant
interference with the CO reading in addition to that of nitrogen.

JRC considers investing into a dryer better capable of reducing the water content much
further in the gas stream to an acceptable level not to cause too great an interference with
the CO measurement to continue with such impurity measurements.
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Figure 2.21: MS-IMR measurements at the anode outlet of the cell operated in fuel
recirculation mode at 60°C temperature and 0.25 A/cm?” current density.

PC

Powercell has sourced soft goods for stacks in HyCoRA project. The stacks have been
adapted to pure hydrogen operation.

These stacks have been improved over the first stack delivered to VTT in the fall of 2014,
which was not tested there due to hydrogen leakage issue. Improved balance of stack
components due to leakage issue mentioned above. Also, the interaction between MEA and
flow field has been improved for better performance. A picture of the current status of the S2
design may be seen in Figure 2.22 below and a its main properties are outlined in Table 2.5.
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Figure 2.22 100 cell S2 stack

Table 2.5 Typical properties of an S2 fuel cell stack

Physical Data: §2-50C $2-100C $2-150C $2-200C
Length (mm) 150 210 280 350
Height (mm) 145 145 145 145
Width (mm) 440 440 440 440
Nominal power output (kW) 45 9.0 135 18.0
Maximum power out put (kW) 6.0 12.0 18.0 240
Voltage output (V) 30-475 60-95 90-142.5 120-190

$2-250C
410

145

440

25
300
150-2375

Maximum current output 195 A

AP athode @ Nominal power <100 mBar

APanode @ nominal power < 30 mBar

(H,, stoich 1.5,15% inert)

Maximum operating temperature 85°C

Humidity Non-condensing at inlet
Gas pressure < 2.5 bar(abs)

Coolant Pressure Gas pressure + 0.2 Bar
Ambient temperature -30-70°C

Properties in this table may be subject to change during the final qualification of the stack platform. This table is representative of a late prototype stack

Task 1.4 Study of retrievable and irreversible impurities. (M07-M34) (CEA, JRC)

CEA
Not yet started: focus on the impact of CO

JRC
Not yet started.
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2.1.2 WP2 Development and validation of novel analytical methods for hydrogen
guality assurance (VTT, CEA, PT, SINTEF)

Task 2.1 Development and validation of novel and traceable accurate methods for
hydrogen purity analysis. (M01-M34) (VTT, CEA, PT, SINTEF)

VTT

During the first reporting period a new pulsed discharge detector (PDD) was purchased,
commissioned and few tests with HCI were done. During the current reporting period the
applicability of the PDD for the analysis of various impurities has been studied further.

Preliminary tests were carried out by injecting HCI, NH;, HCHO or HCOOH from a
headspace ampoule kept in a thermostat water bath and injecting 1 ml samples from
headspace.

Experiments with HCI were done using a DB-1 column and about 50 ppm of HCI in H,. As
expected, with such a ‘high’ concentration the peaks were noiseless. A similar procedure
was tried also for HCHO and HCOOH. With about 50 ppm of formaldehyde a fairly sharp
peak with DB-1-column could be obtained. However, another type of column is needed to
improve resolution.

In the case of about 50 ppm of formic acid, the peak is already slightly tailing. Although the
resolution is good, another more inert column is sought.

Signat FORMALDEHYDI H2 SSA A0 1150 SPUTTLOVNBTA CH
s 2N SO SPUTTLOABIA CH [

Signat H2 NOLLA A0 2150

Sopt MUURRHAISHAPPO H2SSAAID 1150 SPLITTLOWBTACH
Syt H2NOLLA AJ0 2150 SPUTTILDWSTACH

J L

Figure 2.23. About 50 ppm of formaldehyde (left) or formic acid (right) in hydrogen.

Because the 50 ppm level is still far too high for the needs of the analysis of real gas
samples a 10 ppm HCI standard was bought. This gas together with a gas dilution system
was used to validate the method for low concentrations of HCI as well as to determine the
practical detection limit. To our disappointment the sensitivity of the PDD has not been very
good and at concentration levels of about 5 ppm the signal to noise ratio is already poor.

As an alternative method a four-channel Agilent-490 micro gas chromatograph was tested.
For the analysis of HCI we employed a Poraplot-U-column equipped with a p-TCD—detector,
Figure 2.24. The extremely small column diameter guarantees fast analysis times while the
small volume of the detector improves sensitivity over a conventional TCD.
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Figure 2.24 Analysis module from a micro-GC with covers removed. Poraplot-U-column with
a U-TCD-detector.

The resolution was found good. However, also with this system it was not easy to go to
concentration levels much below 5 ppm which for this application is not adequate. New ideas
for improving the sensitivity of the gas chromatographic analysis with the PDD are now being
tested.

New technoloqy for the analysis of HCI

VTT has been in contact with a Finnish company Environics (www.environics.fi). Environics
is a company which has specialised in Chemical Sensing Technology and CBRN (Chemical,
Biological, Radiological and Nuclear) Protective Solutions. Environics has developed new
online gas analyzer based on their patented DMS-AIMS2 technology. The analyser was
found to be extremely sensitive to many of the critical impurities within the scope of
HyCoRA.

The expected measurable concentration levels are:

NHs, 0-50ppb
Cly, 0-50ppb
HCI, 0-50ppb
HF, 0-50ppb
SO,, 0-50ppb
H.S, 0-50ppb

Negotiations (Jari lhonen, VTT- Jouni Salmi, Environics) have been started on leasing an
analyser from Environics to VTT for about four months. During this time the applicability of
the analyser for the analysis of small HCI concentrations in hydrogen would be carried out. If
the overall performance of the analyser proved good the analysis could be extended also to
small suphur concentrations.
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CEA

Two analyzers were rented by CEA to measure the content of three mixtures containing H2S
or CO in pure hydrogen in the frame of the EURAMET 1220 hydrogen purity for the WP2 of
the Hycora project. The first analyzer is a mass spectrometer called IMR-MS (lon Molecule
Reaction Mass Spectrometry) and the second one is an infrared equipment called OFCEAS
(Optical Feedback Cavity Enhanced Absorption Spectroscopy). Both are on line methods
with a very fast answer.

IMR-MS failed to measure the content of the cylinders containing CO, but succeeded for the
cylinder containing H,S.

OFCEAS has successfully measured the content of the cylinders for both components.
Results are summarized in the table Table 2.6 below and fit well with the information
released by the supplier.

Table 2.6 OFCEAS and IMR-MS results.

Component Analytical method Result (umol/mol) Starz(% rr(ilc;?ivvigtion
CO high value OFCEAS 0.950 5 %
CO low value OFCEAS 0.096 5 %
s OFCEAS 0.931 5.08 %
2 IMR-MS 1.013 5.2 %

The calibration standard cylinders used in the project are summarized in Table below.

Table 2.7 Summary of calibration standard results.

Calibration . Nominal Measured .
b Provider molecule I | unity method
y value value
CEA-LTB H,S 1 0.970 + 5% rel. | pmol/mol | Ana-FPD (S)
calibrated
IMR-MS | Air Products H, 99.9+1% | %mol, Grav.
without
dilution
AP2E Praxair H, 100 Purity 6.0
calibrated the Praxair H,S 1000 1039 + 2% rel. | pmol/mol | Not available
OFCEAS N,
after dilution coO 100 100.7 + 2% rel. | pmol/mol | Not available
with H, by a Praxair N
factor 100 2

An example of the results for CO and H,S is shown in Figure s 2.25a and 2.25b,

respectively. Results for H,S in Figure 2.25b are bothered by unstable one stage stainless
steel pressure regulator
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CO OFCEAS november 26th (sonic nozzle 75 pm) H,S OFCEAS november 26th (sonic nozzle 75 pm)

#
" s
0,96 ~40minutes  09514umol/mol  0,1%  2450points Rt R i) (et SRs
),

CO in umol/rv

11:02 11:09 11:16 11:24 11:31 11:38 11:45 8:09 8:38 9:07 9:36 10:04 10:33

Figure 2.25a: OFCEAS results for CO Figure 2.25b: OFCEAS results for H2S

Protea

The development of new designs of FTIR and Mass Spectrometer products has continued.
Following M6 meeting and OEM meeting, the importance of low level H2S measurements
was re-iterated. The possibilities of using laser absorption spectroscopy for improved H,S
detection has been included in our developments.

FTIR

The design of a novel gas cell for high pathlength absorption measurements has been
completed. The design constraints of the new cell were numerous, including high pathlength,
high throughput and low volume to pathlength ratio.

The cell design produced includes a number of novel optical design parameters that could
possibly lead to a patentable design.

Figure 2.26: Novel FTIR Gas Cell design has been completed

The mirrors for the gas cell are out to manufacture. We had expected production of the first
prototype set by M10, but it has been delayed due to manufacturing tolerances not being
possible.
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Figure 2.27: Novel FTIR Analyser layout, ready for construction M14

The final FTIR design will be compact through the use of suitable transfer optics between
interferometer and gas cell. Interchangeable detector modules give the option of DTGS or
LN2 cooled MCT.

Electonic and mechanical parts have been ordered for construction of prototype FTIR
system. Construction is expected by M14 (June 2015).

Quadrupole Mass Spectrometer

The test QMS has been improved again since M6 with new variations on turbo and backing
pump. The rotary backing pump has been specified in order to ensure pumping of H, is
sufficient. The pump has flombination oil added for safety in sampling H..

The new pumps ensure vacuum is reached in quick time, but variation with pressure still
need to be improved. By investigating inlet technology we hope to standardise on a material
and flow rating to give repeatable pressure. Currently we look to be using a sintered
stainless steel inlet.

Current QMS design is in bench prototype. New component design will be fabricated into
transportable design by M14.
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Figure 2.28: QMS prototype with revised pumps and inlet. Constructed into case by M14

Quantum Cascade Laser (QCL)

QCLs offer Mid-IR absorption measurements of gases with the benefit of high power, high
resolution and selective detection. Low H2S detection is always going to be a problem for
both FTIR and QMS. In order to improve the suite of gases we can measure, Protea has
investigated the possibilities of QCL for H,S measurement. Any QCL system could use a
standalone measurement cell or could be coupled to the FTIR gas cell, giving parallel
measurements.

A hypothetical QCL based trace gas detection system was proposed in a software model
describing available components of a system. The outcome was that the system is feasible
and could possibly offer lower detection limits of the order of 10ppb
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Figure 2.29: Recorded spectra (signal-
reference) for different concentrations of
H,S. Noise contribution can been seen on
all spectra

Figure 2.30: Scanned spectra at 0.01ppm
H,S for integration times of 10, 30 and 60s

The added benefit of QCL is the ability to tune over a small range of frequencies. With the
laser we have chosen, the possibility of measurement of H20O with the same device is a
possibility, albeit with a need to account for cross-sensitivites.
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Figure 2.31: Cross-sensitivity of H,S and H,O absorption peaks

The component parts for the QCL system have been ordered. A prototype system
giving an indication of H,S performance is expected by M18.

2" Periodic Activity Report 36

HyCoRA, 7FP FCH JU project no. 621223



SINTEF

SINTEF has used their participation in the Euramet 1220 Round robin (organized by former
FCH-JU partners VSL and NPL) in order to evaluate the performance of several analytical
techniques relevant for the 1ISO 14687-2 standard. The analysis of 1 ppm H,S was
attempted with a GC-PDHID configuration. After extensive testing and optimization of the
signal, it was concluded that the interference from the hydrogen peak on the PDHID detector
was too large for quantitation of H,S at relevant concentration levels for H2 fuel QC.

SINTEF used their Long Path FTIR configuration to report Euramet 1220 CO quantitation at
both 1 ppm and 100 ppb levels. As expected, the sensitivity of this instrument far exceeds
the requirements of the fuel standards.

Table 2.8 SINTEF reported values for the EURAMET 1220 Round Robin.

Component Date Result Standard deviation Number of replicates
(dd/mm/yy) (mol/mol) (% relative)

CO high value 22/01/15 0.876 ppm 0.9% 4

CO low value 22/01/15 0.064 ppm 4.7%

H,S 22/01/15 1.05 ppm 6.2% 5

SINTEF has evaluated the versatility of a GC-MS configuration for fuel QC as proposed by
HyQ project (NPL AS 64 report). A customized gas inlet line has been configured, where
components are passivated in order to avoid contamination by sulphur species. Due to the
inherent signal drift of the MS detector, the samples and standards are alternately injected in
order to be able to compensate for this. Software has been developed (Matlab GUI) in order
to simply sample quantitation. SINTEF's contribution to H,S assessment in the Euramet
1220 Round robin was reported with GC-MS. GC-MS performance has also been evaluated
for the gases Ar, O,, N, and CO, and quantification limits (LOQ) of these gases has been
established. Limiting for the performance of assessment of permanent gases in air is to
avoid air penetration into the sample line, but LOQ's are well within the tolerance given by
ISO 14687-2.

Table 2.9. GC-MS analytical performace evaluated. LOQ indicates quantification level.
Values in ppm.

CO, 0.5 1 2 0.98 0.40
N, 5 10 20 0.92 17
0, 2 4 8 0.94 5

Ar 1 2 4 0.98 0.91

In cooperation with Argonne National Laboratory (ANL), SINTEF has modified the design of
the Pd-membrane pre-concentration device. The design simplifies the pre-concentration
setup and, through the use of larger sample volumes, allows for larger concentration
enrichment factors. The eight samples received from the first HRS sampling campaign
(WP3) will be run through the device and the results evaluated in Q2 2015.

The fundamental challenges of using Pd membranes for pre-concentration has been
discussed between SINTEF, ANL and a commercial supplier of this technology
Power+Energy. The formation of PdS at low temperatures requires alloying of the
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membrane. By using high temperature to remedy this, problems arises with the stability of
the pre-concentrated sample. It is expected that methanation and other reactions could have
occur at the hot Pd- surface. In order to avoid high temperatures, a Pd-Au alloy is probably
the best choice. According to SINTEF's membrane laboratory, there are still some
challenges when it comes to the mechanical integrity of these membranes.

Task 2.2 Testing and validation of new analysers for measuring multiple impurities.
(M01-M34) (SINTEF, PT)

SINTEF

SINTEF has been in dialogue with Power+Energy. Their semi-commercial products are
currently not tested for sulphur and ammonia containing gases. The possibility of testing
their instruments within HyCoRA is being negotiated.

Protea

FTIR

With the design finished and manufacture expect by M14, samples will be able to be taken
with the new FTIR system for M18 reporting.

Mass Spectrometer

Protea have carried out validation measurements of reference gases from BOC in order to
build a reference library of gas measurements for MS.

A TDL analyser was made available in order for use to validate this technology for use on H,
samples. BIP H, and 50ppm H,S in balance H, were used to validate the analyser.

- ,%ﬂakg .

Figure 2.32: TDLAS analyser for H,S has been used to test BIP H, and H,S reference
standards

Reference Gases

Permanently piped H, source has been made to our laboratory. Reference gases in balance
H, have been sourced for calibration of QMS and FTIR. This has included a Formic Acid
stability study that is being carried out by gas supplier (BOC) to check on feasibility of this in
a gas standard.

Parts have been sourced in order for a gas blender using Mass Flow Controllers for blending
control so that linearity measurements of reference gases can be carried out on the new
analysers developed. Protea’s current gas blenders are calibrated for N, or Air only.
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2.1.3 WP3 Assessment of hydrogen quality variation in hydrogen refuelling stations
(VTT, PT, SINTEF)

Only SINTEF have had activities in WP3 in the first 12M.

Task 3.1 Measurement of hydrogen quality variation in current HRS. (M01-M18) (VTT,
PT, SINTEF)

SINTEF

In week 52, SINTEF conducted the first HRS sampling campaign in Germany. At the time,
only five public HRS were available for sampling when using a FCHEV as sink. These
HRS's, located in Hamburg and Berlin, is operated by CEP who also provided empty FCHEV
for sampling. Additionally, samples from three refuelling stations were collected in Norway.
The operator of these HRS's in Porsgrunn, Drammen and Oslo, HYOP, took part in the
sampling.

The eight HRS's selected comprises a diverse feedstock: chlor-alkaline, water electrolysis,
SMR as well as compressed and liquid storage are represented.

Table 2.10. The eight HRS of the 1st HyCoRA sampling campaign.

Station Date and Time | Feedstock Storage Sample ID Sample pressure (bar)

Porsgrunn 28.11.2014 Chlor-alkaline Compressed HY-6 133

Drammen 28.11.2014 Water electrolysis (trucked | Compressed HY-7 135
in)

Oslo 31.10.2014 Water electrolysis (trucked | Compressed HY-8 130
in)

Hamburg, HafenCity, 09.12.2014 Water electrolysis (on-site) | Compressed HY-1 100

Oberbaumbriicke

Hamburg, Bramfelder Chaussee | 09.12.2014 SMR Compressed HY-2 130

Berlin, Sachsendamm 10.12.2014 SMR/Bio Liquid HY-3 130

Berlin, Holzmarktstrasse 10.12.2014 SMR/Bio Liquid HY-4 95

Hamburg, Schnackenburgallee 11.12.2014 Water electrolysis (on-site) | Compressed HY-5 120

The eight samples collected in 10 L passivated cylinders were collected at max. 600 bar due
to the fact that the sampling unit does not have IrDA communication. The pressure in the
cylinders after sampling ranged from 95 to 135 bar.

Samples were taken from the 10L bottles into 16 500 mL canisters that were sent for
analysis by Smart Chemistry. The analysis was performed in full compliance with 1SO
14687-2. The results have been received and distributed to the HRS operators, CEP and
HYOP. The results indicate with few exceptions that the fuel quality is generally very good.

These samples will be analysed by SINTEF after pre-concentration with the ANL Pd-
membrane device. This will verify the Smart Chemisty results and possible reveal more
information about species that is present below the detection limit (LOD) of Smart
Chemistry's analytical methods.

SINTEF has taken particle samples from three HRS's in the Oslo region. These results have
not been evaluated yet.
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Table 2.11. Smart Chemistry analytical results from the 1% sampling campaign. Red indicate

violation of ISO/SAE standards. All values are in ppm.

ID Tol HY-1 HY-2 HY-3 HY-4 HY-5 HY-6 HY-7 HY-8
Feed WE SMR  SMR/BIO SMR/BIO  WE CA WE WE
Storage C C L L C C C C
On-site Y N N N Y N N N
H,0 5 <1 <1 <1 <1 <1 2.9 <1 <1
THC (C1) 2 0.049 0.17 0.04 0.11 0.14 0.55 0.1 0.048
o, 5 3.3 3.5 1.7 2.3 24 4.1 5.7 1.1
He 300 <10 <10 <10 54 <10 <10 <10 <10
N, + Ar 100 24 74 10 10 14 1444 34 34
co, 2 <0.2 <0.2 <0.2 <0.2 0.20 0.43 <0.2 <0.2
co 0.2 0.0040 0.0033 0.001503 0.000661 0.00096 0.0037 0.0014 0.0015
HCHO 0.01 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
CHOOH 0.2 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005
NH, 0.1 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
TS 0.004 0.000076 0.000051 0.000098 0.00011 0.00008 0.0004 0.00033 0.0001
X 0.05 0.020 0.013 0.022 0.019 0.018 0.019 0.019 0.028
FI (%) 99.97 99.9973 99.9923 99.9988 99.9934 99.9983 99.8551 99.9960 99.9965

The first HRS measurement campaign comprises a unique dataset of public hydrogen fuel
quality data where sulphur analysis is performed. SINTEF has been asked to present the
result at the 3. International Work Shop on HRS Infrastructure in June 2015. SINTEF has
also discussed with Coordinator (VTT) that this could be part of a HyCoRA presentation at
the Fuel Cell Seminar where both actual fuel cell quality and risk assessment in presented.
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2.1.4 WP4 Risk assessment of hydrogen quality assurance failure (VIT, CEA, JRC,
PT, SINTEF, PC)

Only VTT is reporting in this WP, as the work from the partners is of advisory type.

Task 4.1 Development of qualitative risk model (M03-MO07)
The hydrogen fuel quality risk comprises of:

o the risk of fuel cell operated vehicles (FCEVS) experiencing significant adverse
effects due to the quality of the hydrogen fuel used, and

o the risk of hydrogen refuelling station (HRSs) delivering hydrogen fuel of such malign
quality
Fuel quality refers here to small concentrations of contaminants in the hydrogen fuel that, if
present, can affect adversely on PEM fuel cell performance.

Tentative qualitative models for considering the hydrogen fuel quality risk were developed
and presented for discussion in the first OEM workshop arranged at M6. Based on the
feedback from the OEM workshop updated qualitative models were defined focusing initially
on CO as a single contaminant and considering centralised production from natural gas (NG)
using the SMR/WGS-PSA process as the hydrogen supply.

The updated qualitative risk models for CO contamination in the HRS dispensed fuel and for
FCEV performance degradation due to CO contamination in the fuel used have been
described, together with the main concerns raised in the OEM workshop, in the HyCoRA
Deliverable 4.1 issued at M9.

Task 4.2 Development of quantitative model for risk assessment (M05-M24)

The focus in this task has been in defining initial quantitative models for considering the risk
of CO contamination in the hydrogen fuel and the subsequent risk of FCEV performance
degradation due to excessive CO in the fuel. Initially hydrogen supply by centralised
production from natural gas (NG) using the SMR/WGS-PSA process has been considered.
For quantifying the risk of FCEV performance degradation due to CO, development of a risk
model that takes into account the catalyst poisoning and recovery in case of CO exposure
has been started.

Simplified simulation models have been developed and applied to explore sensitivity of the
NG-SMR/WGS-PSA process, and purity of the produced Hydrogen fuel with respect to CO,
to the main process parameters and potential deviations in their measurement and control.

Simulation studies carried out by Dionissios Papadias at Argonne National Laboratory (ANL)
using their NG-SMR/TWGS-PSA model have provided the data for describing the sensitivity
of the CO concentration in the PSA output to variations in the main process parameters from
their target value.

The ANL PSA model used in the simulations comprises 4 adsorbent beds sized to limit the
impurities within the specifications as producing 1500 kg of automotive standard hydrogen
per day. The PSA process is designed to normally operate at bed pressure of 18 atm, tail-
gas pressure of 1.34 atm, and inlet gas temperature of 35 °C (i.e. the base case). It has two
pressure equalizations and total cycle time of 960 seconds (i.e. 16 minutes). In the PSA
process, the durations of the nine cyclic steps are considered being fixed. The PSA mode of
ANL is described in further detail e.g. in the article by Papadias et al.

® papadias, Ahmed, Kumar and Joseck, International Journal of Hydrogen Energy 34 (2009).
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The model simulations were performed by varying a single process parameter at a time. For
each parameter, the process was simulated at four to seven points near-by the parameter
target value. The results showed the effect on the model predicted steady-state
concentration for CO in the H, product after 350 cycles. The process parameters studied
comprised:

e PSA bed temperature: PSA-T (target value: 35°C)

e PSA operating pressure: PSA-P (18 atm)

o PSAnlet flow rate: PSA-Q (17,578 N-m®min, at 25°C and 1 atm)

o PSA tail-gas pressure: PSATG-P (1,34 atm)

e T-WGS temperature:TWGS-T (370°C / 643,15 K)

When operating at the target values of the parameters, the PSA process is expected to
produce hydrogen having CO concentration of 0.045 ppm.

The simulation results indicated the CO concentration in the PSA output to be rather
sensitive to reduction in PSA operating pressure as well as to increase in PSA bed
temperature, tail-gas pressure, or the inlet flow rate.
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Figure 2.33. Hydrogen quality variation as a function of different process parameters.
Simulation data for these was received from ANL.

Contrary to this, the influence of TWGS exit temperature proved to be marginal in the
simulated range of 370 — 420 °C. Increasing exit temperature of the Low Temperature Water
Gas Shift reactor (TWGS) would results in a higher CO concentration in the TWGS exit gas
going to the PSA process.

As indicated in the figure below, the PSA is easily able to manage the increase in inlet gas
CO, and the CO concentration of the PSA output appears fairly insensitive to the changing
CO concentration of the PSA inlet gas. Besides the TWGS temperature, (1) the NG
composition, (2) the steam reformer temperature, or (3) the steam / carbon ratio in the
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reformer will all affect the CO concentration of the PSA inlet gas. Assuming extrapolation of
the simulated CO (ppm) curve applies, the impact on CO in the H, product, however,
appears insignificant, i.e. CO concentration of the H, product gas stays below the 0.2 ppm
specification, as long as the molar fraction of CO in the PSA inlet stays below 3.7 %. This
would require, for example, over 100 °C increase in TWGS exit temperature relative to the
base-case.

CO (ppm) and inlet CO concentration (%) as co (ppm) as f(inlet CO concentration (%))
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Figure 2.34. The effect of different parameters on hydrogen quality.

Coarse simulation models (i.e. an in-house Matlab code and a Reliasoft RENO model) have
been introduced that allow to combine the above described PSA model simulation data on
the dependence of the PSA product gas CO level on the main process parameter values
with probabilistic estimates on the accuracy and errors in the measurement and control of
these process parameters. PSA process can be sensitive to changes in the values of some
parameter(s), but the risk of substandard product quality obviously is low as long as the
likelihood of experiencing large errors on the parameter(s) stays small. Respectively, the risk
of substandard product quality increases, as the uncertainty related to stability of the
parameter(s), to which the process is sensitive, gets higher.

Initial calculations have been carried out to explore the influence that variation/errors in the
PSA process parameters would have on the expected CO concentration in the product gas.
Errors with respect to the absolute target values of the different parameters were assumed
to follow the normal distribution with the mean equal to 0 %, and standard deviation of 0.1,
0.5, 1.0 and 1.5 %. Same error distributions were applied to all parameters. Errors in the
different parameters were assumed to be independent. In addition, the effects of the different
parameters on CO concentration in the product gas were considered to be additive.

The results of such calculations can be used to explore the range of variation that can be
expected regarding CO concentration in the PSA product gas due to uncertainties in the
process parameters. Also, the results provide indications on which parts of the process one
should start implementing improvements on measurements and process control in order to
assure more uniform product gas quality.

The results of the initial simulation runs performed indicated insignificant risk of experiencing
substandard CO concentrations in the PSA product as long as the standard deviation of the
errors in the considered process parameters stay below 0.1 % of the parameter target
values. Wider error distributions will create a risk of the CO concentration exceeding the 0.2
ppm limit currently set for automotive hydrogen fuel. With standard deviation of 1.0 %,
probability of 0.3 % (i.e. 0.003) was observed for the CO concentration to exceed the 0.2
ppm limit. By increasing the standard deviation of the parameter errors to 1.5 %, the
probability of exceeding the 0.2 ppm limit was found to increase little above 1 percent (i.e.
0.012). The results are illustrated in Figure Figure 2.35.
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Figure 2.35. CO concentration distributions.

Considering the effects of variation in the different process parameters separately, the
results suggest that product gas CO concentration is most sensitive to variation in the PSA
inlet flow rate (PSA-Q) and PSA-operating pressure (PSA-P). Small chance of CO to exceed
the 0.2 ppm limit was found if the variaton in either of these parameters approaches the level
of 1,5 % measured as the pdf standard deviation. The 1.5 % standard deviation implies that
,with the probability of 0.99, the flow rate would stay within 17.578 + 0.614 N-m*/min range,
and the operating pressure within 18 + 0.629 atm range. Regarding the other parameters
considered, the risk of substandard CO concentration appeared to remain negligible with
similar variation present.

Obviously, the variation in the individual process parameter values that can be tolerated
depends on the CO concentration at which the process is designed to operate normally, and
how much it differs from the maximum CO limit specified in the applied fuel quality standard.
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Figure 2.36. CO concentration distributions.
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To increase the relevance and validity in the assessment of the risk of degraded fuel quality
introduced by uncertainties in the production process controls, better knowledge is required
in the next phase on:
o how the main process parameters are actually monitored and controlled in the overall
SMR/TWGS-PSA process;
o how the probability distributions of errors in the measurement and control can differ
between the parameters;
o what significant dependencies can be found between the variables.

Once considered reasonable for CO, the models can be expanded to cover also the other
impurities in the produced hydrogen fuel. Similar to the CO case, the ANL PSA model could
be used assess the concentrations of N,, CO,, and CH,4, H,O and sulphur species.

Task 4.3 Risk assessment of QA concepts for hydrogen fuel quality (M05-M34)

The task has not started yet. It can commence once the quantitative models developed in
Task 4.2 are available. The task is expected to start after OEM workshop 2.
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2.1.5 WPS5 Dissemination, recommendations and communications (VTT, CEA, JRC,
PT, SINTEF, PC)

General dissemination activities are reported in the beginning of this section. In Task level
only JRC is reporting it's activities.

VTT

During the reporting period Jari Ihonen visited Los Alamos National Laboratory (LANL) in
USA (Tommy Rockward and Jacob Valdez). The main topic of discussions has been
information exchange concerning the development of recirculation system for contamination
research at single cell level. LANL is replicating and improving the recirculation system
developed by VTT with the help of VTT.

VTT has co-operated with Argonne National Laboratory in USA concerning the modelling
results of SMR-PSA. VTT has received from ANL (Dionissios Papadias and Shabbir Ahmed)
PSA modelling results, which have been used to create risk model in work package 4.

CEA

CEA received the venue of Tommy Rockward. A work plan has been initiated for material
exchange and testing the impact of CO in DoE lab of CEA MEA and test the impact of CO of
DoE MEA in CEA lab.

SINTEF

SINTEF, along with CEA, have been participating in the Euramet 1220 Round Robin. This
inerlaboratory qulity assurance test was coordinated by former HyQ partners VSL and NPL.
Dialogue and collaboration with these metrological laboratories are important for method
development relevant for hydrogen fuel quality. SINTEF will also, along with JRC, take part
in another round robin test. This is test is organized by the FP7 project H2FC.

SINTEF are in ongoing dialogue with ANL regarding the application of palladium membranes
for sample pre-concentration of hydrogen fuel quality samples. SINTEF and ANL are also
discussing the challenges associated with this approach with Power+Energy. The main
challenge to the use of Pd membranes is that the membrane must be heated in order to
improve flux and sulphur tolerance. The heated Pd surface does however tend to catalyse
methanation and coking thus changing the composition of the gas sample.

Discussions with the SINTEF membrane laboratory in Oslo have been very fruitful on the
topic on fast-flux, sulphur tolerant palladium-gold membranes. Membranes of this type can
be manufactured, but there is still some discussion on the mechanical stability to be solved.

SINTEF has received an invitation to participate in the 3. International Work Shop on HRS
Infrastructure and Transportation in June 2015 in order to present the results from the WP3
hydrogen fuel quality assessment.
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JRC

Task 5.1: Interaction with OEM advisory board (M01-M36)

As follow-up of the first workshop, OEMs were contacted to obtain their answers whether
they would become members of the industrial advisory board (IAB). As a result, AirLiquide,
Daimler, Gasum, Shell, and Woikoski are confirmed IAB members while Renault (Nissan)
declined. Pending are confirmations from AirProducts, BMW, Hydrogenics, Hyundai, Linde,
OMV, SAES Group, Total, Toyota and VW.

As follow-up of the first workshop, OEMs were contacted to obtain their answers whether
they would become members of the industrial advisory board (IAB). As a result, AirLiquide,
Daimler, Gasum, Shell, and Woikoski are confirmed IAB members while Renault (Nissan)
declined.

Table 2.12 HyCoRA IAB OEM members in the end of March 2015.

IAB OEM members Contact person(s)
AirLiquide David Carteau, Martine Carre
Daimler Sebastian Mock

Gasum Jussi Vainikka

Shell Alice Elliot

Woikoski Kalevi Korjala

Task 5.2 Organization of OEM workshops (M01-M36)

In follow-up of the first OEM workshop, the lecturers including OEMs were requested to
provide the publishable version of their presentations given in the workshop to have them
made available on the project website.

Also an email request by company Deerns to view the presentations given in the workshop
was thus answered.

Task 5.3 Liaison with standards drafting organisations (M06-M36)

At the Munich meeting of ISO TC197 WG24 “Gaseous hydrogen fueling stations - General
requirements” held in October 2014 which was also attended by JRC, one IAB member
namely AirLiquide made a much appreciated presentation on the project to the group
members. JRC has liaison with this group to keep them informed.

While WG24 is responsible for hydrogen fuel quality assurance / control recommendations
regarding production, purification, delivery etc. and requirements (i.e. safety distances) along
with supply chain analysis and practical sampling (methods & frequency), WG12 is
responsible for developing an international standard based on international consensus on
hydrogen fuel quality that includes maximum contaminant levels.

According to information from the annual plenary ISO TC 197 meeting held in Fukuoka
during early December 2014 attended by JRC in its liaison A capacity of the European
Commission, a NWIP (New Working Item Proposal) including hydrogen fuel quality is to be
prepared.

JRC will seek further participation to the WG to gather knowledge on its approach for a
methodology on hydrogen fuel quality assurance which will be communicated to the project
consortium providing the opportunity for feedback.
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2.2 Deviations and impact
221 VTT

The change of personnel at VTT has delayed the work in both WP1 and WP2. Kaija
Luomanpera is not working at VTT anymore and B. Sc. Mirja Muhola continues her work in
WP2.

The failure of the test station (Greenlight G60) electronic load has also hindered the
measurements for the HyCoRA project. While this problem has been mitigated by using
externally controlled electronic loads, is has increased the measurement uncertainty and
disabled some safety functions, such as electric load disconnecting. In practice, the test
station must have been attended during the measurements.

2.2.2 CEA
Impact of H,S is scheduled to start in mid 2015.

Modification of the system took more time than initially scheduled, however, its
automatisation will allow to perform the test matrix faster.

223 JRC

Test bench and gas analyser maintenance caused to postpone the testing under tasks 1.2
and 1.3 to this reporting period.

In case the MS-IMR gas analyser is continued for use in the anode outlet stream analysis of
CO as hydrogen fuel impurity, procurement of an appropriate additional dryer to reduce the
residual water content to an acceptable level not to cause interference with the CO reading
needs to be initiated before such analysis can resume.

2.2.4 Protea

Novel FTIR design has been delayed by 2 months due to design criteria not being possible
from manufacturer’s tolerances. Expected construction of system is now M14 (June 2015),
but validation of the system will be done by M18.

2.2.5 Powercell Sweden

Stack deliveries to the project has been delayed due to technical issues with leakage on the
prototype hardware. This has been solved and stack deliveries are about to start. In order to
minimize the impact on the project timeline an early prototype stack was been delivered to
VTT and has been used for system development.

2.2.6 Summary of deviations and overall impact on the work

During the reporting period the main delay of the project work is still in experimental work of
WP1. However, the progress during the period indicates that the time schedule of the work
will be caught up. Therefore, overall negative impacts on the project targets are not
expected.
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2.3 The use of resources

2.3.1 Deviations between actual and planned person-months per work package and
per beneficiary in Annex 1

In WP1 the use of resources has been uneven during the first year, as seen in the following
table. VTT and CEA have consumed resources slightly faster than budgeted. JRC has had a
very slow first year. Powercell expenses for the first year are significant as the materials and
work have been invested for the stack deliveries in M13-M18.

WP1 VTT CEA JRC POWERCELL
Actual PM 9,2 17,6 2,3 8,5
Budget PM 17,0 40,0 16,0 10,5
WP % of total PM S41%| 441% 14,5% 80,5 %
WP % of total Budget 421%| 38,8% 6,5 % 49,6 %

In WP2 the work for the first year has been started mostly as planned. CEA has already
consumed almost 66% of it's budget. Protea has invested in consumables required for the
manufacturing of the instruments during the entire project.

WP2 VTT CEA PROTEA SINTEF

Actual PM 2,6 2,3 40 2,6
Budget PM 12,0 4,0 24,0 10,0
WP % of total PM 219%| 58,5% 16,7 % 26,4 %
WP % of total Budget 28,3 % 65,7 % 479 % 24,0 %

In WP3 the first sampling campaign work was completed during the first year. Almost all of
the work has been done by SINTEF.

WP3 VTT PROTEA |SINTEF

Actual PM 0,1 0,0 6,0
Budget PM 3,0 15 20,0
WP % of total PM 1,7% 0,0% 30,0 %
WP % of total Budget 2,0 % 0,0 % 244 %

WP4 work has been progresses as planned, which is seen also in the PM and budget of

VTT.

WP4 VTT CEA JRC PROTEA SINTEF [POWERCELL
Actual PM 3,7 0,0 0,0 0,0 0,1 0,0
Budget PM 12,0 0,5 0,5 0,5 0,5 0,5
WP % of total PM 30,4 % 0,0% 0,0% 0,0% 20,0 % 0,0 %
WP % of total Budget 35,0 % 0,0% 0,0% 0,0 % 139% 0,0 %
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In dissemination WP5 there have been varying level of activities in the first year of the
project, which is as can be expected.

WP5 VTT CEA JRC PROTEA SINTEF  [POWERCELL

Actual PM 0,2 04 0,6 0,0 04 0,0
Budget PM 1,0 10 4,0 1,0 10 1,0
WP % of total PM 160%| 440% 14,8 % 00%| 423% 0,0%
WP % of total Budget 158%| 26,1% 23,6 % 0,0% 24,7 % 0,0%

In management WP6 the work has been as planned, which is seen in PM.

WP6 VTT

Actual PM 31
Budget PM 9,0
WP % of total PM 33,9 %
WP % of total Budget 28,2 %

All in all, the project work has

started slightly unevenly as the main part of the work is at
different stages for each partner. This is seen in the overall PM and Budget. The main
deviation is the slow start of JRC.

TOTAL PROJECT VTT CEA JRC PROTEA SINTEF  |POWERCELL

Actual PM 18,7 20,4 2,9 4,0 9,2 8,5
Budget PM 54,0 45,5 20,5 27,0 31,5 12,0
WP % of total PM 347%| 449% 14,2 % 149%| 29,0% 70,4 %
WP % of total Budget 325% 412% 8,3% 436%| 240% 455 %

2.3.2 Corrective actions proposed

The main delays in the first 12 months work were due to late delivery of sampling device in
WP3 and slow start of the JRC work in WP1.

The sampling device was delivered in M7 and the work schedule was caught up.

In WP1 a short researcher visit from VTT to JRC was organised for 21.10.2014 and
23.10.2014 and an anode recirculation system was borrowed to JRC. With this support, JRC
has been able to catch up partially the work schedule in WP1.

If needed another short researcher visit from VTT to JRC could be organised to assist JRC
in the measurements of WP1.
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3. Project management during the period

3.1 Consortium management tasks and achievements

The first periodic report was submitted 6.11.2014. The deliverables due during the Period 1
and Period 2 have been submitted.

The overall progress of the project has been monitored by bimonthly progress meetings.

3.2 Problems which have occurred and envisaged solutions
The problems in the technical work have been the uneven start of the WP1 and delay of

sampling device delivery. The latter one has been solved during the reporting period. The
solutions are proposed in Chapters 2.2 and 2.3.

3.3 List of project meetings, dates and venues

Date Place Title

5.12.2015 on-line 8M progress meeting
3.2.2015 on-line 10M progress meeting

23- Grenoble (France) 2" semi-annual  project
24.4.2015 progress meeting

3.4 Project planning and status
Project planning is progressed as expected. The guidance from OEMs in the 1% workshop

was for great help and has been taken into account in WP1 and WP2 work.

3.5 Impact of possible deviations from the planned milestones and
deliverables

There were following deviations from the milestones and deliverables.
e D1.2 and MS12 was delayed by 4 months.
e D3.1 and MS31 were delayed by three months.

There delays and corrective actions have been explained in Chapter 2.2 and 2.3.

3.6 Development of the Project website

The public web-site for the project is in http://hycora.eu/. The public deliverables will be
added there when they are accepted.
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