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Summary

In this periodic activity report, the work progress of the third reporting period (M13-M18) of
HyCoRA project is summarised. This report also summarises some of the results in M1-M18
reported in deliverables  in D1.2, D1.3, D2.3 and D3.2 and 1st and 2nd periodic reports.

In WP1 during the first 18 months, the main objectives for the first half of the project have
been reached. The main result of WP1 is that there is a clear difference between the
contaminant measurement results when conventional fuel cell test station and “miniature
automotive system” are used. This highlights the importance of performing measurements
with similar components and conditions as in real automotive systems.

In WP2 the progress has been according to work plan.  Novel methods for the analysis of
trace-level impurities in hydrogen are identified and developed. SINTEF has explored the
potential of GC-MS and FTIR spectroscopy. CEA has tested novel instrumentation such as
IMR-MS and OFCEAS. VTT has acquired a PDD detector that has been tested for the
performance of HCl analysis. VTT is currently testing the detector in ECD mode for
application to organohalide application.

In WP3 the results of the 1st sampling campaign, performed in the end of 2014 have been
disseminated and next sampling campaigns have been planned.

In WP4 the first qualitative risk model based on CO adsorption has been improved and the
first version of a quantitative model for CO monoxide poisoning has been developed. The first
simulation results have been presented in the 2nd OEM workshop.

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

The management WP6 has been executed as planned.
Confidentiality Public
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1. Project objectives for the period and first half of the project

The objectives of the months 13-18 of the HyCoRA project have been to continue the
research activities in all WPs after further guidance from OEMs for the experimental work
and development of the risk model.

The risk model has been developed further and has been the guidance for the experimental
work especially in WP1. The results of WP3 as well as hydrogen sampling results from USA1

have been taken into account in work planning.

2. Work Progress and Achievements during the 3rd Period

2.1 The risk model development (WP4)

The risk model, developed in the WP4, is a central part of the work in HyCoRA, as illustrated
by the Pert diagram in Figure 1. Therefore, the WP4 progress is reported first.

Figure 1. Pert diagram for HyCoRA project

1 http://www.hydrogen.energy.gov/pdfs/review15/tv017_sprik_2015_o.pdf   (slide 22)
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A top view of the HyCoRA risk model for considering both the hydrogen fuel quality risk and
technology reputation effects is shown in Figure 2.

Figure 2. A top view of HyCoRA risk model with technology reputation effects

Negative impacts on public perception of any technology can be seen to have high
significance for the automotive industry. At least in principle, the damage compensation
costs and the impacts of fouled technology reputation could be combined into a single risk
measure called ‘overall economic risk’. This is applicable also for hydrogen fuel cell vehicles.
Defining a credible value function for technology reputation is, however, considered to be
difficult and omitted in the first versions of the quantitative risk model.

The risk model approach, based on the different production-purification-delivery paths, is
gaining more interest also outside of Europe and HyCoRA project.  A similar approach as in
HyCoRA project is used in SAE TIR J2719/1. The Figure 3 illustrates the approach.

Figure 3. Simplified fuel flow in TIR J2719/1. 2

Based on this approach the “Hydrogen Quality vs Station Impurity Matrix” table has been
drafted in TIR J2719/1. In that table the requirements for QA has been determined for each
production-purification-delivery path. The extract for the NG-SMR-PSA-gas truck delivery
path is shown in Table 1.

2 Mike Steele, Application Guideline for Use of Hydrogen Specification  presentation in Hydrogen
Contamination Detector Workshop on June 12, 2014, in Troy, Michigan.
http://energy.gov/sites/prod/files/2015/04/f21/fcto_2014_hcd_workshop_5_steele.pdf
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Table 1. Extract from the “Hydrogen Quality  vs Station Impurity Matrix”.

Fuel Dispensed at Station Compressed Gas (CG)
Fuel Storage at Station Compressed Gas (CG)
Process/Purification Reformation/PSA
Feedstock Natural Gas
Impurity Constituents
Water H2O X
Total Hydrocarbons THC (1)
Oxygen O2 X
Helium He (1)
Nitrogen, Argon N2,

Ar
(1)

Carbon Dioxide CO2 (1), (2)
Carbon Monoxide CO (1)
Sulfur S X
Ammonia NH3 (1)
Total halogenates X
Particulates X
X Likely to occur if there is a fault or contamination, should always be tested.
(1) These contaminants need not be tested if compliance data/documentation is
available for the output of the purification stage or with a product delivery.
(2) Contamination is likely to occur after commissioning/maintenance and is
expected to diminish with use.

The NG-SMR-PSA-gas truck delivery path can be considered as one of the most common
ones and also the one that contains significant risks for the fuel quality failure. In practice the
risk is mostly on CO level and sulphur level and therefore also the fuel quality sensor
development is focused on those contaminants3.

2.1.1 The CO only model description

The feedback from the 1st OEM workshop (30.9.2014) was that the risk model should be
kept simple. Therefore, the focus of the risk model development was placed on the hydrogen
produced by centralised production from natural gas (NG) using the SMR-PSA process.
Carbon monoxide (CO) was considered as single contaminant in the fuel as the starting
case for risk modelling.

Figure 4 shows the tentative Influence Diagram (ID) model for considering the risk of CO
contamination (only) in HRS dispensed fuel. The details of this approach have been
described in Deliverable 4.1.

3 H2first Hydrogen Contaminant Detector Task: Requirements Document and Market Survey.
Washington, D.C.: United States. Dept. of Energy. Office of Energy Efficiency and Renewable Energy
2015
http://energy.gov/sites/prod/files/2015/04/f22/fcto_h2first_hydrogen_contaminant_detector_report_apr
il2015.pdf
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Figure 4  Tentative ID model for CO contamination in HRS dispensed fuel.

The first version of a simulation model for assessing the risk of ‘FC stack incident’ due to CO
in the hydrogen fuel in use has been implemented. The quantitative model considers the
impact of CO on the active catalyst surface area on anode taking into account

a) the slow loss of electro-chemically active Pt surface area over time due to
particle growth, and

b) the active surface area getting covered by CO during vehicle use in a single
day.

If CO coverage of anode active surface area reaches a certain threshold value, critical drop
in stack output voltage (e.g. 50 mV/cell) will occur leading to an ‘incident’.

The simulation model is shown in Figures 5 and 6.

Figure 5. Influence diagram model for the CO contamination impact on PEMFC stack.
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Figure 6. Flowchart model for FC stack CO impact simulation

The details of the model and used software (ReliaSoft RENO tool) are reported in the
Deliverable 4.2. A sort summary is given here.

There are number of random variables in the model. In the beginning of the day a vehicle is
selected randomly from a vehicle population, which is characterized by vehicles’ age and
initial Pt loading on the anode (in mg Pt cm-2). This gives the actual available Pt catalyst area
in the beginning of the day.

CO concentration in the fuel in use is another random variable, which is determined by CO
concentration in the fuel as delivered by HRSs in refuelling (random variable), fuel level at
vehicle refuelling (random variable), and the initial CO level in vessel tank vessel at the time
of refuelling (random variable).

Selected vehicle and FC stack, with the specified CO concentration in the fuel, is exposed to
a drive cycle comprised of sub-cycles with predefined load profiles.
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After a completed drive cycle, a stoppage time of random duration is initiated based on
literature data4. The reduction of CO coverage on the active anode surface during the
stoppage is calculated and the stoppage time is added on the time duration of the drive
cycle.

Accumulation of CO on the anode catalyst surface during a day will depend on the type and
duration of the drive cycle used.

If the accumulated time does not exceed the time limit set for daily operation (16 hours), a
new drive cycle is started. For the subsequent vehicle drive cycle, CO coverage of the
catalyst surface as found at the end of the stop is employed.

Once a suitably large number of simulation runs have been carried out, the probability/risk of
experiencing a CO induced FC stack incident in vehicle daily operation can be determined
as the ratio of the count of incidents recorded over the simulation runs and the overall
number of simulation runs performed.

2.1.2 The input data for the modelling work in this report

The input data for different random variables as well as CO effect on the performance have
critical importance for the validity of the model. Here are described the input data with
uncertainties.

The critical voltage drop and CO coverage

Based on the results of HyCoRA project and literature results (Hashimasa et al. 20105) it has
been estimated that 40 % CO surface coverage will cause critical voltage drop (chosen as
50 mV). This is considered to apply for at the current density of 0.6-1.0 Acm-2, when 0.05
mgPtcm-2 has been used as Pt loading.

The results of Hashimasa indicate that the required CO surface coverage for the critical
voltage drop decreases as Pt loading is reduced from 0.4 mgPtcm-2 to  0.05  mgPtcm-2.
Therefore, 40% CO surface coverage can be considered a valid estimate only for the new
anode which has 0.05 mgPtcm-2 Pt loading. Based on the results of Hashimasa, it could be
assumed that when the anode catalyst is aging and surface area is reduced, less surface
coverage percentage is required for causing the critical voltage drop. In the risk model
simulations in this report, however, a linear dependency is assumed meaning that the same
40% CO surface coverage is assumed also for an aged catalyst with reduced surface area.

4 National Fuel Cell Electric Vehicle Learning Demonstration Final Report  K. Wipke, S. Sprik, J.
Kurtz, T. Ramsden, C. Ainscough, G. Saur. NREL/TP-5600-54860:2012 and
http://www.nrel.gov/hydrogen/cdp_topic.html
5 Hashimasa, Y., Matsuda, Y., Akai, M.Effects of platinum loading on PEFC power generation
performance deterioration by carbon monoxide in hydrogen fuel (2010) ECS Transactions, 26 (1), pp.
131-142.
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CO concentration distribution in the hydrogen fuel

The real CO concentration distribution in the hydrogen fuel is the most critical parameter for
the model. Currently, there is no data available for CO concentration distribution from public
source.

CO concentration distribution can, however, be estimated using simplified simulation NG-
SMR/TWGS-PSA models, as described in detail in the 2nd Periodic report. The results of the
simulation studies carried out by Dionissios Papadias at Argonne National Laboratory (ANL)
will be used until real life data can be gained from hydrogen suppliers.

When CO levels from the HRS sampling campaigns are studied, it can be seen that
generally the CO levels are extremely low (Deliverable 3.2). However, in the recent sampling
campaigns in USA, a couple of very high values (2.7 ppm and 4.5 ppm) have been
measured6.

In the simulations in this report, CO concentration distribution has been fixed to some
predetermined values (0.25-4.5 ppm). Later on, when more data is available, CO
concentration will be a random variable based on CO concentration distribution, as
described above.

Platinum loading, active are and CO adsorption capacity

In the simulations of this report,  0.05 mgPtcm-2 has been chosen as Pt loading. According to
the literature (Hashimasa et al. 2010) adsorption capacity for CO can be estimated to be
about 1.24 mmol/gPt.

For the new catalyst, having 0.05 mgPtcm-2 loading, the corresponding increase in CO
coverage in full power (assumed here 1 Acm-2) is about 0.50 %/min for each ppm of CO in
fuel. This value is used in the calculations of this report.

Active surface area reduction is assumed to be linear over time, so that the active area is
halved from the initial in 5000 hrs of operation. This implies Pt area degradation rate of
0.01% per operating hour. This means that for the stack that is 5000 hours old (end of life)
active area is halved and the rate for the increase in CO coverage is 1.0 %/min-ppm in full
power compared to 0.50 %/min in the beginning of life.

In the “CO only” model of this report, the effect of sulphur or other irreversible or almost
irreversible contaminants are not yet taken into account. These contaminants would further
reduce the available area for the CO adsorption in the same way as catalyst aging.

The effect of internal air bleed

CO is continuously oxidised during the use of the fuel cell system. In the simulations in this
report, constant CO oxidation rate of 0.1%/min (as surface coverage) has been initially
assumed to apply when fuel cell system operate under a load. This initial estimate is based
on the measurements of Hashimasa et al. (2010), in which carbon balance during the early
phase of CO poisoning could be measured.

6 http://www.hydrogen.energy.gov/pdfs/review15/tv017_sprik_2015_o.pdf  (slide 22)
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However, this value is only a first estimate and has very large uncertainties. In practice, the
CO oxidation speed due to internal air bleed is dependent on large number of parameters
(membrane permeability, CO coverage, temperature, pressure, humidity, etc.). However,
there is no quantitative literature data excluding the single work of Hashimasa et al. (2010).

The effect of start-up and shut-down

Based on the extensive literature research, there are no published studies for the effect of
start-up and shut down for the CO oxidation speed. CO oxidation rate during the shut-down
will be dependent on the dynamics of gas exchange in the stack. Therefore, it will be highly
dependent on stack and system design and components as well as system operation.

The results of the HyCoRA project indicate that in the system used at VTT, the time required
for complete clean-up is 4 hours, when a specific S/S operation is applied (reported in
Deliverable 1.3).

Based on the data gained in those measurements, it is assumed that during the first hour
there is similar CO oxidation rate of 0.1% per minute and after that CO oxidation rate is 0.2%
per minute. This means that 40% CO surface coverage would be oxidised in 3 hours and 50
minutes.

The experimental results in HyCoRA project, however, indicate that within 1 hour there was
almost no CO cleaning at all. When the pressure data in the anode is studied (see e.g.
Figure 11 in Chapter 2.2.1), it can be seen that there is vacuum during the first hour. At the
same time, cell voltages are zero. This indicates that there is a large hydrogen cross-over to
the cathode and hydrogen atmosphere is on the both side.

It is therefore possible that there is hydrogen containing atmosphere in the both sides of the
MEA during the first hour, or at least tens of minutes. If that is the situation, then there is no
oxygen for the CO oxidation and no correspondingly reduction of CO surface coverage in the
beginning of stoppage. This is simulated in the sensitivity analysis reported in Deliverable
4.2.

The drive cycle used

The drive cycle used is Fuel Cells Dynamic Load Cycle (FC-DLC). FC-DLC is based on the
New European Driving Cycle (NEDC) designed for assessing the emission levels of car
engines and fuel economy in petrol-based passenger cars. It is supposed to represent the
typical usage of a car in Europe. It consists of four repeated ECE-15 urban driving cycles
(UDC) and one Extra-Urban driving cycle (EUDC).

The test cycle has total duration of 1181 sec and is defined by 35 Test Points (TP). The
specific loads and durations of the different TPs are described in Table 2.
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Table 2. Fuel Cells Dynamic Load Cycle used in the simulations.

The 100% (full load) TP is defined by the electrical load (current density) at 0.65 V. This is
the main pitfall of the simulation. According to German Association of the Automotive
Industry (VDA), the maximum power the average power in NEDC is only 4 kW, while the
maximum power is 34 kW7. In the simulations in this report, however, it is assumed that the
step 34 is a full power TP (with 1 Acm-2).

When power level needed in NEDC is compared to the stack power of current FCEV, it can
be seen that there is significant power surplus of actual FC stack is in all current FCEV.

This means that in the simulations of this report the fuel cell system is more like a hypothetic
system for a range extender vehicle than FCEV (Hyundai ix35 FCEV or Toyota Mirai).
Results of sensitivity analysis including the stack power will be reported in Deliverable 4.2.

A more accurate drive cycle for the risk assessment should be generated from the actual
vehicle data collected by NREL or other institute. Alternatively, a large number of real or
synthetic user days could be run through the model. The data for forming these user days
should be collected from FCH JU or other large FCEV demonstration projects so that user
data is representative for the future user of FCEV. Alternatively, ICE vehicle data could be
used, as it could be assumed that FCEV user profiles are not far from ICE user profiles.

When developing further, the model FCEV population should include vehicles like Hyundai
ix35 FCEV or Toyota Mirai as well as FC vehicles with range extenders as well as buses.
For each type of vehicle a representative daily user profile should be used.

7 https://www.vda.de/en/topics/environment-and-climate/nedc-and-wltp/nedc-and-wltp.html
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2.1.3 The results from the quantitative model

The first simulation results are shown in the Figure 8. Since there are still number of
uncertainties in the input data of the model, these results can be considered only as
indicative. However, it can be clearly seen that the aging of the system has a significant
impact on the incident probability. A sensitivity analysis for the key parameters is reported in
Deliverable 4.2.

Figure 8. Conditional probability of experiencing CO induced incident in daily operation of FC
stack/vehicles of different ages forecasted with the ‘CO only’ simulation model (0.05 gPtcm-2

initial loading, FC-DCL drive cycle with stops of random duration in between, average CO
coverage > 40% used as criterion for CO incident).

2.1.4 The guidance for the work in WP1, WP2 and WP3

The results of the risk analysis and additional information published in the literature are
valuable for the further guidance of the work especially in WP1 but also in WP2 and WP3.

In WP1 the work should be continued with low loading anodes (0.05 mgPt/cm2 or less). The
issue of FC-DLC harmonization should be solved so that results would be comparable. The
maximum and average current levels should be similar, when FC-DLC is applied as the
molar flow rate of the contaminant will depend on the current density used.

In the risk based hydrogen quality assurance, the importance of formic acid and
formaldehyde is reduced as these are not present in the main production paths. Further work
with these contaminants is, however, relevant as the limits may be changed.
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For formic acid and formaldehyde there is an assumption of build-up of contaminants8,9

behind the limits in ISO 14687:2-2012. In practice, permeation to the cathode, dissolution in
the water and oxidation to CO2 will limit the accumulation of the contaminants. However, this
must be verified.

However, measuring these phenomena or measuring the contaminant accumulation is very
difficult especially for formic acid. Due to this, for possible revision of formic acid and
formaldehyde limits in ISO 14687:2-2012, measurements with HCOOH/HCHO in hydrogen
are needed to reach fuel utilisation of higher than 99%, preferably 99.8%. Reaching 99.8%
fuel utilisation is possible only at the system level.

The critical issues for the further development of the risk model based on the CO coverage
are  the  effect  of  CO2, the rate of CO oxidation during the drive cycle and the rate of CO
oxidation during the stoppage. The last one, is, however highly system dependent and more
valuable results may be possible to reach with modelling effort.

When the risk model is further developed, more data for the loss of CO adsorption capacity
due to sulphur contamination is needed. In addition, the critical surface coverage for CO
should be studied, when active area is reduced. This requires MEAs with lower Pt loading
than 0.05 mgPt/cm2. It is not clear if these MEAs will be available.

In WP2 and WP3 the work could be focused more risks associated with different production-
purification-delivery paths, as described in TIR J2719/1.10

8 http://www.hydrogen.energy.gov/pdfs/review10/fc017_ahluwalia_2010_o_web.pdf
9 https://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/fp_workshop_watanabe.pdf, slides 24-25
10 Mike Steele, Application Guideline for Use of Hydrogen Specification  presentation in Hydrogen
Contamination Detector Workshop on June 12, 2014, in Troy, Michigan.
http://energy.gov/sites/prod/files/2015/04/f21/fcto_2014_hcd_workshop_5_steele.pdf
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2.2 Determination of susceptibility of hydrogen contaminants for
automotive applications (WP1)

The work with hydrogen contaminants during the first half of the project has been
summarised mostly in Deliverable 1.3 as well as in Deliverable 1.2 and in Periodic reports
(Deliverable 6.2 and Deliverable 6.3). In this report the most important results are reported in
relation to the WP4 model development. In addition some new results are presented. In the
table 3 are listed the development work and experiments performed by each partner in WP1.

Table 3. A list of measurement performed in each institute in WP1.

Partner Contaminant
studied and
ppm level

The issue
studied /
measurement
type

Pt
loading at
the
anode
(mgcm-2)

Single cell,
stack or
stack in system

Number of
measure
ments (or
estimate)

Results or
development
work reported
in deliverable

VTT

CO (1 ppm) Flow rate,
stoichiometry,
recirculation,
current density,
CO at the exit
gas

0.05 single cell ~20 D 1.2
and
D 6.2

VTT

HCOOH
(5 ppm)

constant
current
tolerance,
carbon balance

0.25
(PtRu)

single cell 2 D 6.3

VTT

HCOOH
(7.8 ppm)

constant
current
tolerance,
carbon balance

0.05 single cell 5 D 1.3

VTT

CO
(few ppm)

System test
bench and GC
operation
testing

0.4 SGL 20 cell
demo stack in
system

~30 D 1.2

VTT

CO
(fem ppm)

System test
bench and GC
operation
testing

unknown S2 prototype
stack in system

~45 D 6.2

VTT
CO (1,2,5
ppm)

constant
current
tolerance

0.05 S2 production
unit in system

6 D1.3

VTT CO (2 ppm) start and stop  0.05 S2 production
unit in system

7 D1.3

VTT

HCOOH
(9.4 ppm)

constant
current
tolerance and
with CO

0.05 S2 production
unit in system

5 D 1.3

VTT

HCHO
(2.0 ppm)

constant
current
tolerance and
with CO

0.05 S2 production
unit in system

1 D 1.3

VTT
CO (1.86
ppm)

Internal air
bleed / carbon
balance

0.05 S2 production
unit in system

1 D 6.4 (This
report)

VTT
CO (1.86
ppm)

Internal air
bleed / carbon
balance

0.05 single cell 1 D 6.4 (This
report)
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CEA
CO (1,2,5
ppm)

Constant
current
tolerance

0.2 SC 4 D1.3

CEA CO (1,2,5
ppm)

FC-DLC
(NEDC)

0.2 SC 3 D1.3

CEA
CO (2 ppm) Constant

current
tolerance

0.3 (ion
power)

SC 1 D1.3

CEA H2S (20
ppb, X ppb)

Constant
current

0.05 (ion
power)

SC 1 D 6.4 (This
report)

CEA CO SU/SD 0.2 SC 2 D1.3

CEA CO (2-5
ppm)

Constant
current

0.2 Stack / system ~ 10 D1.3

JRC

CO (1-10
ppm)

System test
bench and
IMR-MS
operation
testing

unknown SC 5 D 1.2

JRC

CO (1-2
ppm)

Flow rate,
stoichiometry,
recirculation,
current density,
CO at the exit
gas

unknown SC 5 D 6.3

JRC

CO (1-5
ppm)

Costant current
open and
Recirculation
mode.
FC-DLC test

unknown SC 12 D 1.3

PC
Polarization
curves at 65,
75 and 85 C

0.05 S2 10 cell stack
SN025

3 D 1.3

PC
Polarization
curves at 65,
75 and 85 C

0.05 S2 10 cell stack
SN040

3 D 1.3

PC
Polarization
curves at 65,
75 and 85 C

0.05 S2 10 cell stack
SN043

3 D 1.3
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2.2.1 Study of reversible impurities (Task 1.3)

The study of reversible impurities has been focusing on the effect of CO. The topics of the
study were selected according to needs for the “CO only” model development after the 1st

OEM workshop (30.9.2014). As discussed in Chapter 2.1, some of the data for the model is
available from the literature, while for some other topics there is very limited amount of data
available.

In addition to studies with CO, formaldehyde and formic acid have been selected for two
reasons. Firstly, the literature data (Deliverable 1.1 and Deliverable 1.3) indicates that the
limits may be too conservative. Secondly, these contaminants are the main obstacle to
reduce the number of instruments required for full quality assurance (QA) for ISO 14687-
2:2012 standard.

The topics studied so far and related to “CO only” risk model have been the following:

1) The effect of CO concentration on the poisoning time with different current densities
and platinum loadings.

2) The effect of drive cycle on the CO poisoning time.

3) The effect of start and stop on the CO poisoned surface recovery.

In addition, the work to quantify the mitigating effect (CO oxidation) of internal air bleed has
been started and first results are reported in this report for further planning of the
measurements.

A part of CO measurements have been very useful for the quantitative risk model
development. On the other hand, it seems that only the measurements with low (  0.05
mgPtcm-2) platinum loading anodes are useful as input for the quantitative risk model. With
high platinum loading anodes (>0.2 mgPtcm-2) there is very low possibility that sufficient
amount of CO could be adsorbed on the anode platinum surface during one day or between
two hydrogen fillings. This would require very high (several ppm) CO levels in hydrogen.

In addition, the effect of formic acid has been studied on both single cell and stack level and
the effect of formaldehyde has been studied on the stack level.

Most of the results and development work have been reported in detail in previous
deliverables, see Table in Chapter 2.2.3. Highlights of measurement and conclusions as well
as some new are briefly reported here, in addition to some new results.

The effect of current density, CO concentration and Pt loading

The effect of current density, CO concentration and Pt loading has been studied in the single
cells by in all research institutes participating in WP1. In addition, CO tolerance has been
studied in the system level, using automotive type stacks installed in the system at VTT and
CEA.

The system level measurements using automotive stacks with low loading (0.05 mgPtcm-2)
MEAs have enabled high quality measurements where cell to cell variation in behaviour can
be seen. An example of these measurements is shown in Figure 9. The measurements are
described in detail in Deliverable 1.3.
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Figure 9. Poisoning with 1 ppm CO and 1.0 Acm-2. b) Poisoning with 1 ppm CO and 0.6
Acm-2. Poisoning started from the beginning of the in measurement with 0.6 Acm-2.

The results are summarised in Table 4. When the results are interpreted, it should be
noticed that there are some uncertainties, especially in the measurement with 1 ppm and 0.6
Acm-2. In addition, the exact poisoning time for 5 ppm measurement is difficult to determine,
as the hydrogen purge has a major influence on the cell voltages.

However, it can be seen that the CO needed (in moles) for the voltage drop of 40 mV is quite
similar indicating that the internal air bleed is not very effective to oxidise CO. The theoretical
CO coverage, (CO), is also calculated, assuming no oxidation is taking place at all during
the poisoning.

Table 4. Poisoning times for 0.05 Acm-2 low loading anodes in automotive type system and
automotive “low pressure” conditions.

CO
concentration
in fuel (ppm)

Current
density
(Acm-2)

Poisoning time
min (average

voltage drop in
mV)

mmol

(CO)

(CO)
assuming no

oxidation

1 1 90 (40 mV) 0.054 47 %

1 0.6 160 (40 mV)
(possible 30-50

min error) 0.058 50 %
2 0.6 85 (40 mV)

92 (50 mV) 0.062 53 %
5 0.6 35 (40 mV)

38 (50 mV) 0.064 54 %

The effect of CO tolerance in the single cell level and the effect of recirculation was studied
by JRC and reported in detail in Deliverable 1.3. The results are summarised in the Figure
10 and in Table 6.  What can be seen in the result, is a beneficial effect of recirculation.
However, due to experimental difficulties, different fuel stoichiometry was used in
measurements and the results are not directly comparable, as described in Deliverable 1.3.
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JRC could not get exact information for the platinum loading from the MEA manufacturer.
However, the anode platinum loading should be commercial state-of-the-art, meaning a
platinum loading between 0.2 and 0.4 mgPtcm-2.

Figure 10. Collected JRC results from steady state test with current density of 0.6 Acm-2.

Table 5. Observed voltage drops in constant load operation at JRC.

Open anode end mode
Voltage loss

Recirculation mode
Voltage loss

Neat H2 0 mV over 6 hrs 0 mV over 6 hrs

1 ppm CO
-20 mV upon 4 hrs 35 min

-44 mV over 6 hrs -6 mV over 6 hrs

2 ppm CO
-20 mV upon 3 hrs -20 mV upon 3 hrs 18 min

-157 mV over 4 hrs 51 min -58 mV over 6 hrs

4 ppm CO
-20 mV upon 40 mins -20 mV upon 1 hr

-147 mV over 1hr 15 min -200 mV over 2 hrs
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The effect of drive cycle on the CO poisoning time

The effect of drive cycle has been studied so far at the single cell level and high loading
anodes (0.2-0.4 mgPtcm-2). The drive cycle used has been NEDC shown in Table 2.

The results from both JRC and CEA indicate that the drive cycle can have a small beneficial
effect on the CO tolerance. However, the measurements should be repeated with miniature
automotive systems using low loading anodes so that 50 mV voltage drop is reached. The
results of CEA collected in Table 6 and the results of JRC are Table 7.

Table 6. Impact of CO (% loss) depending of amount of CO entering the cell (anode loading:
0.2 mgPt/cm2)

current
profile

Current
density
(A/cm²)

CO
concentration
(ppm)

CO
concentration
(µg/min)

CO
concentration
(µg/min/gPt)

U cell
(after 24
hrs under
pollutant)

(V)

U cell
(pure H2)
recovery

(V)

%
loss

constant 1 1 0,0186 3,72 0,621 0,622 0,2

constant 1 2 0,0371 7,42 0,597 0,622 4

constant 1 5 0,0929 18,58 0,447 0,622 28,1

FC DLC 0.37 1 0,0069 1,38 0,549 0,551 0,4

FC DLC 0.37 2 0,0137 2,74 0,576 0,581 0,9

FC DLC 0.3711 5 0,0344 6,88 0,576 0,581 0,9

A Note: the integration of the current for the FC DLC give 0.27 A/cm2,

Table 7 - Voltage loss during FC-DCL test.

Voltage loss at
Current density

set

Voltage loss at
Current density

set

Voltage loss at
Current density

set

Voltage loss at
Current density

set

Voltage loss at
Current density

set

Inlet gas
quality

0.16 A/cm2 0.25 A/cm2 0.35 A/cm2 0.50 A/cm2 0.60 A/cm2

Neat H2 - 22 mV -10 mV -12 mV -14 mV -14 mV

1 ppm CO -17 mV -16 mV -20 mV -23 mV -23 mV

2 ppm CO -25 mV -15 mV -19 mV -21 mV -20 mV

4 ppm CO -23 mV -18 mV -22 mV -26 mV -28 mV

11 The minimum flow for hydrogen is set to correspond 3 A (0,12 A/cm2). Therefore, the average flow
of hydrogen with stoichiometry used for the FC DLC correspond to an average flow rate for current of
0.37 A*cm-2. The direct integration of current gives 0.27 Acm-2.
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The effect of start and stop (S/S) on the CO poisoned surface recovery

The effect of the start and stop on the CO poisoned surface recovery is an important issue
for the quantitative risk model. During a stoppage there is accelerated CO oxidation due to
gas exchange between the anode and the cathode.

In the measurements of HyCoRA project it has been observed that 4 hours stop time seems
to be sufficient for recovering the CO tolerance almost completely, indicating almost a full
recovery of the anode Pt surface. This can be seen in the Figure 11 and is described in the
Deliverable 1.3. On the other hand, during 1 hour almost no recovery can be seen. When the
stoppage time is extended to overnight (12-16 hours) a complete recovery has been
achieved every time.

Figure 11. Poisoning with 2 ppm CO and 0.6 Acm-2 with four hours downtime and the rate of
the pressure decrease in the experiment compared with the leak-tight system.

These results have been very useful for the first version of the “CO only” quantitative risk
model. However, as discussed in the Deliverable 1.3, the anode gas volume of the used “1-2
kW miniature automotive system” is large. The ratio between the volume and cell area is
0.32 cm3/cm2, which is almost an order of magnitude larger than in full size automotive
system, where it is assumed to be much smaller (around 0.05 cm3/cm2)12. Correspondingly,
the dynamic behaviour of the gas exchange in the VTT system may be significantly different
compared to automotive system.

The dynamics of gas exchange are illustrated by the decrease in anode pressure in Figure
11. When the system is stopped, a vacuum is created on the anode side, as hydrogen is
diffused faster from the anode side to the cathode side than nitrogen from the cathode side
to the anode side. The rate of pressure decrease is about 50 mbar per minute, which
corresponds little over 1 mAcm-2 hydrogen cross-over current, with the membrane area
(1950 cm2) and volume of the anode side system (628 cm3) are used.

12 http://www.hydrogen.energy.gov/pdfs/review10/fc017_ahluwalia_2010_o_web.pdf, slide 38
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In the S2 stack automotive MEAs are used. The membrane is thin and corresponding
hydrogen cross-over can be large, in the range of 1 mAcm-2 for the 30 micrometre thick
membrane13. When a warm and humid stack is disconnected from the load at 80 °C, OCV
values in the range of 0.96-0.97 V are reached, indicating that hydrogen cross-over is in the
range of 1 mAcm-2 or slightly more14. Therefore, the measured pressure decrease rate 50
mbar/min is a reasonable value.

When this type of measurements is performed, the gas tightness of the system is crucial, as
otherwise air could be leaked in the system during the vacuum phase. In the Figure 11 the
rate of pressure decay rate during the measurement is shown. In the same plot a pressure
decay rate of leak-tight system is plotted. There is small but clear difference in the pressure
decay rates, which indicates that there could have been some leaks in the system during the
measurement, shown in Figure 11.

The above example and calculations illustrate the difficulty for measuring the effect of S/S.
The gas exchange time will be dependent on the gas volume on the anode side as well as
the membrane properties. Also, the design of the cathode side of the stack and system may
have an effect, as oxygen transport in channels, manifolds and pipes on the cathode side
will be different.  The operation of the both anode and cathode side of the system during
shut-down procedure may also have significant influence on the stoppage time needed for
the CO clean-up.

The first measurements and analysis of the data indicate that the quantitative determination
of the stoppage time needed for the CO clean-up may be impossible with only experimental
work. Instead, modelling approach could be used in combination with well-planned system
level measurements.

The effect of internal air bleed on CO oxidation

The work to quantify the efficiency of internal air bleed has also been started by VTT. As
discussed in Deliverable 1.1, the selectivity of internal air bleed for CO oxidation is very low
(in the range of one %), as most of the oxygen is consumed by hydrogen oxidation (Alvarez,
200615; Ahluwalia and Wang, 200816).

Based on the literature search (Deliverable 1.1) there is almost no any data for the
quantification the of internal air bleed, when low loading anodes ( 0.05 mgPtcm-2) and low
CO levels (  2 ppm) are used.

Distinguishing between the CO2 coming from CO oxidised by electrochemical oxidation or
chemical oxidation due to internal air bleed and CO2 coming from other sources (hydrogen
fuel, humidifier, cathode air, catalyst support oxidation) is a formidable task.  It requires
excellent carbon balance measurements and extreme control of CO and CO2 sources. So
far, the only somehow useful data has been recorded by Hashimasa17. Even in their
measurements, the possibility of CO2 diffusion to/from the cathode has been neglected. The

13 Schoemaker, M., Misz, U., Beckhaus, P., Heinzel, A. Evaluation of hydrogen crossover through fuel
cell membranes (2014) Fuel Cells, 14 (3), pp. 412-415.
14 Vilekar, S.A., Datta, R. The effect of hydrogen crossover on open-circuit voltage in polymer
electrolyte membrane fuel cells (2010) Journal of Power Sources, 195 (8), pp. 2241-2247.
15 Alvarez, Marco V. S. 2006. Investigations of Current Density Inhomogeneities in Polymer
Electrolyte Fuel Cells Zürich: ETH/PSI.
16 Ahluwalia, R. K. and X. Wang. 2008. Effect of CO and CO2 Impurities on Performance of Direct
Hydrogen Polymer-Electrolyte Fuel Cells. Journal of Power Sources 180:122-31.
17 Hashimasa, Y., Matsuda, Y., Akai, M.Effects of platinum loading on PEFC power generation
performance deterioration by carbon monoxide in hydrogen fuel (2010) ECS Transactions, 26 (1), pp.
131-142.
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CO2 permeability is large and it is a strong function of membrane hydration18. Therefore, the
CO2 flux to or from the cathode cannot be neglected or considered constant during the
measurement.

In HyCoRA project first measurements have been performed to evaluate possibilities to
evaluate the effect of internal air bleed to provide information for the quantitative risk model.
The measurements were made with both at single cell and at system level using the same
pre-mix CO in hydrogen. The first measurements were performed with 1.86 ppm CO in
hydrogen and a current density of 0.4 Acm-2.

Figure 12 show the results of the first experiment with single cell. When the cell voltage and
CO concentration are studied, the data in the Figure 12 is well in accordance with the
literature data19.

Figure 12. CO poisoning with 1.86 ppm CO. Stoichiometry: anode 1.25, cathode 2.5. Cell T
80°C. Anode dew point 70°C, cathode dew point 77°C, atmospheric pressure.

18 Ren, X., Myles, T.D., Grew, K.N., Chiu, W.K.S. Carbon dioxide transport in Nafion 1100 EW
membrane and in a direct methanol fuel cell (2015) Journal of the Electrochemical Society, 162 (10),
pp. F1221-F1230.
19 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, 15 (3), pp. 494-504.
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In the Figure is 12 marked the area, when the drop in the cell voltage was under 50 mV after
the CO injection was started. During this time, the CO2 concentration increase in the exit gas
could give information about the CO oxidation by internal air bleed.

However, meaningful carbon balance data was not due to numerous difficulties. First of all,
even if the quality of the used hydrogen was 6.0, there was some CO2 in that. There wer e
also transients of CO2 coming from various sources, including cathode air. When the
cathode gas was switched to synthetic air (quality 5.5) the CO2 level was reduced to 9 ppm,
which was the lowest base level for the CO2, which could be reached. When at 150 min
hydrogen was changed from 6.0 H2 and 6.0 H2 with 1.86 ppm CO there was a large increase
in CO2 level. This was due to air in the lines, as the line to gas bottle with 6.0 H2 with 2 ppm
CO was not properly flushed.

When there is sufficient decrease in the cell voltage (200 mV),  the electrochemical oxidation
of CO starts and exit the concentration of CO2 increases by 7 ppm. However, this data is not
useful for risk analysis as the voltage drop is already unacceptable. It is, however, interesting
to see that the measured CO concentration in the end of the measurement clearly exceeds
the concentration in the H2 fuel used (1.86 ppm).

The measurement was repeated with the stack using same pre-mix gas (1.86 ppm CO in
H2). The result is shown in Figure 13. In this measurement, the fuel utilisation could be kept
between 99.5 and 99.8%, by increasing the anode gas purge interval to 31.25 minutes.

When the results from the single cell and system level measurements are compared there
are some interesting differences. The poisoning time (for 50 mV drop) with the stack is about
1.5 times longer than with the single cell. This is in line with other results in Table 4.

In single cell measurements a rapid increase in the CO concentration in the anode exit can
be seen from the beginning of the measurement and the CO level (1.86 ppm) of the
hydrogen fuel used is exceeded only after 20-25 mV voltage drop. In the stack measurement
less than 0.1 ppm CO could be measured with the similar voltage drop.

The exact reasons for the differences between the single cell measurements and system
level measurement are currently unknown. The differences can be due to different channel
dimensions and recirculation rate as well as membrane thickness and slightly different
anode catalyst loadings. The differences illustrate how single cell measurements can only
provide limited understanding of PEMFC poisoning phenomena.

Based on these first measurements, the following improvements can be proposed for the
single cell measurements, when the effect of internal air bleed is studied.

1) Gas volume of the anode recirculation loop and gas volume between the anode
recirculation loop and GC should be reduced. The time lag for the gas exchange complicates
the data analysis, especially if higher fuel utilisations are used.

2) Degassing of the cathode humidifier should be done before the measurement and
synthetic air should be used all the time to reduce CO2 level in air.

3) H2 used should have less CO2 for reaching lower base CO2 level.

4) Current density should be reduced, if 2 ppm CO is used. Now the measurement time does
not allow enough GC samples. Alternatively, 1 ppm CO could be used with 0.4 Acm-2.

Almost all of the issues could be mitigated, if a single cell with a large active area ( 100cm2)
would be used in the measurements.
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What remains as an unsolved issue is the CO2 flux through the membrane. If the effect of
internal air bleed is studied in the single cell or in the system level with high fuel utilisation,
the high flux of CO2 through the membrane will make the quantitative analysis of internal air
bleed effect very difficult. What will be studied in the second half of HyCoRA project is the
possibility to use carbon monoxide with carbon-13 isotope (13CO) for quantitative analysis of
the internal air bleed. JRC has already experience using CO with carbon-1320.

Figure 13. CO poisoning with 1.86 ppm CO. Stoichiometry: anode 1.002-1.005, cathode 2.5.
Stack T 80°C Anode dew point 64-66°C, cathode dew point 71-73°C, atmospheric pressure.

20 Dundar, F., Pitois, A., Pilenga, A., Tsotridis, G. Effect of humidity on carbon monoxide desorption
kinetics (2014) Journal of Fuel Cell Science and Technology, 11 (4), art. no. 041008, .



Deliverable 6.4 25
HyCoRA, 7FP FCH JU project no. 621223

The poisoning effect of formic acid and formaldehyde

Single cell and stack measurements with formic acid as contaminant have been performed
using mid-level power (0.6 Acm-2). Measurements with formaldehyde as contaminant have
been performed at the stack level. An example of the results is shown in Figure 14.

Figure 14. a) A result of a long formic acid poisoning (9.4 ppm). b) A result of a
formaldehyde poisoning (2.0 ppm). Low loading anode (0.05 mgPtcm-2).

The measured poisoning effect of 5-10 ppm formic acid is in the range of 5-10 mV. In the
measurements, the dilution effect due to N2 is larger than the effect of formic acid. A more
accurate determination of the poisoning effect is not possible without hydrogen that contains
formic acid as contaminant. With this premix gas, fuel utilisation could be kept higher than
99.5% and dilution effects could be eliminated.

The measured poisoning effect of formaldehyde is also a very small. When the concentration
of formaldehyde was 2.0 ppm (200 times the limit in ISO 14687-2:2012), the effect was
clearly smaller than the effect of 1 ppm CO in similar experimental conditions. However, also
the measurements with formaldehyde suffer from the dilution by nitrogen and completion of
the measurements would require a premix gas.

Based on the first results of HyCoRA project, the limits for both formic acid and
formaldehyde in the ISO 14687-2:2012 standard seem to be 10-50 times too high. However,
as discussed in Chapter 2.1.4, the limits in the standard are based on the assumption of
enrichment21. Therefore, revising the limits in the standard requires fuel cell measurements
with very high (>99.5%) fuel utilisation, which are only possible if the contaminants are
diluted with hydrogen. Even if these mixtures are not commercially available, they might be
available from National Physical Laboratory, UK22.

21 https://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/fp_workshop_watanabe.pdf, slides 24-25
22 Communication with Thomas Bacquart, NPL.
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2.2.2 Study of retrievable and irreversible impurities (Task 1.4)

The study on retrievable and irreversible impurities have been started for the first period.

Thanks to the results obtained in the WP3 after the sampling and analysis of H2 from
different HRS, it has been shown that the amount of sulphur species are under the threshold
given in the ISO 14687 WG12.

Regarding those results, it appears that one major risk for having sulphur species in the H2
comes from an unexpected failure in the process of H2 production and/or fabrication. That
hypothesis has been confirmed by gas producers. Indeed the sulphur is also a poison for
catalyst used in SMR. It is thus removed in the “desulphurisation” step of the process, if
some sulphur species are still present in the process it will destabilized it given rapidly the
information to the process operator of an issue. Another source of sulphur could be refuelling
station components after failure in maintenance procedures.

Using electrolysis (acid or basic) there is no way to find sulphur species in the final H2. But
for H2 produced by biomass/waste reformate the amount of sulphur could be higher than the
recommendation from ISO. That last case should be treated separately because that an
issue regarding the process and not the quality assurance.

For the HyCoRA project, it has been decided to look at an unexpected pollution of sulphur in
the hydrogen due to a failure in process. It has thus been considered a pollution with high
amount of sulphur for a short period that could represent the use of one tank of H2 and then
look at the recovery and sulphur removal from the catalyst surface.

H2S is used for the study. The time response of H2S, at considered concentration (tens of
ppb, hundreds of ppb) is lower than the one of CO for both poisoning and recovery. To have
an idea of the surface polluted by H2S, we used a strategy consisting in different step of
pollution under H2S and under CO. CO is use as a probe to determine the residual active
part of the MEA.

The first experiments to validate the method are shown in Figure 15. It has been shown that
for a pollution using 20 ppb of H2S for 1.5 hour, the use of 5 ppm CO is a good see impact
on MEA performances. The experiment has been done using a low loaded MEA from ion
power (0,05 mgPt/cm2 at the anode).

The evolution of the active surface area has been measured by integration of the Hupd
waves on CV. The values of Hupd the fourth cycles are 127 mC at BoT and 99 mC at the
EoT wich represent a loss of 22 % of the ECSA. The Hupd values for the first cycle of the
CV at the EoT was only 80 mC, which represent a loss of ECSA of 37%. That increase of
ECSA between the first and the fourth cycle of the CV can be attributed to the oxidation of
the adsorbed sulphur species leading to a cleaning process of the catalyst surface. That has
been validated by performing CV using a maximum voltage up to 1.4 V Vs RHE. It is known
that adsorbed S species are oxidized around 1.2 V Vs RHE on Pt depending of temperature
of conditions (Temperature, humidity, Pt crystallinity). After those CV, the ECSA has been
totally recovered (Hupd: 144 mC), and are slightly higher than the BoT ECSA, that could be
due activation of Pt during those CV and will be more extensively studies in the second part
of the project.

The method set up during the first part of the project will be used in the second part of the
project to study the self-recovery mechanism of ECSA after short time exposure (one tank of
hydrogen) to high concentration of H2S.
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Figure 15: CV performed at the BoT(black) and EoT (red), CV consitions 80°C, 50% RH,
50 mV/s. Only the fourth cycle is shown here.
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Figure16: CV performed at the EoT, CV consitions: 80°C, 50% RH, 50 mV/s, Emax 1.4
V/RHE. We can clearly see the evolution of Hupd between the first and fourth cycle.
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2.3 Development and validation of novel analytical methods for
hydrogen quality assurance (WP2)

2.3.1 Development and validation of novel and traceable accurate methods for
hydrogen purity analysis (Task 2.1)

FTIR Gas Analyser

Design of the novel mirror arrangement for the FTIR analyser gas cell has been delayed,
due to manufacturing tolerances being too tight and cash flow issues regarding the HyCoRA
funding. Component parts for the FTIR analyser design have had to be transferred to other
commercial projects. But re-stocking these to complete the build by M22 is possible, once
HyCoRA funds clear.

Quadrupole Mass Spectrometer (QMS)

Figure 17. New QMS Electronics (revised vacuum chamber is still needed for final design)

A new electronics and quadrupole have been installed within the existing vacuum system
that was constructed and tested within M1-12. This occurred in M16, later than expected due
to cash flow issues.

Tuning of the new quad (RF/DC settings) for the chamber has been problematic and we will
need to increase the diameter of the vacuum chamber to accommodate the new analyser.

The new QMS allows for variable gain to be programmed during subsequent scans, allowing
for low gain measurement of high concentrations (H2) and high gain measurement of low
concentrations (O2, N2 etc.). Work has been started to optimise the gain settings for
expedited H2 impurity analysis.

Quantum Cascade Laser

No work has been further on this new technology due to resourcing issues.
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2.3.2 Testing and validation of new analysers for measuring multiple impurities
(Task 2.2)

Testing of new analytical approaches to hydrogen quality control was conducted mainly
through two laboratory round robin tests. These tests were established for the purpose of
hydrogen quality control and the samples have consisted of relevant impurities in a hydrogen
matrix. The impurity concentration levels have been mostly higher than the fuel quality
tolerance limits set by prevailing standards. The reason for this is that the stability of the gas
mixtures over time at lower concentration levels is not sufficient.

In order to conduct these tests, several instruments has been applied. An overview of the
techniques applied is shown in Table 8.

Table 8. Overview of analytical techniques applied.

Partner Instrument Analyte

SINTEF FTIR CO, CO2, CH4, SO2

SINTEF GC-MS CH4, SO2, CO2, O2, N2

SINTEF GC-PDHID H2S

CEA IMR-MS CO, H2S

CEA OFCEAS CO, H2S

VTT GC-PDD HCl

Additionally, VTT has applied a PDD detector in Pulsed Discharge Helium Ionisation mode
the analysis of HCl. HCl in hydrogen was applied as test matrix. Currently, VTT is testing an
indirect method for HCl analysis by using the PDD detector in Electron Capture mode. This
is performed by catalytic conversion of HCl into an organohalide.

Optical Feedback Cavity Enhanced Absorption Spectroscopy and Ion Molecule Reactivity
Mass Spectrometry are novel techniques. Through the round robin, their applicability to
hydrogen fuel quality control has been documented through the round robin test conducted
as part of WP2.

The analytical techniques GC-MS, FTIR and GC-PDD as well established and they have
been suggested by the NPL AS 6423 report to be the most versatile techniques with respect
to the number of impurities they can be applied to. Within WP2, these analytical techniques
have been tested for their applicability for hydrogen fuel quality.

For GC-MS, SINTEF has worked with improving the instrument sensitivity. As seen in Table
9, the quantification limit of oxygen and nitrogen is not satisfactory due to system air leak.
SINTEF is working on improving the performance for these two components. One approach
currently being investigated is to use a purged multivalve for sample injection that prevents
air contamination.

23 NPL AS 64 Methods for the analysis of trace-level impurities in hydrogen for fuel cell applications,
August 2011.
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Table 9. Analytical performance of SINTEF GC-MS setup. Concentration levels and Limit of
Quantification levels are given in ppmv.

Analyte Level 1 Level 2 Level 3 R2 LOQ

CO2 0.5 1 2 0.98 0.40

N2 5 10 20 0.92 17

O2 2 4 8 0.94 5

Ar 1 2 4 0.98 0.91

SINTEF has applied FTIR spectroscopy to all impurities with the exception of homonuclear
species that does not have an IR signature.

Figure 18 Measured infrared absorbance spectrum through the 35m cell.

As seen in Figure 18, several relevant hydrogen fuel impurities can be analysed by FTIR.
With a 35 meter light path, the sensitivity is generally very good. For CO, a few ppb has
been verified. Although impurities like COS, SO2 and CS2 could be detected, the sensitivity
for  H2S is estimated to be too low for FTIR application with respect to a total sulphur
quantification with a tolerance of 4 ppbv in accordance with prevailing standards.

One benefit of IR spectroscopy is the vast libraries of spectral data available. To illustrate the
low specific absorbance of H2S, its spectrum has been compared with other relevant sulphur
species spectra in Figure 19

CO CO2

CH4

CH4

SO2

SO2

SO2

H2O



Deliverable 6.4 32
HyCoRA, 7FP FCH JU project no. 621223

Figure 19. Calibration spectra of relevant gas constituents at 100 ppm meters in N2 at 25 °C.
The H2S signal is 100 fold amplified for illustrative purposes.

During the analysis of SO2 at the 10 ppm level for the H2FC round robin test, it was
observed that the SO2 absorbance decayed with time. This was not unexpected as SO2 is
considered a sticky gas. To remedy this, the gas cell was heated to 50 °C and instead of
applying stationary gas conditions, a continuous gas flow of the samples was applied. The
analytical signal overlaid a 10 ppm simulated spectrum is illustrated in Figure 20

Figure 20. SO2 absorbance and synthetic absorbance of 9.5 ppm SO2 in the range 1100-
1200 cm-1.

The Euramet 1220 round robin protocoll was reported by CEA and SINTEF to the
organizers. Unfortunately, the publication of the final report has been delayed so SINTEF
and CEA cannot evaluate their analytical performance from this. The results from CEA and
SINTEF are summarized in Table 10 and Table 11, respectively.
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Table10. Euramet 12200 results reported by CEA.

Component Method Result (µmol/mol RSD (%)
CO 1 µmol/mol OFCEAS 0.950 5

CO 0.1 µmol/mol OFCEAS 0.096 5

H2S 1 µmol/mol OFCEAS 0.931 5.08
IMR-MS 1.013 5.2

Table 11.  Euramet 1220 results reported by SINTEF.

Component Method Result (mol/mol) RSD (%) Number of replicates

CO 1 µmol/mol

CO 0.1 µmol/mol

H2S 1 µmol/mol

FTIR

FTIR

GC-MS

0.876 ppm

0.064 ppm

1.05 ppm

0.9%

4.7%

6.2%

4

4

5

Only SINTEF took part in the round robin test organized by the H2FC project. The results
are summarized in Table 12. SINTEF results reported for the H2FC round robin protocol.

Table 12. SINTEF results reported for the H2FC round robin protocol.

Analyte GC-MS (ppm) SD (ppm) FTIR (ppm) SD (ppm)
CO 7.9 0.3
CH4 8.4 0.4 9.2 0.4
SO2 9.5 0.2 9.5 1.5
CO2 11.7 0.5 11.0 1.0
O2 10.4 0.5
N2 9.7 1.5

SINTEF is also collaborating with Argonne National Laboratory on the topic of impurity
concentration. Argonne has visited SINTEF both in 2014 and 2015 in order to discuss the
progress of the pre-concentration work. SINTEF has pre-concentrated samples with a target
factor of 100 times enrichment. The analysis has however revealed discrepancies. The
analysis of some constituents is shown in Table 13. The pre-concentration was performed
on a sample collected from a HRS by WP3 sampling.

Table 13. Pd-membrane enrichment experiments.All results in ppmv. Target enrichment
from pressure difference is 92.7x.

Analyte Smart
Chemistry

SINTEF Pre-concentrated (SINTEF) Enrichment

CH
4

93 100 7000 70

C
2
H

6
380 80 6200 80

CO 4 10 3300 330
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As can be seen from the Table 13, there is a large discrepancy for the CO result. SINTEF is
running higher enrichments that previously documented by Argonne. This implies longer pre-
concentration times: up to five days. Argonne is concerned that long exposure to the hot
palladium surface is causing impurities to react catalytically. One reaction that could occur is
reversal of water-gas-shift. SINTEF and Argonne has decided to apply a gas mixture of
known composition to enrichment, and to systematically evaluate the impact of enrichment
level and time on the stability of the gas composition. This work is on-going.

SINTEF has vast experience in the manufacture of Pd membranes with high flux. One
approach for avoiding catalytic effects by Pd is to make use of membranes with high flux at
lower temperatures. Pd-Au is one candidate that could be tested by SINTEF for this
purpose.

2.4 Assessment of hydrogen quality variation in hydrogen refuelling
stations (WP3)

The first sampling campaign was conducted in December 2014. The list of HRS's visited is
given in Table 14. The focus for this campaign was to include as many hydrogen feedstocks
as possible.

Table 14. HRS' visited during the first sampling campaign.

HRS Date and
Time

Feedstock Storage Sample ID

Porsgrunn 28.11.2014 Chlor-alkaline Compressed HY-6

Drammen 28.11.2014 Water electrolysis
(trucked in)

Compressed HY-7

Oslo 31.10.2014 Water electrolysis
(trucked in)

Compressed HY-8

Hamburg, HafenCity,
Oberbaumbrücke

09.12.2014 Water electrolysis
(on-site)

Compressed HY-1

Hamburg, Bramfelder
Chaussee

09.12.2014 SMR Compressed HY-2

Berlin, Sachsendamm 10.12.2014 SMR/Bio Liquid HY-3

Berlin,
Holzmarktstrasse

10.12.2014 SMR/Bio Liquid HY-4

Hamburg,
Schnackenburgallee

11.12.2014  Water electrolysis
(on-site)

Compressed HY-5
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Table 15. Analytical results from Smart Chemistry. WE indicates Water Electrolysis, SME
Steam Methane Reforming and CA indicates Chlor-Alkaline feedstock. C and L indicate
Compressed and Liquid hydrogen storage respectively. Violation of the impurity tolerance
levels given in the first column is marked with red font.

The overall impression given by is the fuel quality results is, with a few exceptions, quite
good. Sample HY-6 is severely diluted by 1444 ppm nitrogen. As part of the H2 Moves
Scandinavia project, QC was performed at this HRS in 2012. The nitrogen level at that time
was even higher: 2800 ppm. For sample HY-7, a small violation of the oxygen tolerance was
documented.

For comparison, results reported by Japan and US presented at the 3rd International
Workshop on Hydrogen Infrastructure and Transportation show that whereas Japan had no
violation of the fuel tolerance in 12 HRS' tested and the US reported 45 of 58 samples tested
passed the tolerance threshold of the prevailing fuel quality standards. The main issues
reported by the US was with water, CO and hydrocarbons in addition to particulates.

Interestingly, for the trace amounts of sulphur species observed the same three species is
found in the samples collected in HyCoRA and US. It is plausible that a preference in the
pre-concentration strategy for the analysing laboratory, Smart Chemistry, is causing this as
all samples are analysed by the same laboratory. The US reported higher, yet acceptable
levels of sulphur, when new stainless steel piping was installed. The results collected in
HyCoRA show no elevated levels of sulphur. As shown in Figure 21, it does not appear to be
a correlation between feedstock and sulphur level either.
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Figure 21 . Total sulphur concentrations with hydrogen feedstock indicated.

As for halogenates, the only species found in samples is C4Cl4F6. This has also found in the
US and is expected to originate from Freon purging of HRS components. The tolerance
levels require that the tetrachlorohexafluorobutane does not decompose; in that case the
concentration of chlorine will become four times higher and thus violates the fuel tolerance.

It is important to establish data on the possible species contributing to the total halogenate
inventory. This is because completely different analytical techniques are required to analyse
Cl2, HCl and organohalides. The current list of organohalides analysed for contains 32
components all taken from industrial emission context, so populating a list of plausible
organohalides would be valuable.

Two refuelling stations in Norway have now been analysed twice. The trend is clear for
sample HY-7 as seen in Table 16. Repeated analysis of HRS's will be used for the future
sampling strategies. For future sampling, it is planned to include sampling of particles
simultaneously with the gas sampling.
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Table16. Samples collected from three HRS in Norway in 2012 as part of the H2 Moves
Scandinavia project. HRS 'Porsgrunn' is the same location as sample HY-7 in HyCoRA.

A new sampling campaign has been planned for early 2016. SINTEF has no longer their MB
F-Cell vehicle available to use as sink for samples. SINTEF has already confirmed
cooperation of Clean Energy Partnership in Germany. They will provide empty FCHEV at the
HRS in order to make sampling of several HRS a day possible.

It has been discussed to use newly commissioned HRS's as target for this sampling
campaign. CEP have already provided a list of newly commissioned HRS' in Germany. They
are listed in Table 17.

Table 17. Newly, or close to being commissioned HRS in Germany.

Location CIty operator manufacturer
Fellbach, Ohmstraße Fellbach TOTAL Linde
Schönefeld, Airport Schönefeld TOTAL Linde
Ulm/Kreuz A7+A8 (ZSW) Ulm TOTAL Linde
Bodensee West A81/Geisingen Geisingen SHELL Linde
Wendlingen A8 Wendlingen SHELL Air Liquide
Metzingen, Auchterstraße Metzingen OMV Linde

Rostock TOTAL 3rd Supplier (H2-
Logic, ITM, …?)

Clearly, Linde is very dominant in the manufacturers list. It is expected that HRS
maintenance and its implication on fuel quality could be specific to manufacturer. It would
therefore be interesting to use a more diverse list with this respect. In October 2015, a HRS
in Gothenburg was opened. This HRS is manufactured by Woikoski and is an obvious
inclusion in this campaign.

A final HRS sampling campaign is planned in late 2016, very early 2017. The outcome of the
second sampling campaign will dictate the priorities for the final sampling campaign. These
two sampling campaigns will together aim at collecting 20 samples from HRS in Europe.
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2.5 Dissemination, recommendations and communications (WP5)

JRC

In the course of the organisation of the 2nd OEM workshop held on 09 October 2015 in
Brussels OEM and IAB members as well as external experts from US DoE labs were
contacted with a view to invite to the workshop. It resulted in a significant participation by
representatives of these organisations to the workshop which included discussion sessions.

On partner, SINTEF were asked by ISO TC197 Working Group 24 (WG24) “Gaseous
hydrogen fueling stations - General requirements” to provide input to the standard to be
developed as the HyCoRA project have hands on experience with both US and EU sampling
methods. In this respect correspondence is ongoing with the Chairs TC 197, WG24 and
WG12 as well as ASTM (American Society for Testing and Materials) representatives.

Also, JRC provided input to the CEN/CENELEC Sector Forum on Energy Management
(SFEM) working on Hydrogen Energy. The SFEM working group aims to identify PNR (pre-
normative research) and standardisation challenges and needs to translate to concrete
proposals to CEN/CENELEC on how to best address standardization needs.

The results from the 1st HRS sampling campaign were presented at the 3rd International
Workshop on Hydrogen Infrastructure and Transportation. The results were given great
attention, especially because of the sampling methodology and the diversity of HRS
feedstock in the results.

VTT

Development work performed in HyCoRA was presented by Pauli Koski in the European
Fuel Cell Forum 2015, Lucerne Switzerland 30 June–3 July. The oral presentation was titled
“Development of fuel recirculation systems at single cell and stack level for hydrogen fuel
impurity studies”. Based on the extended abstract submitted to EFCF2015, a full manuscript
is currently under preparation to be submitted on a peer-reviewed journal.

VTT organised the visit of Tommy Rockward (LANL) in October 2015. The main topic of the
visit was co-development of anode gas recirculation system for contamination research at
single cell level. LANL is replicating and improving the anode gas recirculation system
developed by VTT with the help of VTT. During the visit a number of fuel cell measurements
were performed together, including the measurement reported in Figure 12 in this report.

CEA

CEA organized the venue of Tommy Rockward (Los Alamos National Lab, US DoE) in its
premise to performed experiment on poisoning of MEA. That allowed the use of Ion Power
MEA.

CEA approach and present HyCoRA objectives to 3M and JMFC to source MEA for the
project. Both declined.

CEA presented the project to Nancy Garland (Fuel Cell Technologies Office, US DoE).

The resuslts of the first test campaign has been presented by a poster in the EFCD 2015
workshop, La grande Motte (France), towards zero platinum fuel cells and electrolysers;
HyCoRA: Hydrogen Contaminant Risk Assessment.
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SINTEF

It has been proposed by ISO TC197/WG24 to incorporate "T-piece" gas sampling into
standard protocol. As SINTEF is the only party with practical experience from both sampling
strategies, the WG24 Secretary has asked SINTEF to write this procedure.

SINTEF has been invited to take part in the ISO TC197 WG24 meeting in Torrance, CA Nov
30 - Dec 1. 2015 in order to establish a New Work Item Proposal (NWIP)  that will be
presented for the TC197 Plenary meeting Dec 4. This work item aims to standardize
sampling in Europe by merging both US (ASTM) and European sampling strategies. SINTEF
is expected to lead this NWIP.

It is a goal to establish analytical capabilities for hydrogen fuel quality control in Europe.
SINTEF is in dialog with ZSW through CEP which aims at establishing laboratory facilities in
Germany. SINTEF is also in dialog with meteorological entities like NPL (UK) and VSL
(Holland).

SINTEF is collaborating with Argonne National Laboratory on the pre-concentration strategy
for samples. SINTEF is currently using their instrument in Oslo to pre-concentrate samples
collected in this project.

A publication summarizing the results from HRS fuel quality are in progress. Target journal is
International Journal of Hydrogen Energy.

2.6 Deviations and impact

2.6.1 VTT

VTT’s realized person months in WP2 are lagging behind the budget. This is mostly due to
shortage of specialized personnel following VTT’s decision to lay off research staff as of late
2014. As a corrective action more personnel will be allocated to the project from the
beginning of 2016.

In spring 2015 VTT decided to lease a DMS-AIMS analyzer from Environics ltd for 4 months
and start an intensive series of tests. However, the company has not been able to provide
VTT an improved production series instrument. Thus, a test series was postponed for spring
2016.

2.6.2 JRC

In the course of finalising deliverable D1.3 and its resubmission, JRC successfully completed
tests which took longer to prepare and conduct. Considerable resources are reserved for the
testing campaign in the second project half.

2.6.3 Protea

Protea’s work within HyCoRA has been reduced in M13-18 compared to M1-M12. Protea’s
Managing Director and HyCoRA Project Manager Richard Camm has taken a back seat
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from Protea whilst convalescing after surgery in April. He has had no part in any HyCoRA
commitments since then, and is out of touch with the upcoming requirements for meetings,
reporting etc. Due to Richard’s ill health, Andrew Toy took over his roll of MD at Protea,
initially temporarily, but now after the last 6 months it has become permanent. This has
resulted in technical resources attributed to HyCoRA from Protea being moved to
commercial matters of the company with regards other projects and the running of the
business.

The additional issue we have had is that lack of payment from the HyCoRA project 2nd

period– both the lack of payment itself, but also a clear timescale of when we could expect
payment. It has been impossible to cash plan, as is so important for an SME. Components
that were assigned for HyCoRA equipment have had to be transferred to other commercial
projects. The hit on our cash flow has given us some problems with our relationships with
long-term suppliers, which has not been ideal.

By end of 2015 Protea is better suited to working within the revised financial arrangements
of HyCoRA. Protea is recruiting for January 2016 that will allow us the resources to catch up.

2.6.4 SINTEF

SINTEF has underestimated the cost of conducting HRS sampling and doing external
analysis. The conduction of HRS has been successful but several factors adds to the direct
cost not foreseen. In order to complete two further sampling campaign it is required to
rebudget these activities.

SINTEF has also addition dissemination costs by invitations to several meetings in US and
Japan that could exceed the travelling budget.

2.6.5 Powercell Sweden

There has been a delay in the stack deliveries for the partners. This was solved during the
period M13-M1,8 as series production of S2 has started during the reporting period.

2.6.6 Summary of deviations and overall impact on the work

During the reporting period and the first half of the project, the main delay of the project work
has been in experimental work of WP1. In addition, the work in the WP2 (Task 2.1) has been
delayed due to limited resources of the partners involved in the task.

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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2.7 The use of resources

2.7.1 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 half of the project, as seen in the
following table. CEA has consumed resources slightly faster than budgeted. JRC has had a
slow first half of the project.

Powercell expenses for the half of the project year are significant as the materials and work
have been invested for the stack deliveries in all the project. Stack production is currently in
commercial phase and resources will be sufficient for the remaining stack deliveries.

In WP2 the work for the first half of the project has been started mostly as planned. CEA has
already consumed it’s budget, while VTT has used 40 % and SINTEF 36 %. CEA has
already consumed it’s resources.  Protea has invested in consumables required for the
manufacturing of the instruments during the entire project, while manpower has been
insufficient especially during M13-M18.

In WP3 the first sampling campaign work was completed during the first half of the project.
So far, almost all of the work has been done by SINTEF. A more extensive sampling
campaign is planned for the second half of the project with contribution from VTT and
Protea.

WP1 VTT CEA JRC POWERCELL
Actual PM 13.7 26.1 6.4 13.2
Budget PM 17.0 40.0 16.0 10.5
WP % of total PM 80.7 % 65.3 % 39.9 % 125.6 %
WP % of total Budget 62.9 % 59.6 % 20.2 % 84.0 %
WP % of FCH JU contribution 55.1 % 57.2 % 20.2 % 58.7 %

WP2 VTT CEA PROTEA SINTEF
Actual PM 3.4 4.3 4.9 4.4
Budget PM 12.0 4.0 24.0 10.0
WP % of total PM 28.2 % 108.5 % 20.5 % 44.2 %
WP % of total Budget 34.9 % 101.7 % 51.5 % 36.0 %
WP % of FCH JU contribution 40.4 % 92.7 % 51.6 % 35.9 %

WP3 VTT PROTEA SINTEF
Actual PM 0.1 0.0 8.2
Budget PM 3.0 1.5 20.0
WP % of total PM 1.7 % 0.0 % 41.2 %
WP % of total Budget 2.0 % 0.0 % 30.6 %
WP % of FCH JU contribution 2.1 % 0.0 % 33.1 %
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WP4 work has been progressed as planned in the first half of the project, which is seen also
in the PM and budget of VTT.

In dissemination WP5 there have been varying level of activities in the first half of the
project. Since the main part of the dissemination takes place in the second half of the
project, the progress is as planned.

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

All in all, the project work in the first half of the project 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. On the other hand, the use of
resources at CEA and PC has been ahead of the schedule.

2.7.2 Corrective actions proposed

The main delays in the first 18 months work were due to late delivery of sampling device in
WP3 and a slow start of the JRC work in WP1. The sampling device was delivered in M7
and the work schedule in WP3 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

WP4 VTT CEA JRC PROTEA SINTEF POWERCELL
Actual PM 5.4 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 45.2 % 0.0 % 0.0 % 0.0 % 20.0 % 0.0 %
WP % of total Budget 51.0 % 0.0 % 0.0 % 0.0 % 13.9 % 0.0 %
WP % of FCH JU contribution 50.4 % 0.0 % 0.0 % 0.0 % 12.8 % 0.0 %

WP5 VTT CEA JRC PROTEA SINTEF POWERCELL
Actual PM 0.2 0.8 0.8 0.0 0.6 0.0
Budget PM 1.0 1.0 4.0 1.0 1.0 1.0
WP % of total PM 21.0 % 75.0 % 19.8 % 0.0 % 60.1 % 0.0 %
WP % of total Budget 19.4 % 45.3 % 29.8 % 0.0 % 44.2 % 0.0 %
WP % of FCH JU contribution 18.5 % 40.0 % 29.8 % 0.0 % 47.6 % 0.0 %

WP6 VTT
Actual PM 4.1
Budget PM 9.0
WP % of total PM 45.2 %
WP % of total Budget 39.0 %
WP % of FCH JU contribution 35.7 %

TOTAL PROJECT VTT CEA JRC PROTEA SINTEF POWERCELL
Actual PM 26.9 31.2 7.2 4.9 13.4 13.2
Budget PM 54.0 45.5 20.5 27.0 31.5 12.0
WP % of total PM 49.7 % 68.6 % 35.0 % 18.3 % 42.4 % 109.9 %
WP % of total Budget 46.1 % 63.4 % 20.8 % 46.9 % 32.3 % 77.0 %
WP % of FCH JU contribution 43.6 % 60.3 % 21.0 % 46.4 % 34.0 % 54.0 %
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has been able to catch up partially the work schedule in WP1. However, another short
researcher visit from VTT to JRC could be organised to assist JRC in the measurements of
WP1.

3. Project management during the period

3.1 Consortium management tasks and achievements

The second periodic report was submitted 27.05.2015. The deliverables due during the
Period 1, 2 and 3 have been submitted.

The overall progress of the project has been monitored by bimonthly progress meetings.
Work package leaders have had online meetings within WP members and/or with
coordinator when considered necessary.

3.2 Problems which have occurred and envisaged solutions

The main problem in the technical work have been the uneven pace of the WP1 in Periods 1
and 2 (M1-M6 and M7-M12). However, the situation has been slightly better during the third
Period (M13-M18).

The work in Task 2.2 (in WP2) has been delayed due to limited manpower and financial
resources of the main partner (Protea Ltd) in the task. This problem will be temporary and
expected to be corrected in the second half of the project.

3.3 List of project meetings, dates and venues related to reporting period

Date Place Title
9.6.2015 on-line 14M progress meeting
9.9.2015 on-line 16M progress meeting
6.10.2015 on-line OEM workshop preparation

meeting
9.10.2015 Brussels (Belgium) 2nd OEM workshop
17.11. 2015 Brussels (Belgium) 3rd semi-annual project

progress meeting

3.4 Project planning and status

Project planning is progressed as expected. The guidance from OEMs in the 1st workshop
was for great help for the work in M1-M18 and the further guidance and in the 2nd workshop
will be taken into account when WP1, WP2 and WP3 work are planned for M19-M36.
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3.5 Impact of possible deviations from the planned milestones and
deliverables

There were following deviations from deliverables during the period.

 Interim progress report 2 was submitted 6.7.2015.  Interim progress report 2 is
essentially a duplicate of the periodic report.

 Financial reporting was completed by 30.6.2015 one month delayed.

The delays were mostly due to VTT status change from research centre to non-profit
company (VTT Ltd). The changes needed for the reporting system took time and submission
of the financial report was not possible before the changes were done.

Concerning the milestones, in the first HRS sampling campaign only 8 samples were taken
from HRS. In MS 32 it is commented “Hydrogen composition information based on more
than 10 samples of HRS with more than two different feedstock.”

While the number of samples was not reached, the samples represented 4 different
feedstocks as discussed in Deliverable 3.2. The limited amount of sampling is also seen  in
consumption of resourced. In WP3 a lot of resources is available for second sampling
campaign.

3.6 Project website

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


