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EXECUTIVE SUMMARY

This report summarizes work conducted under Grant Award Number NA@1-0496, the

Asia Pacific Research Initiative for Sustainable Energy Systems 2011 (APRISES11), , funded by
the Office of Naval Research (ONR) the Hawaii Natural Energy Institute (HNEI) of the
University of Hawaii at Manoa (UH). The overall objectiveled APRISES11 effort was to
develop, test, anevaluatedistributed energy systemising Hawaii as a model to address
integration of emergintechnologies in Hawaii and throughdbée Pacific Region. APRISES11
encompassefiiel cell testing and evaluationcluding technologies developed at the Naval
Research Uaoratory (NRL);synthetic fuels processing and productioraccelerate the use of
liquid biofuels for Navy needshe extraction and stability of seabed methane hydrateis
alternative energy systerfar electric power generation, energy efficiency, and sesonart
microgrids Testing and evaluation of alternative energy systenhsdes work on Ocean
Thermal Energy Conversion (OTEC), gsdale battery energy storage, support for hydrogen
fuel operations at the Marine Corps Base Hawaii and on the Island of Hawaii, building energy
efficiency test platforms, endse high value eneygfficiency technologiesand development of
several microgrid test projects

Under Task 1, Program Management, HNEI managed the program, developed and monitored
partner and subcontract agreements, and developed outreach materials for both technical and
norrtechnical audiences. HNEI continuecctilaborate closelwith ONR and NRLto identify
high-priority areas requiring further detailed evaluation and analysis.

Under Task 2, Fuel Cell System$&JNEI conducted testing and evaluation of singlesgeitacks

and balance of plant components to support NRL efforts to develop fuel cell powered UAVS; to
improveunderstanding afontamination mechanisms, assess the tolerance of alternate catalysts
to contaminants, andevelopment of contaminant mitigatibechniques.Support to NRL
includingvalidation of the impedancéased NRL battery state of health diagnostic method with

a battery packJnder Task 2HNEI alsodesigned, built and commissioned an air filter test

station thats beingused taest andcevaluatdilt ration materials and desigfa fuel cell
demonstration buses in the harsh atmosphere of Hawaii Volcanoes National Park.

Efforts under Task 3, Alternative Fuelscused on theevelopnent tesing and evaluaon of
alternative fuelsind tehnologies included activities in the aread/ethane Hydrates,
Technology for Synthetic Fuels Production, Sustainable BiomassgchetwWaterial for Solar
Fuels Production, and Hydrogen Fuel Production. Methgdeateseffortsfocused on hydrate
stabiity and related environmental issues; hydrogen fuel storage in binary hydrates; and
promoting international research collaborations. Technology for Synthetic Fuels Production
included efforts in Hydrogen Production for Fuel Cell Applications, Evaluafi@eocond
Generation Biofuels, Novel Solvent Based Extraction ofd@is and Protein from OiBearing
Biomass, Biochemical Conversion of Synthesis Gas into Liquid Fuels;ddiamination of
Fuels, Biofuel Corrosion Control, and Waste Management Usinglais&Carbonizatiom*
Process.



Task 4 Ocean Energwork included continued development and testing of cost effective heat
exchangers for Ocean Thermal Energy Conversion (OTEC) under a subaward to Makai Ocean
Engineering; antechnology suppodf waveee r gy t esting at the Navyos
Site (WETS), off Marine Corps Base Hawaii (MCBH).

The objective of Task 5, Geothermal Resource Assessment, was to perform preliminary surveys
on DOD lands in Hawatio assess thepotential for hosting a geothmal resource, using audio
magnetotelluric survey methods.

Task 6, Microgrids/Grid Integration included efforts on developing Solar Hydrogen at Marine
Corps Base Hawaii, a range of projects to develop, test and evaluate cost effective Secure
Microgrids along with the enabling technology, and Grid IntegratiorCatramunity College,
focused on integration of renewable energy generation and related technologies.

Task 7 comprised three projects relating to Energy Efficiency in buildings. This instrumenting
and monitoring zero energy research platforms and existimyentional classrooms to
determine comparative performance in energy, indoor environmental quality, and comfort.
Desiccant dehumidification was examined as a means to improve comfort at lower energy
expense, and the applicability of ceiling fans to Ewvergy thermal comfort.

This report provides detail of the work that has been accomplishedeauateof these tasks

along with summaries of task efforts that are detailed in journal and other publications, including
reports, conference proceedingsl gmesentationsPublications produced through these efforts

are | isted and av a ihttpdivwwenneohawaiteNWEpublications/projecti t e a't
reports#APRISES11
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Task 1. PROGRAM MANAGEMENAND OUTREACH

This programwide task provided management and coordination of all research, test,
development and evaluation efforts under APRISESHttnBr ad subcontract agreements
were developed and monitoredhd outreach materials for both technical andtechnical
audiencesvere developedin close collaboration with ONRigh-priority areas requiring
further detailed evaluation and analysisre idenified. Partners, outreach materials dngh-
priority areas requiring furthere included in the specific tasks below.

Task 2. FUEL CELL SYSTEMS

Work under Task 2 included continuation of fuel cell testing and evaluation, continued
development of newiagnostic techniques. An air filter test station was designed, built and
commissioned to field testing of Fé€lectric buses and development of contaminant mitigation.
Under Task 2, testing of single celkian batteries was also expanded.

Fuel cell staks and humidifiers were tested in support of NRL UAV system development.
Significant efforts continued to be devoted to the impact of contaminants on fuel cells. The
distributed effects of contamination along the fuel cell stacking direction (cell nuvder)
demonstrated with an organic airborne contaminant and mechanistic explanations were
formulated. The sensitivity of alternative catalysts that do not contain precious metals, to several
common inorganic air contaminants, was evaluated to clarify sataglacement options. A
mathematical model for a fuel cell contaminated with carbon monoxide in the hydrogen stream
was validated for concentrations closer to the international standard requirement using
segmented cell data to capture local variationgsacthe cell active area, and to predict
performance losses. To determine the existence of mass transport losses associated with
contaminant adsorption on materials that modify their hydrophobic properties, the quantity of
product water in the fuel cellrecompartment was measured at NIST using neutron imaging. The
efficiency of a fuel cell stack compatible performance recovery method, based on the circulation
of nitrous oxide to oxidize contaminants irreversibly adsorbed on the catalyst surface, was also
investigated. An impedance model containing mass transport parameters was developed as a first
step toward the crosslidation of an HNEI developed method to separate reactant mass transfer
coefficients into fundamental contributions for cell designroation purposes. HNEI verified

the state of health diagnostic based on single frequency impedance developed by NRL for
lithium ion batteries.

An air filter test station was designed, built and commissioned to evaluate options for fuel cell
demonstratio buses that will be exposed in the field to high levels of atmospheric sulfur dioxide
during field tests at Volcano National Park.

Support for Big Island Fuel Cell Buses, subtask 2.2, entailed convertingftedstl internal
combustion engine powerastiuttle buses to battefyel cell hybrids fueled by hydrogen. Under
other funding, these buses will be operated in harsh environments with elevated levelsoof SO
demonstrate and evaluate fuel cell and filtration performance.

The following providesnore detail on each of these subtasks.



2.1 Fuel Cell Systems: Development and Testing

Work performed under previous ONR awards focused on the understanding, performance, and
durability of fuel cell systems subject to harsh environments, and issues associated with UUV
and UAYV fuel cell systemgfforts todevelop new fuel cell diagnostics finproved
understandingvere also continued. Additionally, HNEI provided testing services to NRL in
support of their activities to explore the potential of 3D printing and metal stamping for fuel cell
bipolar plates. A fuel cell stack with an integratesnndifier was also selected and characterized
as an alternative to ethe-shelf humidifiersWork underAPRISES.1 continued and extended

these efforts to batteries for hybrid power systems.

Many aspects of fuel cell contamination were investigated bed#tls or no information was
available to anticipate issues, failures, maintenance needs and technology improvement options.
These aspects include the performance loss distribution in a stack (cell to cell variations), the
tolerance of alternate catalgdiased on iron, the predictive mathematical modeling of
performance losses for low contaminant concentrations, the impact of contaminants on product
water management within a cell, and the recovery of performance losses in a stack. Fuel cell
technology ha partially focused on operation at high current densities and decreases in costly
platinum catalyst loadings to meet commercialization cost targets. Under these design
parameters, performance losses associated with reactant mass transfer are exadeidiated,

have stimulated research in the measurement of mass transfer coefficients for cell design
optimization. Battery state of health diagnostics with a minimal system complexity aradtecost
needed to minimize the occurrence of failutdswever, thepplicability of single frequency
impedance measurements to battery packs, which simplifies excitation signal generation, data
acquisition and treatment, has not been evaluated.

A more detailed description of all these contributions follows below.

NRL support

The potential of 3D printing, also known as additive manufacturing (AM), was explored by NRL
to evaluate the possibility of simplifying the manufacture of metallic bipolar plates (BPP).
Additive manufacturing for fuel cell componergsarecenttrenddue toits ability to create

metal parts with complex geometries, such as the internal passages of coolant flow fields inside
bipolar plates, witlarelatively short lead timeSinglepiece metallic bipolar plates could lead to

a significant reductiom the number of parts and assembly complexity of fuel cell stacks. In
addition, multiple flow field designs could be created during a singléhighlightingrapid

prototypng capabilities

NRLG6s overall goal was t o cbhipolariplatestcauld mdich theh er 3 D
performance of existing technologies, i.e. graphite composites and stamped metallic bipolar

plates, for use in ultraghtweight fuel cells. Using the 3Printing method of direct metal laser

sintering (DMLS), NRL designednd built 21 cratitanium-alloy bipolar plates with embedded

flow channels that were subsequently polished to the appropriate roughness and coated with a
conductive corrosion barrier. During the research and developmentNiriledelivered four

stack buitls using these plates to HNEI for testing and evaluation, i.e. a 10 cellBigule(

2.11), an 8 cell staclka 40 cell stack (after flight testing) with standard bolt compreg§igure

211), and another 13 cell st awekledianiumstrBpRLO6 s ne wl
compression system. The strap compression technique aimed to reduce the weight of the end



plates and compression rods typically used in fuel cell applications not requirintighitra
weight. In addition, HNEI also tested a Protos&cell 1.5 kW test system to provide
comparison data ith tests performed on a brassboard at NRL and humidifier performance
evaluations as part of the balance of plant development.

Figure2.11. Preinstallation photo of first- printed bipolaplate 10 cell stack delivered to
HNEI with standard endplate/bolt combination for stack compregkaétih 40 cell stack photo

(right).

For the 3D printed stack evaluations, HNEI developed a short testing program for each stack
build aimed at determing the performance under typical fuel cell conditions, for comparison
with standard plate designs, and a sequencesstunndividual cell diagnostics to evaluate the
cell to cell variability and uniformity to determine any inconsistencies due to tipeidied plate
design and/or manufacturing. As part of the diagnostic test development, HNEI was able to
optimize an existing single cell experimental method to evaluate individual cell hydrogen
crossover and electrical shorting, reducing the experimenpletion time from 45 minutes to 7
minutes per cell or from 30 to 4.6 h per 40 cell stack.

Previous work by NRL demonstrated that a sixgg# fuel cell made from the 3Printed

bipolar plates performed well compared to stangartis’> However the 810, and 4Qell fuel

cell stack power as tested at HNEI was over 20 % less than expected due to performance losses
induced by the inadequate flatness of several of the BPPs. This-cell mismatch led to high
contact resistance in several of the cells, as welaased electrical shorting from pinching on

parts of themembrane/electrode assemb§RL was able to correlate white light prolifometry

data with insitu cell diagnostic data taken at HNEI for plates demonstrating poor perforftance.

HNEI also notedhatthe observed poor performance and instability at higher current densities
may be a byproduct of the plate design iterations. Early single cell 3D printed designs by NRL
used straight parallel flow channels with embedded straight parallel coolanethamere a
temperature differential from inlet to outlet is maintainetinot condensation downstream in

the flowfield channels. Subsequent design iterations by NRL lead to adapting a serpentine flow
field design while maintaining straight, parallehleedded coolant channels. This could have
resulted in condensation of water in the downstream section of the flow field that is plassing
cooler section of the coolant channel inlet due to the serpentine design. However wisiitout in

7



water content angséis, such as that provided by neutron imaging or residence time distribution
methods, thisiypothesizeeffect could not be verified.

NRL concluded that DMLS clearly showed the benefit of being able to make complex flow
fields and hollow parts with noelds and is useful for prototyping flow fields in single cells or
short stacks. However, NRL also concluded more work is needed toward reducing the weight
and increasing the flatness of BPPs made by DMLS before they can be used in larger stacks. A
summaryof the test plapdiagnostic method development and key results from testing and
evaluation of the four stack builds delivered to HNEI are presented below. Further details of this
work by NRL and HNEI has been documented in 4 publications, 1 conferemezging, and 1
magazine articlé® As new approaches to 3D printing of metals are developed, such as those
recently developed in 2017 by Desktop Metals’Ineyisiting the production of bipolar plates by

3D printing may be prudent.

All fuel cell experments were performed at HISERF using th@dnise designed BN test

stand. An Agilent 4338B AC milliohm meter was used for high frequency resistance (HFR)
measurements and a Solartron 1287 Potentiostat/Galvanostat was used for nielatiraaie
assembly{MEA) diagnostics, i.e. hydrogen crossover (H2X), shorting resistance (SHORT), and
cyclic voltammetry (CV) for determination of electrochemical surface area (ECSA) experiments.
A novel inhouse multicell electrochemical impedance spectroscopy (EIS) basédhtional
Instruments CDAQ signal conditioning modules was also used for evaluation of¢hestck

to help diagnose mass transport issues observed. All HFR, H2X, SHORT, and ECSA
measurements were performed sequentially ftelinl to the last cellising a 4wire system that

was changed manually by test operators after each cell diagnostics experiment. The 3D printed
plate design has unused square holes at the end of each cell which were used to make
connections for the-&ire measurements, as shoinrFigure2.12. The unused holes were also
used for cell voltage measurements, also shoviaigare2.12.

4-Point Probe Layout

ECSA/H2X/Shorting 1, Cell
’ n+l

1: Working, 2: Sense / 2, Celly,y
3: Reference, 4: Counter

Current and Voltage
Probes at Opposite
Corners
Agilent4338b
1kHz Milliohm Meter
1:Hil,2: Hiv,
4, Cell, 3:LoV,4:Hil

Figure2.12. Layoutof 4-Wire probe for individual cell measureme(ieft). Cell voltage
monitoring connections on I&ll stack(right).

For all experiments performed, the stack was operated 4ficavZonfiguration with the

reactants in cdlow mode. The anode and cathode gas inlets are located at opposite sides of the
top of the positive endplate and the outlets at the bottom of théveegadplate. The coolant

inlet and outlet was opposite to that of the gas flow, with the inlet and outlet located at the
negative and positive endplate, respectively. For all experiments the coolant was controlled at a
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constant flow rate of 2 LPM with et temperature control and no back pres&irer!

Reference source not foundrigure2.13 shows the port orientation and flow paths for the
reactant gases and coolant. Frieigure2.1.3, bottom the downstream portion of the reactant
flow pathscoincidewith the inlet of the coolant, which may lead to detrimental condensation of
water in the reactant flow paths, as mentioned previously, due to the lower temperature at the
coolant inlet vs. outleaind the higher water content from water generated by the fuel cell
reactions in the downstream portion of the flow paths.

+ EndPlate - EndPlate Location Orientation
+ End Plate Ports Top
O O O - End Plate Ports Bottom
4 5 6 1 H2 Out
2 Coolant In
3 Air Out
4 Air In
2 1
5 Coolant Out
O O 6 H2 In

O
3 ﬂ@®? Iyl AAC?AA

2

éddhhé

Figure2.13. Front view of end plates with port identificaticog, lef). Port orientation foco-
flow reactantscounterflow coolant {op, righ). Serpentine reactant and straight parallel coolant
flow paths labeled ith anode = black, cathode = red, and coolant = (ido&om).

A limited set of diagnostic tests was agreed upon between NRHI§Ed to provide sufficient
information for comparison data and diagnose any major issues with the plate design. A
summary of these experiments, test conditions, and test profiles is provitkdole®.1.1.

As mentioned previously and describedable2.1.1, most researchers to date have used a

simple, slow potentiodynamic scan for measuring the shorting resistance and equivalent
hydrogen crossover currents. However these scans take approximately 45 minutes per cell which
is not practicalfor measuringnultiple cells in a fuel cell stack, particulamythoutan automated
multiplexer for switching the cell measurement points. CV scans for ECSA typically take about

5 minutes per cell for small cells. To reduce the time to make individual H2X, SHORT, and

ECSA measurements, a ramp and hold method was developed and tested so that all 40 cells can
be tested in one working day with a technician switching tpeidt cell measurement

connections manually. Only two points are needed to calculate atslop@two-step sequence

was developed, whereby first ramping at 5 se¢* from open circuit to 0.3% and holding for

3 minutes while averaging the last 15 seconds of the hold to obtain the current\atTh@h

another ramp at 5 m¥ec?is initiated from 0.35 to 0.¥ again holding for 3 minutes and

averaging the last 15 seconds of the hold to obtain the current\atThe slope can then be
calculated using the current/voltage (IV) data of the two points to provide the shortingasist

The equivalent hydrogen crossover current can then be obtained using the short resistance
corrected current at 0¥5. The method schematic and validation of the ramp and hold method vs

9



the scanning method are provided-igure 4 with data recordedn cell 8 from the &ell stack
tests which showed an excessively large electrical short.

Table2.11. Summary oexperimentaldiagnostics

Experiment

Test Conditions

Test Profile

Ho/Air Polarization
with 1 kHz HFR

andmulti-cell EIS from

0.1Hzto 10kHz

performed at 0.8 A/cfn

on selected stacks

Cathode Stoichiometry

Sweep at 0.8 A/cfn
to Evaluate mass
transport losses

Short Resistancand
Hydrogen Crossover

(Long Method:
Potentiodynamic)

(Short Method: Ramp

and Hold)

Cyclic Voltammetry
for Electrochemical

Surface Area
Determination

60°C, 100% RH,
2/2 Stoichometry,
Ambient Back
Pressire

60°C, 100% RH,
2/Variable
Stoichometry,
Ambient Back
Pressire

30°C, 100% RH,
0.25 SLPM/celHz,
0.25 SLPM/cell N.
Ambient Back
Pressire

30°C, 100% RH,
0.25 SLPM/cell H,
0.1 SLPM/cell N,
Ambient Back
Pressire

Condition at 0.8\/cm? for >10 min, ramp to 1
Alcm?, perform descending steps to OCWttw
flows constant below 0.4 A/cinextend hold
time (~30 min) taallow for HFR
measirementsaweragedata last 30 seconds ¢
hold.

Condition at 0.80/cm? for >10 min,
Increasecathode flows to equivalent
stoichiometryof 3, change flows in 0.2
increments every 5 minutes down to 1.3
stoichometry

Potentiodynamic: 0.1 mV/sec scan
From 0.1 to 0.5/ vs. rekrence

Ramp and hold: OCV to 0.36t0 0.5V vs.
reference

Ramp rate: 5 mV/sec, Hold time: 3 min
Averagedata last 15 s of hold.

Short Resistnce= dVv/di (0.5V, 0.35V)
H> Xover = short corrected i @ 0\b
(Ramp and Hold was a némprotocol
developedl

CV Scan @0 mV/sec

Scan Range: 0.08.6V vs. rekrence 3 cycles
Short corrected V vs. | data before integratic
of H> adsorption and desorption regions for

surface area estimations
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(Papp 3 min Short Estimate:
0.06 Scan Method: 268 Ohm*cm?
| —» |<— 15 sec avg. | Ramp/Hold: 269 Ohm*cm?
0.5V 0.05
k 0.5V -0.1V l
@5 mV/sec < 0.04 SHORT (dV/d1)
0.35V 0.35v - 0.5V / 'E CORRECTION
X @& 5 mV/sec g 0.03
3 .
OCP-0.35V © 0.02 ~ ©
~0.1V @ 5 mV/sec . H2X (Short Corrected):
time 0.01 Scan Method: 1.13 mA/cm?
Ramp and Hold: 1.08 mA/cm?
0.00 ‘ ‘
0.0 0.2 0.4 0.6

Applied Potential [V]
Figure2.14. Schematic of ramp and hold shorting resistance/hydrogessover diagnostic
method [eft). Comparison/validation data using the 45 misytetentiodynamic scan method
vs. the 7 minute ramp and hold two point metheigiht).

A 10 cell stackvas the first 30printed stack build delivered to HNEI in July 20 NRL

indicated that they built both a t@ll and a 3Zell stack (not tested by HNEI) simultaneously
Howeverthel@ el | st ac k wagrsa dmad eplwd ttehs AvBhi ch wer e
based on theless than flanppearance. The MEAs utilized fibnis test were GORE 5715 Series
with 0.1/0.4 mgPtcnt 2 platinum loadings on the anode and cathode, respectively. The only
experiments performed on this stack were the air polarization curve with HFR measurements,
anode ECSA, and cathode ECSA MEA diagnoskagure 5, top, leftisplays the averaged
polarizaton curve data, whil&igure 5, top, righshows the corresponding HFR measurements.
Figure 5, bottom, lefpresents the time series data during the polarization curvieiguet 5,

bottom, rightdisplays theoshmiccorrected polarization curve data. Frdme time series data

plot, cell 3 was observed to drop off at 400 radv 2, possibly due to insufficient water clearing

with the lower flow rates, however cell voltages were relatively stable at higher current densities.

Cell 4 losses were found to increagi¢h increasing current density indicating ohmic loss related
issues, andell 10 had a lower open circuit voltage than all other cells possibly indicating higher
hydrogen crossover or an electrical short. From the averaged polarization curve data, HFR
meaurements confirmeckll 4 losses were predominantly ohmic losses, with the adjacent cells 3
and 5 having the next highest HFR magnitude. The ECSA measurements (not shown) indicated
no loss of active area and the surface area calculations for all 106rcéligh the anode and the
cathode were within expectations for new GORE 5715 electrodes8(-it® g of Pf). Cell 10

did show a slight increase in current with increasing voltage during the ECSA tests indicating a
possible electrical short, which correkateith the lower open circuit voltage. Thus for all future
ESCA and H2X measurements, evaluation of the electrical shorting was deemed necessary to
correct the scan IV data results prior to calculating the ECSA and H2X magnitudes. A Quality
Assurance/Quadly Control (QA/QC) procedure was also recommended to NRL using an
Alternating Current (AC)nilliohm meter to measure the HFR under ambient temperature
conditions with hydrogen and nitrogen on the anode and the cathode, respectively, following the
initial stack build to validate the HFR and compression characteristics. This would enable NRL,
who has limited test stand capabilities, the ability to identify whether the flatness of the plates
was causing an issue with contact resistance that was not negpgittep sending stack to

HNEL.
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Figure2.15. Initial 10 cell stack evaluation polarization curve dagerage cell voltage vs
current density datddp, leff), high frequency resistance vs. current densdp,(righ),
individual cell voltages and current.\isne (bottom, left) andohmic-corrected average cell
voltage vs. current densifpottom, right)

Following the short testing evaluation performed at HNEI, the stack was returned to NRL for
disassembly and evaltion of the plate flatness which confirmezll | 4 was shaped
chipé. Il n summar y:

1 The nitial polarization curve showed highly variable high frequency resistavitie

some cellglisplaying value8x greater than expected

Further parametitestingwashalted due tdhelarge variability observed

A surface area estimation methodology (flows, connections, scan megs)eveloped

and demonstrated to correct data for electrical shorts prior to estirtiaingll real

activearea

The nostsignificant issue was contact resistance, but electrical shorting was also evident
An Agilent 4338B milliohm metewasrecommended for fast QA/QC of builds at NRL

NRL indicatedthatthe observed issues were not unexpected as the stack was méade up o
AB-graded plates.

= =4

= =4 =
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After thereturn of the 1@ell stack to NRL, NRL implemented the HFR QA/QC procedure into
their build process. As a resuhey rebuilt and disassembled the &€l stack multiple times

using the same internal components, while checkiagtR QA/QC results after each re
compression sequencEhese activitiesesulted inthe elimination of cells with high HFR values

NRL returned to HNEI ahorter8 cell stack for reevaluation. Experiments performed on this

stack were a repeat of the HERRA/QC procedure, air polarization curve, maéll

electrochemical impedance spectroscopy, ECSA measurements, and the newly optimized ramp
and hold method to determine the H2X and SHORT magnitéitpse2.16 displays the

polarization curve data recad on the &ell stack (1Qcell stack rebuild).
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Figure2.16. Evaluationpolarization curve dataf 8 cell stack (rebuilt 10 cell stack)
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density top, righ), individual cell voltages and current.\isne (bottom, left) andohmic
corrected average cell voltage vs. current deibigtom, right)

The initial ambient temperature HFR QA/QC evaluatiassvell as the HFR data recorded
during the polarization curve demonstrated that the contact resistance issue observed in the
previous 1Cell stack build was mitigated. However, as showRigure2.16, cell 6 was still

low performing even aftehe ohnic correcton. A significant drop in cell 6 voltageas also
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observed in the time seriaffer each current step. Thlubservatiorindicated a significant mass
transport issue, which may have been caused by repeatdulijdimg the stack leading to a
collapse in the GDL properties or a possible physical blockage in the flow channels from a
misaligned gasket or some otlsamilarcatse.H N E | 6éhsusd daveloped muitell

electrochemical impedance spectroscopy (EIS) system was used to deconvolute the stack
performance losses at 800 noAr 2 to confirm the mass transport issue with cefFigure2.17
displays the EIS data as recordad well as the reduced data in bar plots showing the
ohmic/HFR impedance and the activation plus mass transport resistance magnitudes. Figure
2.18 presents data from the MEA diagnostics. As showkigare2.1.7, right, cell 6 was found

to exhibit a sigificantly higher activation plus mass transport losses. Although more advanced
analyses were available to differentiate the activation and mass transport losses, the basic
analysis displayed was sufficient to deduce and confirm the low performance dhseret 6

was due to a mass transport issue, particularly as the ECSA tests results dispgtayadhl3
showedthe absence of@ecrease in cathode catalyst surface area which would indicate a higher
activation impedance. The source of the massprart loss, however, could not be identified.

This could have been a blockage in the flow field from a misaligned gasket ezampression

of the gas diffusion layers from the repeated staduikels. A high variability in the electrical
shorting behaor was also notedas shown ifrigure2.18, which also correlated with the

variability in the Open Circuit Voltage (OCV) during the polarization curve. Several cells
showed a shorting resistance at orohnice?l ow t he
which is usedor accelerated durability testing of MEAs. The hydrogen crossover results,
although showing a skew from inlet to outlet (possibly duentanevergas flow distribution)

were within acceptable ranges for new MEAs (less than 1.8mA). Thus, based on the 10

cell and 8cell test resultshe primary impact of the inadequate plate flathess caused issues with
high contact resistance from areas of the plates not being close enough, and electrical shorting
issues where plates may be pinching MEAs. In summary:

1 NRL rebuilt the 1Ccell stackusingthe same componentby removing 1 cell at a time,
and recompressing and checkihgHFR before returning an@ll stack to HNEI

1 HNEI repeated the ambient temperature HFR QA/QC procedure NRL performed prior to
thereturn shipment which demonstrated the contact resistance issue observed in the 10
cell stack was mitigated.

1 The polarization curve data showed a significant mass trerispoe in the stack which
may have been due to the multiple recompression cycles during the rebuild. Aatulti
EIS scan was performed which confirmed a mass transport loss was predominantly
causing the loss of performance.

1 The open circuit voltage skwved a high variability which was caused predominantly by
electrical shorting and nathigh hydrogen crossover.

1 For future cell buildsit was recommendetd focus on ensuring selectplites are
sufficiently flat The number of diagnostics tests ¢henbe reducedby primarily
looking at electrical shorting and contact resistance behaviors to validate the stack build.
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Figure2.18. Membranéelectrode assembly diagnostic test redoltshe 8 cell stack

NRL proceeded to identify a series of plaiesng the evaluation data and lessons leafreed

the 10cell and 8cell stacls, with similar physical shape @nattempt to group cells into those

that will align the best and not cause any significant shorting or contact resistance issues. From
the selected platea 40cell stack was built by NRto complete a short Ifinutes test flight in

the lonTiger NRL UAV 2 A pretest evaluation wasot performed at HNEI due to project time
restraintsAfter the flight, the 4@ell stack was sent to HNEI for evaluation. For this round of
testing, the fulkuite of performance diagnostics frdrable2.11 was performed on the stack as
well as MEA diagnostics on every cdfigure2.19 displays the results from polarization cusve
(only selected currentshown)along with HFR measurements to evaluate thetasi resistance.
Regions highlighted in blue represent the expected levels of cell vaitagéesfree cell voltage,

and HFR magnitudes at 1ehr 2. There vasstill a significant number of cells with poor contact
resistances observed in the 10 anc:8Il stacks Theohmicfree cell voltage data, after HFR
correction, indicate as well that there were several poor performing cells where the performance
loss could not solelpeattributed toa poor contact resistance. As seen previously in |8

stack test Figure2.17), these additional losses may be due to mass transport issues, possibly
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from misaligned gaskets blocking flow fis|gpoorly compressed gas diffusion layers, or
inadequate water clearing.

e 1Afcm2 » 0.6 A/fcm2 » 0.1 Afcm2 » OCY
1.0 1.0
09 r
08 o 08
S‘ L
o = 07
%J = o ®osgee, * ." . :.o
§ 06 :. ..'... ¢ L .. -" ° .’ ..... % 06 7.. e II.. °° ..... ¢ .O...
E ™ ° ® . L] .. . - .. § 05 [ ° ¢ R
04 ° ¢ e @ 04 |
Q
. 03 |
02 I e e A 02 O O
1 7 13 19 25 31 37 1 7 13 19 25 31 37
Cell Number Cell Number
180
W 160 ®
Q . [ ]
S 140
8 <120 + . ‘
[a * [ . °
S« 100 - .
C £ . °
% < 80 r © L4 ¢ e ° - (]
3 O . . oo .
¢ E 60 F ce o« o .. .
[T o 4 " . L] L] .
_'&o 40 °
T 20t
O L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L
1 7 13 19 25 31 37

Cell Number

Figure2.19. 40 cell stack postlight evaluation polarization curve dataverage cell voltage vs
current density datddp, lef). Ohmiccorrected average cell voltage vs. current dersity,
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Mass transport losses were further examined in the cathode stoichiometry sweep, as shown in
Figure2.110. The power output of the stack, shown on the left, ranged frori\385the lowest
flows tested1.5 stoiclometry) to 415 W at the highest flows tested (3 stmatetry). The right

graph shows the difference in the cell voltages measured at 3atogthy minus the cell

voltages measured at all other stoichiometti@seaty correlatedcell voltages vs cell number

show a slight matlistribution developing as the stoichiometry is decreased, where the cells near
thepostive endplate figher cell numbes) are lower than the cells at thegdive endplate,
thusindicating increasing gas flow perllceith decreasing cell numbers. Overall, however, this
maldistribution was not significant indicating the cell to cell flow distribution was not an issue
with the 40cell design.
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Figure2.111 presents the results from the MEA diagnosticdzigure2.1.11, topthe shorting
resistance and hydrogen crossover are presentedlvsumber. As observed with the smaller
stacksseveral cells, i.e. 16utof 40, showed low shorting resistance indicating an induced
electrical shortHowever the equivalent hydrogen crossover current was within the expected
range of approximately 1-D.2 mAcn 2 for all cells.Figure2.1.11, bottom, righshows the

strong correlatin observed between the shorting resistance vs. open circuit voltage. Thus, for
this particular stack build, the decrease in open circuit voltage could be used in future stack
builds as a qualitative indicator of the presence of an electrical shibidutshaving to perform

any advanced diagnostics. Also of interest for this stack was the overall dedreaSeé% for

the cathodsurface area measuremeimtsomparison téhe NRL preflight tests(Figure2.111,
bottom, left) This may have been due tolbarne contaminants in the atmosphere during the
outdoor flight test. The anode surface arfea all cells werewithin the expected range for new
cells, even after the short flight teBtectrical shorting and poor contact resistance were the two
major flaws found with the 46ell 3D printed stack desigs found with the small stackBour
major groups of cells with these two flaws were identified, as showigure2.112. After the
return of the stack to NRL, white light prolifometry was performed ogeli onefrom each of

the groups identified ifigure2.112. NRL and HNEI were able to directly correlate the plate
flatness and adjacent cell mismatch from line scan profiles of the plates with the diagnostics data.
This work was documented in moretaiein references. After this study, NRL began pursuing
stamped metal plate designs, as the 3D printed bipolar plate based stack still did notlaehieve
desired power to weight ratio for UAVs and manufacturing tolerances were not sufficient for
stacls of more tharlO cells. In summary:

1 HNEI completed an evaluation a#0 cell NRL built 3-D printed stack following a
successful flight in lon Tiger UA¥hassis.

1 Similar issues with the 1€ell and 8cell stacls were identified, i.e. inadequate fda
flatness leading to electrical shorting and poor contact resistance as well as mass
transport limitations.

1 NRL and HNEI were able to correlatesitu diagnostic measurements with surface
height profiles of the plates resulting in 2 publications discussing the limitations of 3D
printing using direct metal laser sintering for the production of fuel cell bipolar plates.

1 Following the 4Qcell postfli ght evaluation, HNEI intended to use the 3D printed stack
parts and plates to serve as a Oresearcho
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design to expand fundamental studies at HiBWwever the inadequate plate flatness
halted this effort and o#r stack designs were explored.
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As the 3D printed bipolar plate design did not meet the weight requirements for lightweight
UAVSs, NRL continued to explore methods to reduce the weight of the fuel cell stack. These
efforts led NRL to look into the use of compression basdspposed to the classic approach of
heavy end plates with Bellille washer/bolt compression. The use of compression bands is not
new. Ballard PoweBystemsfor example, has been using compression bands in combination

with spring plates for many yeansth several pre2000 patents issued, suchraference. NRL

reduced their novel designs to a titanium strap that encompasses the entire fuel cell stack width,
with theexcepton of the end ports, as shownhigure2.113. This allowed NRL to use a much
thinner end plateas well as replacing the metal end plates with plastic. In thisdldsen

plastic was used with the reactant ports machined directly into the end plate. The stack and strap
system are compressed in a press, and then the upper angtiapere spot welded in place,

relying on the elasticity of the stack seals to maintain the desired total force and keep all surfaces
sealed and leak free. For the initial build test at NRL, this resulted in a reduction aj,~&800

the new titaniunstrap band stack mass without coolaint93g vs.the equivalent bolted stack
weighing 509.

Figure2.113. Test configuration ot3cell 3D printedcbipolar plateBPP stack wth titanium
strap compression system under test at HNEI
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A 13 cell stack made with the titanium strap compression system and the 3D priptadrbi

plates was sent to HNEI for a short evaluatioddgterminevhetheror notthe stack provided

similar resultgo the bolt compression systefigures2.114 and2.115 provide results from the

initial polarization curve performed and the analysis of the cell to cell electrical shorting and
contact resistance. Overall, the stack prodwaschilar power output and exhibited the same

issues as the previous build$e use bthe titanium strap compression system was deemed a
succesgven with these issue$he strapapproach could be used to replace the heavier metal
endplate and bolt compression system for future stacks under development at NRL, such as the
recently initided stamped metallic bipolar plate 3 kW stamkject
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HNEI also assisted NRWwith several smaller test prograrias fuel cell system development.
During their brassboard fuel cell system layactivities NRL was using an older Protonex 60

cell stack as a test article to develop the control systdtware NRL was unable to achieve the
rated capacity, i.e. 1.5 kW using their brassboard system and requested HNEI for an evaluation
of the stack, to validate if it was possible to achieve tteglnaowerand if applicable jdentify
corresponding operatingpnditions. NRL was only able to achieve approximately 1.3 kW.
Figure2.116 showsthe Protonex 6@ell stack, which has a built Mafion membrandumidifier

from PermaPure LLC andcustom ightweight manifolds. Two peak power experiments were
performed at HNEI, essentially ramping up to 49.6 A or 1@ (31 cnt active aredor each

cell) and varying the air flow to evaluate the effect on peak power. These runs are displayed in
Figure2.117. The reactants wemnneced in ceflow with the coolantindthe inlet
temperaturavasset at 50 C. The anodstreamhumidification was supplied by the test station at
50 °C (saturated conditionsndthe cathode humidification was provided by theegnalNafion
humidifier. During the second day of testing, HNEI was able to demonstrate the stack could
produce the rated powesith a150 SLPM air flow. The stack was returned to N&tidtheir
compressor controllevas adjustedb allow for higherir flows NRL was subsequently able to
achieve peak power on their brassboard.
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Figure2.1117.Protonex peak power assessmeuntput powergcurrent, andir flow vs.time.
Day 1 testing resultsitih 1.44 kW achievedé€ft). Day 2 testing resultsitin 1.505 kW achieved

Fuel cell ifet oxidant and hydrogen fuel reactant streams typically require added heat and
humidity whicharecritical to the overall system performance and reliability. For-ultra

21



lightweight fuel cells for UAVsthe hydrogen gas streamtypically not humidified However

the oxidant stream is heated and humidified. Very few companies actuallfaotue

commercially available product§he two most frequently selected are Perma Pu@,'° which
produes tubulaNafion humidifiers such as ¢hunit integraédwith the Protonex 6@ell stack
discusseaarlier (Figure2.1.16), and dPoint Technologig$which produes planar type

membrane humidifiers. dPoint Technologies originally licensed Ballard Poyseam$
humi di fier design back in 2006. NRBZ250®pjuest ed
humidifier, shown inFigure2.118 with the sensor laydwand port assignments, to determitise
applicability in their fuel cell system balance of plant. The original request from NRL focused on
testing the humidifier beyond the manufacturer specified faies, temperatures, and pressures.
Examples of the da produced and delivered to NRteshown inFigure2.119. On the left side

is thedew-point differenceébetweerthe supplied wet stream inlahdthe humidified dry stream
outletfor various temperatures and flow rates. Additional evaluations, suck adltrence of

CQOrin the gas stream, as shown on the right, were also performed.
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\ S p .
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Figure2.118. dPoint humidifier port assignme(ibp, left) sensor layoutbottom, left) and

sensolinstallation(right).
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Data was disseminated to NRL through monthly reports, update meeting presentations, and
compressed data fie For more information and specific details of the projexistact Karen
SwiderLyons (karen.lyons@nrl.navy.njil More details ar@alsoprovided in thedPublications

and PresentatiorResulting from these Effortifems8 and11) listed at the end of thsubtask

Effect of contamination on a PEMFC stack

Interpretation of fuel cell field data that will be obtained from the Hawaii Volcanoes National
Park demonstration buses, whichli¢ subjected to elevatedncentrationsf sulfur dioxide

and other volcanic contaminants (section 2.2), implies a good understanding of stack behavior.
Few reports detail the effects of contaminants on operating fuel cell $ta¢kmwever,

contaminats that were used are not relevant to an atmosphere with high levels of sulfur dioxide
such as a volcanic environment, and observed trends were left unexplained and without an
explanatory contamination mechanism.

Laboratory tests were conceived torgaibetter understanding of stack contamination. A sub

scale Protonex 36 cell stack (500 W) was chosen as a surrogate because b(83stacks

exceeded test station limitatioskW). Also, propene, which was previously down selected

from a list of appoximately 200 airborne contaminanfsather than sulfur dioxide was chosen
because the performance loss due to propene is in contrast to sulfur dioxide readily recoverable
simplifying test procedures. Although a single cell performance is recoverablaboratory
environment by applying a voltage that exceeds the open circuit potential of ~1 V, such a
procedure is not currently applicable to a stack, as each cell potential needs to be independently
controlled and electrical connections to each celhamessary.

Figure2.120 aillustrates the average cell voltage evolutihuming a test. During the first phase,
the stack has a steasdtateoutputVe. In the subsequent phase, the propsmgiected and the
average cell performance immediatdbcreses. The average cell performance loss rate
decreases until a steady stetes reached. In thiast phase, only air circulates and the average
cell performanceecovers at a rate which is greater than the deatayobserved during the
second phase. Ttaverage celperformance recovery rate also decreases until a sttady’ is
reached. The average cell performaatfter recovery is larger than the initial value by
approximately6 mV. This transient behavior and larger average cell performaiteeaecovery
areconsistent with prior single cell experimefits.

Figure2.120 bdepicts the cell voltage, distribution duringhe first phase (baseline) at 2 h
(specific times are indicatad Figure 20 aby red dashed lines). The cell voltage distribats
relatively uniform with a linear regression indicatingj@4 mV change between cells 1 and 36.
The cell voltagé/. distribution (contamination) shows that propene contaminateepens and
renders the distribution less unifoahthe end cells, wineas the cell voltagé; distribution
(recovery) indicates that propene contamination has a positee and uniformly increases cell
performance. Thedeends are better emphasized by displaying cell voltage differ&ee¥.
andV; - VW to isolate these contaminagffects and remove other causes of cell variability
(Figure20 9. Figure 20c shows these steadyate cell voltage change distributiaistained,
respectively, at 3 h and 20 min and &rtd 30 min by subtracting first phadata at 2 h. The cell
voltage chang® - V. distribution during contamination eharacterized by two main features.
End cells have lowgserformance than their contiguous cells. The cell performeinaege for
the other cells depicts an increasing vdtoen cell 2 to cell 35 (0.57 mV cel). The cell

23


mailto:karen.lyons@nrl.navy.mil

voltagechangeV; - Vy, distribution during recovery is almost unifoland identical to the
distribution observed before tkentamination phase with the exception that cell voltages are
higher by~6 mV on aerage. It is remarkable that suckraall stackeasier to control operating
conditions in a small volumegveals clear effects during contamination &4 15 mV for
respectively end cells 36 and 1, 19 mV altimg stack core from cells 2 to 35). Conimation
effects areexpected to be even more significant in larger automotiggationary stacks because
it is relatively more difficult tacontrol operating conditions over much larger voluriieso
parameters derived froffigure2.120 c data are usetd discuss the effect of propene on stack
performanceAs end cells do not behave as inner cells, theyairéaken into account to linearly
correlateVy - Vc data. Theesulting slope bis used as an indicator of the cell voltage
distribution unevennes3he inner cells linear correlationatso used to calculate hypothetical
voltage values for encklls 1 and 36 which are subsequently subtracted from corresponding
measured values to define the voltage differdreteveen end cells and inner cellend
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Figure2.120. PEMFC stack average cell voltage before, during, and ai@mgpm propene in
air exposure (a). Individual cell voltages durthg precontaminatiorV,, contaminatiorVe, and
recovery phaseg (b). Cell voltage differencdsetween preontamination andontamination
phased/, - V¢, and recovery and peontaminatiorphased/; - Vy (c). Baseline operating
conditions air/H., 2.5stoichiometry/dead end with intermittent purges, 75/(ebtive
humidity, and ambient/ambient ssre outlet$55°C, 1 A cm?.

Figure2.121 aschematically shows naturanvection heat losses. For inner stack cellsr21p
thesteadystate heat balance includes forced convectiorcédl are equal and bounded by
coolant flow fields on eitheside) and natural convection terrmi$ie natural convection term
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Qsidescorresponds to thieeat loss from the cell sides. For end cells 1rarbesteadystate heat
balance includes an additional te@enqfor the natural convectioneat loss from the erjlate
adjacent to the end celtherefore, end cells are cooler than inner cells beaneells have a
greater heat los$(gure2.120 b). The anomalous end célehavior is consistent with a
mathematical model thahowed that a local heat anomalglsas an end cell onbffects
approxiggtelﬁ adjacent cells with an impact progressivyelsened with the distance from the
anomaly:

a b)A
( } Bipolar { )
— " plate 95’ -:--+—+;(/—-—-Ir---
End Qsides E ' ;
plate ! i
Qend E i
=1 i
Cel:1 234 ... 1 2 3 n1n
Cell number

Figure2.121. PEMFC stack heat losses (a) and schematic tempedhstribution (b)

In thepresence of propere@ntamination, the end cell effectagacerbated as shown in &ig

20 cwith the cell voltage differendeetween the preontamination and contaminatiphases
DVend After the contamination phase, the exacerbateticell effect disappears as the cell
voltage differencéetween preontamination and recovery phaseapproximately constant for
all cells Figure2.120c¢). The exacerbateeffect is ascribed to the lower local temperature and
its significanteffect on propene contaminatiétThe loss ircell performance for propene is
approximatelyD.0086 %°C ! ppn1L.1® Therefore, the decreasetemperature is equal to 8.7 and
5.4°C for an initial performancef 0.641 V Figure 20a), end cell losses of, respectiveld and
15 mV (igure2.120c), and a 50 ppntoncentration (0.024 or 0.015%/100/(0.641 W 50

ppmx 0.0086 %°C ! ppnt?)). The larger loss in ceflerformance at a lower temperature is
mostly related tdinetic effects. Kinetic effects are represented byothyaen reduction
reactiort”*® and the contaminamixidation reaction, which are both hampered by lower
temperatures. Additionally, contaminant adsorption orc#talyst surface is favored at lower
temperatures. Thereforhie oxygen reduction reaction proceeds more slavigwtemperature
and is more impacted by the presencthefcontaminant which is strongly adsorbed and is less
easily removed by oxidation. Mass transfer effects are not exgeqgiéaly a significant role
because propene is diluted at a 50 ppm concentration

The end cell temperature cha changed by either varying the coolant flow rate (forced
convection) or the ambient atmosphere air flow (natwal/ection). The heatansfer surfaces
as well as the heat transfer coefficiethin the stacktself (condiction) are assumed to be
constant because all experiments were carried out witkatihe stack. As a result, the natural
convection heat loss directly proportional to the temperature gradi€fi- Tambient HOwever,
the individual cell temperatur@se not accessiblgithout stack design modifications. As a
substitute, ampproximate and more convenient temperature gradieses and is formed by
the difference between the averagelant temperature and the end plate surface temperature
[(Tc,in + Tc,out)/z] - Ts-
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Figure2.122 adepicts the transient cell voltages for the laselBs of the stack (cells 34, 35 and
36). These cell voltagiame series share the same features with the one illusireffégure
2.120a. In addition, the calculatetkll 36 approximatéemperature gradient perpendicular to
the cell plane is alsmcluded inFigure2.122 a The temperature gradient is intentionally
modified by intermittently turning on and off a falowing air on the end plate adjacent to cell
36. The faninduces changes in the temperature gradieappfoximately7 °C. Thefirst change
in temperature gradient takes place beforec#iieis contaminated by propene (period t2). This
changenegligibly affects all 3 cell voltages. By contrast, taddiional temperature gradient
changes during the contaminatiperiod (t5 and t7 periods) significantly affect exall 36. The
impact on cell 35 is relatively smaller, whereadl 34 is hardly affected. Figu&122 adata
reveal that a linlexists betweethe end cell performance during a contaminatieent and the
end cell temperature.

The differences betweand and inner cellfVengare plotted irFigure2.122 cagainst the
temperature gradient. Other test data obtained under diffayelaint flowrates are also added to
Figure2.122 ¢ which show atrong correlation between end and inner cells voltage differences
DVendand the temperature gradient confirming igpothesis that the end cell performance is

tied to its temperatur@uring acontamination evenData obtained by varying the air relative
humidity, the coolant flow ratand the cathode potential on the stack inner cells voltage loss
distribution slope b (not shown) ixlicate that the reactant flow distribution is also linketht®
presence of propene.
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Figure2.122. PEMFC stack cells 34 to 36 voltage and end cell tempergtacéent [{Tc,n +
Teou)/2] - Tstransients (a). Voltage difference between eglts and inner cells regressiéNend
as a function of the end cédimperature gradientT{in + Tcou)/2] - Ts during contaminatioiic).
Intermittent operation of a fan directed toward cell 36. Otherbaseline operating conditions
for figure a: air/H, 2.5stoichiometry/dead end withtermittent purges, 75/0 %elative
humidity, and ambient/ambient pressure out®s’C, 1 A cm?.

Single cells that arsubjected to different operating conditions will not agéhatsame rate. This
statement means that the stack eeltage distribtion will become more uneven over tirard
will more easily trigger a fuel cell system shutdo®nch a conclusion is supported, for
example, by longluration fuel cell experiments with different reactaninidification levels that
led to dissimilar timeso failureby membrane gas crossovei herefore, efforts shouloe
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devoted to the development of early detection@egientive measures to reduce contamination
risks in astack.

The stack contamination mechanisms developegrfgpene are readily appéble to other
organic and morprevalent inorganic contaminants. From that standpibiatselection of
propene was, in retrospect, not critical atioer contaminants could have equally been chosen to
complete the present study. A larger contaminantetfiestack end cells is possible considering
that for naphthalene, the lossdell performance is 0.51 9& ! ppn1?,1® which ismuch larger
than for propene (0.0086 % * ppntt). Theend cell effect is expected to be smalldatfur
dioxidebecausd¢enperature has a small impact on cell performanceldesseen 45 and 80

°C.2% For subsaturatedeactant streams, a more moderate contaminant effatackinner cells

is anticipated for species that do motolve water in oxidation or reduction reactsorsimilarto
propene, S@ NO,, and CO oxidatiomeactions include a water molecélé? and therefore, a
moreuneven contaminant effect on stack inner cells is expéatedsubsaturated reactant
stream. However, this stateménbased on overaleactions. For instance, the elementaitg
determining step for CO oxidation involvesaatsorbed hydroxyl speciésand therefore, the
innercells voltage distribution may not be impacted. A lagertaminant effect is also expected
for electrode potatialslocated in a region where only species adsorption fallees due to the
absence of active mechanisms cleansiegcatalyst surface. This is the case for both 8@

NO2 which lead to adsorbates on the Pt surface ifPEFC operating range of@.1 V vs.the
standard hydrogen electrotfe™® More details are provided in tfRublications and Presentations
Resulting from these Efforection ftems 5 andL2).

Future tests are planned to confirm the link betweesttek inner cell voltage loshstribution
slope-b andthe presence @ contaminant. Operating conditions more directly impacting
reactant flow distribution will be used for these tests (change dil@nt from N to He and
CsFs, U and Z type manifold configurations).

Non-precious metal catalyst tolerance to airborne contaminants

The viability of praton exchange membrane fuel cells still requaeisstantial decreases in cost.
Precommercial nembrangelectrode assemblies utilize platinum or platinum group metal
catalyss ontheanode and cathode. The high pricelatinum group metals currenthccounts

for 50% of the total stack cogtost analysigor a volume of 500,000 units/yg&f The

substitution of platinunby inexpensive catalysts has been explored sinceittd 960s.

Significant progress has only occurred within the fast years with the development of active
Fe/N/C catalyst?”-?8 Substitute catalystare subject to the same requirements including activity
anddurability. For simplicity, fuel cellautilize anbient air as an oxidanth€refore, the

operation of fuel cedl is dependent on air quality. Thus, substitute catalysts should be tolerant to
prevalentairborne contaminants, especially those emittgdhternal combustion engirars

(CO, NQ) and malfed power plants (S£. However, few reports discuss the behavior of
substitute iron based catalysts exposed to air contaminants.

Fe/N/C catalysts were obtained from the University of New Mexico and integrated into
membrane/electrode assemblies lbaushing a catalyst ink onto gas diffusion layers (2.0 to

3.9 mg cm?) followed by an ionomer coating and heat pressing to a membrane and a

commercial gas diffusion electrode for the anode. Membrane/electrode assemblies were exposed
to SO (10 ppm),NO2 (2 and 10 ppmand CO(5 and 20 ppm) in a segmented cell at a low

current density of 0.2 A cribecause their performance was substantially lower than for Pt
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based membrane/electrode assemblies (hence the much higher loading). Under these conditions,
the average cell voltage was approximately 0.43 to 0.52 V (~0.75 V for Pt at a 0.1 Thg cm

loading) and limited by high kinetic overpotentials for oxygen reduction, ohmic overpotentials

and mass transfer overpotentials (much thicker electrode than for PralQkagnostics were

used to clarify observations including polarization curves, impedance spectroscapy, X
photoelectron spectroscopy and ab initio density functional theory calculations.

An/Ca: H,/Air, 100/100% RH, 2/2 stoi, 2/2 atmg, 80C
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for aFe/N/Ccathode catalyst based membrane/electrode assenpmged to SO

@
o <
3 ] y% b»d 9 P b d » ® »d B
M\'w e 5 h’k wo e esSeBe® o
o = “;. < }.u‘b“}. < po Sl po" g/o < po"
9—94“&9 J >, ¢ @ v bo" ¢ 06 e u
Fe-N, Fe-N, N-doped graphene

Figure2.124. Density functional theorgptimizedFe/N/Ccatalyst sitestructuresFe (dark
blue), N (yellow) C (light blue).

Table2. Adsorption energie®r Oz, NO, NG and SQ on FeN4, FeN2C, and Ndoped
graphenssitesascalculated by density functional theory
Adsorption energy [eV]

Adsorbate Fe-Na Fe-N2Co N-doped graphene
07} -1.01 -2.34 -0.15
SO, -0.81 -1.63 -0.17
NO -1.97 -3.37 -0.09
NO2 -1.45 -2.63 -0.43
CO -1.61 -2.09 -0.01

Thecell voltage and current distributidor the Fe/N/Ccatalystwas not affected bthe presence
of SG in aireven for a high concentratiaf 10 ppm SQ (Figure2.123). The observed Fe/N/C
tolerance to S@is explained by thabsencef SO, adsorbatesn FeN2C, and FeNjs sitesthat

28



are more stable tharr@dsorbateéFigure2.124), as confirmed by density functional theory
calculations Table2.12). In comparisonthe exposure of Pt catalysts to S8@sults in a

significant decrease in performance (hundreds of mV at ppm levels) which is only partially
recoverable after exposure unless the cathode potential is above 1 V vs. a hydrogen &lectrode.

Exposure of th&e/N/C cathode to 2 and ppmNO: resulted in a performance loss of 30 and
70-75mV, respectively Figure2.125). In comparisona Pt cathod®ses B-100mV when
exposed t@ ppm NQ,*° which indicateghat the norprecious catalyst was more toleremiNO;
poisoning. The impact of Nkdn the Fe/N/C electrocatalyistattributed to N@adsorption and
subsequent decomptieh into NO and O speci€s Table2.12 shows thaNO2 and NO
moleculesare more strongly bound fe-N2C, andFe-N4 sitesthan Q, which block the surface
and prevent the occurrence of @duction. Tie NOspeciesas an affinityfor Fe"* centers (F&
and Fé")3%? and slowly desorb from-Ny into the gas phase @rreleased as HN§Y® This
information supports the observation of a recovery after &posure (Figur@.125).

An/Ca: H,/Air, 100/100% RH, 2/2 stoi, 2/2 atmg, 80C
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The introduction of 5 or 20 ppnf €O into the air stream did not affect Fe/N/C performance
(Figure2.126). This observation is consistent with smaleisorptiorenergy forCO on FeN2C»

and Ndoped graphenian for Q (Table2.12). However, CO adsorbs more strongly tharo®

Fe-N4 sites (Table2.12). Therefore, on that basis, CO is expected to have an effect on cell
performanceTheapparentliscrepancy betweeadsorption energies and cell performance

during CO exposure is tentatively explained by factors such as a relatively low CO concentration
(the tolerance limit has not been reached) and the relatively smaller nunige p$ites

More details are provet in thePublications and Presentations Resulting from these Efforts
section (iten®). For instance, membrane/electrode assembly degradation was accelerated with
exposure to contaminants:rdy photoelectron spectroscopy results highlighted increased
ionomer oxidation, which is partly ascribed to the generally enhanced peroxide formation in the
presence of contaminants.

Platinum metal catalyst contamination by carbon monoxide in hydrogen

Theuseof H. as a fuel for proton exchange membrane fuel efiscingseverahurdles. For
instancegcurrent H productionmethodsnclude the incumbentatural gastream reforming
technologyandwater electrolysisCarbon monoxidés a by-product ofthe reformingprocess
Recent standards specthe hydrogen gagurity for fuel cell applicationswhich include a
maximum CO concentratiaof 0.2 ppm to alleviate contaminatissueqISO 146872, SAE
J2719) A predictive, onadimensional along the channel lengtihematical model describing
the temporaperformanceevolution ofa cell exposed to C@as adapted and extendeom

prior studies. Ircontrast with prior studieghat reported CO concentrations greater than
approximately60 ppm sesgmented celllata obtained with a 2 ppm CO concentration, a value
closer to the standardsd specification of O0.

Transient and steady state data before, during and after CO exposure were obtained in different
modes corresponding varied oxygen concentrations at the cathode from 0 to pure oxygen and
including air. This was necessary to better evaluate the role of crossover oxygen on CO
oxidation. Several diagnostic techniques were used including impedance spectroscopy. Steady
stak impedance data were fittedadapted equivalent circuit models

The mathematical model waentered om mechanism that accounts for the following
elementaryelectrochemicalEquations2, 4 andb) and chemicalgquationsl, 3, 6 and ¥
reactions®>3’

H2+2[]12 2[H] (Equationl)
[H] & []+ H"+ e (Equation2)
CO +[]2 [CO] (Equation3)

H20 +[]2 [OH] + H*" + e (Equationd)
[OH] + [CO] - 2[]+ CO: + H" + € (Equation5)
O2+[]2 2[0] (Equation6)

[O] +[CO]- 2[]+ CO: (Equation?)

Essentially, CO adsorbs on the Pt catalyst surface and blocks free sites (denoted [ ] in equations
1-7). In addition, the presence of CO on the surface affects the hydrogen oxidation kinetics. CO
is also actively removed by electrochemical and chemicdbativin (respectively equation 5 and

7). The anode channel was also modeled as a series of well mixed volumes to account for the
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progressive decrease in CO concentration due to adsorption and reaction. GiaiyGREO,
case was modeled tedue@ modelcomgexity, which primarily focuses on anode poisoning
processesT herefore diffusion and floodingn the cathod&vere not implemented, and current
densitiedor all segments are equal in the yp@soning and recovery stages.

Figure2.127 a and b presemtansiens of segment voltages and current densities normalized to
initial values. After the injection of @pm CO into the hydrogen stream, a fast decrease of the
segment sO6 Vv ol taaugentsdensity @distribugod was abderved. The transition
period to reach steady state lasted approximateholifs. At steady state, the segménts
voltages settled at 0.586 which yielded a performance loss of 0.089Under CO exposure,

the inlet segments-4 exhibited the lowest current density @doss), wiereasoutlet

segments-10 showed an increase in current den@dtal current is controlledAfter switching
backthe fuelto Ho, the cell and segments recovevath aperformancehat isvery close to the
initial voltage value of 0.662 V with 1 h.

Figure2.127, top, right showsurrent densitgimulation resultshat aran good agreement with
experimental datat the beginning of CO injectiancluding the appearance of an undershoot
feature However, he main differencevas noted durinthe recovery stag&xperiments showed
a first order decawhereassimulations revealethe appearance olvershootsattributedto

higher order dynamic3.he imerequired taeacha steady statduringthe recovery stage of
the same orddfr4 h)as theexperimental valuerhe simulaedlocal CO concentration
distribution at steadgtate Figure2.127, botton) is consistent with adsorption and reaction
processes and the current distributi8imulated and experimental results reveal that the
proposed mdel representseasonably well the behavior ofwel cellexposed teCO.
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Figure2.127. Transient wltage (a) and normalized current densitief@b)ndividual segments
an overall current density of 0.8 A chand 2 ppm CO. Simulation of curresensity(top righd
and COconcentration (bottom) distributiond,/O; case
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Figure2.128. Impedance spectifar segments-1L.0 and the overall cell durireg2 ppmCO
exposure at 0.8 cnr 2, Experimental data amepresented by symbols and the modeling results
aredepicted asolid lines.Spectraat 92h wererecordeddownto 0.01Hz whereas albthers

were recordedownto 0.05Hz. H,/O; case

Figure2.128 summarizesmpedance datéNyquist representation with imaginary Im Z versus
real impedance Re Z valudsy all ten segments and the overall c8lpectra before and after

CO contamination overlap whereas during the contamination phase, spectra weiedmaothf

a progressively larger loop. In addition, modified spectra are confined to cell segments located
near the hydrogen inlet port. These features are consistent with normalized current2 Eigdre

b) and CO concentration (Figuel27, bottom)}transients It is emphasized thattypical
pseudeinductive loop(positive imaginary impedance®presentative agflow CO
electrooxidatiorand removal of C®from the Pt surfaceras not obtained in the lofrequency
region, which suggests that the chemioalkchanism is predominant (Equations 6 and 7) and
similar to air bleedin$f with O diffusing from the cathode through the membrane. This
hypothesis is also justified by the low anode potential (~0.089 V versus the hydrogen electrode)
which is insufficiento oxidize CO at a high rate unless it is ab0wv0.5V vs. the hydrogen
electrode.

Rs L

Figure2.129. Equivalent electrical circuit used to fit impedance spectra foHthe CO/Q
case.
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resistances at various CO exposure tirgeglivalent electrical circuiitting wascompletel in
the10 00060.05 Hzfrequency ranged»/O- case.

The equivalent electrat circuit depiced inFigure2.129was used for fittingmpedancalata

and separate the anode contributidtiswever R« andLk elementsvere eliminated because the
anticipated pseudmductive loop was not observed with the@idant.Figure2.130 illustrates
distributionsfor the threeequivalent electrical circuresistancedMost significantly, the anode
kinetic resistanc®:a increases during exposure to CO near the cell hydrogen inlet. Again, this
result is consistent with the current depsihd CO concentration distributions (Fig2ré27 b
and2.127, bottom). The serial resistarRedistribution reflects the susaturated inlet ©@stream

and the incompletely moistened membrane near the inlet. The cathode kinetic reBigtaace
indirectly increased due to the concurrent decrease in inlet current density induced by CO (the
cathode kinetic resistance for a Tafel process is inversely proportional to the current density).

For the other two cases studied, air or hydrogen fed to thedeathther than the

contribution of the electrochemical CO oxidation path (Equations 3 and 5) to the total CO
oxidation rate increased, as demonstrated by an increase in the size of thamhsttdace

feature at low frequencies (not shown), owingh® decrease inQliffusing to the anode
compartment through the membrane and the consequent increase in the anode potential (larger
anode overpotential promoted by a more difficult CO oxidation).

These studies have demonstrated that the prior knowviglaigut fuel cells operated with
hydrogen contaminated by CO was applicable kwer than previously studied CO
concentratiorthat is much closer tihe hydrogen fuel standard requiremdéndore details are
provided in thePublications and PresentationsdRlting from these Effortsection item 10).

Impact of contaminant hydrophobicity on fuel cell water management

A multitude offuel cellcontaminants exist and the majority of those that have been tested have
shown several detrimental effects including kinetic, ohmic and mass transfer overpotential
increasesContamination mechanisms are still not fully understood especially in relatvesit¢o
management. Impedance spectra have often shown an increase in the low frequency loop
diameter(Nyquist representatiorgnd associated resistance generally ascribed to mass tfansfer.
This may beexplained by contaminant adption on the carbon (gadiffusion layer, catalyst
support) affecting hydrophobicity and liquid water content in gas diffusion electfbdes.
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Confirmation of the existence of this effect would focus activities to minimize mass transport
losses induced by contamination. Additiogaif there is an impact of contaminants gas

diffusion electrodevater content, it would reveal the existence of synergy between contaminants
adsorbing on carbon and cationic contamingd#s in sea watewyhich require a liquid water

path to reachhte ionomer or membrane for ion exchange with proamakaffect all

overpotential type$2* This contaminant synergy is directly relevant to applications because
reactant streams contain more than one contaminant (contaminant mixtures).

The correlatiorbetweergas diffusion electrodeater content and contamination will be

assessed by measuring the amount of liquid vistereutron imaging using the National

Institute of Standards and Technology facilitiEsrough and inplane neutron images will be

acquired considering the liquid water distribution is 3 dimensional. Pragpeshenethyl

methacrylate were selected as contaminants because they both lead to increases in mass transfer
resistance anddsorb on carbormable2.1.3). Both contaminant haverdatively different

hydrophobiay as revealed by a surrogate measure (solubility in waade2.1.3).

Table2.13. Solubility in water and adsorption on carbon capability of organic contaminants.

Species Acetonitrile | Acetylene | Bromomethane | Iso- Methyl Naphthalene| Propene
propand methacrylate

Solubility in Miscible? 1170 17,500 Miscible? | 15,000 31.6 0.61

H20 (mg L-1)

C adsorption | Yes? Yes® Yeg#4 Yes® Yes#6 Yes"’ Yegh#®

2786 g L:* for pure acetonitril@nd isepropanol ® Dichloromethanet Methyl acrylate® 4-
methyt1l-pentene.

Propeneand methyl methacrylatgerealso selected for other reasons to ensure thajabe
diffusion electrodevater content is not affected by currendistribution and onlyhe
contaminantdsorbs orarbon Propenaand methyl methacrylatainimally affect current
distribution ot shown), are less extensivelyonverted tgroducts at the steady state cathode
potentials considered for cell operation (not shoangareonly slightly soluble in watet*

Two different types of experimemtere danred. The first experiment minimizes the impact of
contaminant®n current distribution and reactiowith a noroperating fuel cell modified by
eliminating the anode gas diffusion layer and circulating water innbdeacompartment. Water

is transferred to the cathode compartment, mimicking water production, by applying a slightly
higher temperature to the anode end plate than the cathode end plate-(thewss )
Contaminantsn N2 will be temporarily introducedh the cathode compartment which will allow
the acquisition of imaging data after reaching a steadyamatbefore, during and after
contamination. The difference between neutron imaggsired during preontamination and
contamination phasesill reveal the impact of contaminant adsorptioncanbonon thegas
diffusion electroddiquid water content.

The second experiment gssecell operated at a constant current density with a temporary
injection ofcontaminantsn air. Otherwise, this experimeis similar to the first one. Variations
in contaminantoncentration, which would affecarbonsurface hydrophobicitipecause the
amount of contaminant adsorbedaarbonis dependent on gas phase concentrati@e also
planned Table2.14 summarizesitially planned tests.

Table2.14. Plannedéstssummary
Test Cell | Test | Contaminant® | Operating conditions
number type? | type®
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1 IP (@] MMA Baseline + variations in
contaminant concentration
2 IP NO MMA Baseline + variations in
contaminantoncentration
3 TP (@] MMA Baseline + variations in
contaminant concentration
4 TP NO MMA Baseline + variations in
contaminant concentration
5 IP (@] PP Baseline + variations in
contaminant concentration
6 P NO PP Baseline + variations in
contaminantoncentration
7 TP (@] PP Baseline + variations in
contaminant concentration
8 TP NO PP Baseline + variations in
contaminant concentration

2 |P: in-plane water distribution (50 dmactive area); TP: throughlane water distribution (3.08
cn? active area).

b O: operating cell; NO: nenperating cell.

¢ MMA: methyl methacrylate; PP: propene.

Preparations for the tests and the test campaign at the National Institute of Standards and
Technology were completed. Detailed analyses of the results will be suranmaaizubsequent
report. A50 cnt active areaell for in-plane water distribution measurements was borrowed
from Los Alamos National Laboratory and modified by replacing bipolar plates with zinc and
gold coated aluminum substitutes with flow field designuse at HNEI (Figures 31 and 32).
These plate materials maximize water absorption sensitivity by minimizing neutron absorption
for all other materials in the neutron beam path. A 3.08amtive area cell was also built for
throughplane water distribion measurements (Figure 31).

Membrane/electrode assemblies were conditioned to verify in advance the proper operation of
both cells. Additionally, a calibration curve was obtained to determine the temperature difference
between cathode and anode eratgs that led to the same cathode outlet water content as for

cell operation at 1 A cm (Figure 33).

Figure2.131. 50 cm active area bipolar plates for-plane neutron imaging and 3.08 Tactive
area bipolar/end plates for througtane neutron imaging.
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Figure2.132.Bipolar plates wittHNEI flow fieldsmountedon the borrowed Los Alamos
National Laboratorymrd plates

Both cells mounted at the National Institute of Standardsractnology facilities are shown in
Figure2.1.34. The test plan (TabR14) was not only completed but extended to take advantage
of leftover time (5 days were allocated). For these few additional tests, the effect of relative
humidity and contaminant xing (synergy between species) were explored. Additional fuel cell
tests will be completed at HNEI which include verification of the water transfer calibration curve
(Figure2.1.33) for the 3.08 ciactive area cell, muktomponent gas analyses;(@;+He,

O>+Ny) to isolate @ mass transfer contributions in the ionomer and gas phases and correlate
liquid water content data, and cyclic voltammograms to verify the presence of contaminant
reactions at the cell operating potentials.

¥y =254.01x2-47.985x + 83.514
92 - RZ=1

o o

Anode Set Temp [C]
o 00 00 o0 00 o
v v o~

b

0.2 0.22 0.24 0.26 0.28 03 0.32 034
Water Transfer Rate [g/min]

Figure2.133. Thermeosmosis calibration curve obtained by cathode outlet water collection.
Cathode end plate maintained at 80 °C.
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Figure2.134. 50 cm active area cell mounted in the path of the collimated neutron beam (tube
on the right of the left image) and in frasftthe neutron detector. 3.08 tactive area cell
mounted in front of the neutron detector (right image).

Recovery of fuel cell performance losses caused by contamination

Contamination mechanisms were established for several species that affeell fumffarmance.
Data gathered at thd¢awaii Sustainable Energy Research Fac{liiERF) using ex situ

(rotating ring/disc electrode) and in situ methods (gas chromatography/mass spectrometry,
segmented cell) have highlighted the complexity of these amésins and their dependence on
multiple factors including contaminant, electrode potential and the variability in intermediates
and products, and localization either along the flow field length or along the cell stacking
direction (cell number). Althoughoh every contaminant leads to irreversible fuel cell
performance losses (cell voltage does not fully recover after contaminant exposure), recovery
procedures should be effective irrespective of these factors.

Contaminants may cover the catalyst surface by adsorption of neutral or charged intermediates,
or penetrate the ionomer or membrane by ion or solvent exchange. In the former case, the
adsorbate reduces the catalyst surface area and interacts with oxdugeioneby charge density
redistribution. In the latter case, the presence of the contaminant in the ionomer or membrane
disrupts proton conductioBulfur dioxide isanimportant contaminardriginating from natural

and anthropogenic sourceghich ha asevereand partly irreversibleanpact onfuel cells Its
contaminatiormechanismnvolvesboth molecula(SQ,, S)and anio(SQ:*, HSQr)

adsorption.

During selfrecovery periods, contaminant intermediates are reduced, oxidized and/or desorbed

from thecatalyst surface, ionomer and membrdt@wever,for several cases, a cathode
potential exceeding 1 V vs. a hydrogen electrode (at open circuit, a fuel cell has a voltage
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approximately equal to 1 V corresponding to a cathode of approximately 1 V vsogédrydr
electrode) is necessary to oxidize adsorbed sulfur and halogen aniqrigr(CP This procedure

is impractical requiring electrical connections to and voltage control for every cell in a fuel cell
stack.

Recently ozonewith a reduction potentiadf 1.6 V vs. a hydrogen electrode was added to the
cathode reactant stream to locally create a corrosion cell and oxidize adsorbed sulfur on the
catalyst®! This approach circumvents the need for connecting and controlling the cathode
potential of individial cells in a stack. Zbneitself is anairborne contaminant which can cause
permanent damagdé Recovery attempts were nevertheless successful because ozone exposures
were short. In a similar fashion, the effectiveness of nitrous oxigle, (leduction ptential of

1.77 V vs. a hydrogen electro@@as investigated. For this specific situation, the local

corrosion cell electrode reactions are:

N20O + 2H + 2e - N2+ H0 (EquatiorB)
SQadst+ (4 X)H20- HSQs + (7- 2x)H* + (6- 2x)e (Equation9)

Figure2.135shows NO recovery experimentdl,O was introducedt different contamination
phasesZ ppm SQ). The baseline cell voltage is characterized by typical featarggad\state
with a significant cell performance loaad apartial cell performanceecoveryat steady state.
N20 injection does not modify any of these features which implies its ineffectiveness and the
absence of a }0 contamination effect.

] 1 v ] M 1 1
Cell: 80 °C, 0.6 Acm2;
0.8 [~ AniCa: 48.3 kpag, 2/2 stoich,

100/50% RH, H,/Air(SO,/N,0).

Air-SO,-Air

---= Air-50,-Air-N,O |

---------- Air-80,-N,0
—-=-= Air-S0,/N,0-Air

{Ho/Air

L L T ... .

Cell Voltage [V]
o
o

0.4

0 10 20 30 40 50
Time [hours]

Figure2.135. Cell voltage responses Bppmsulfur dioxidein neat air. For the baselinase,
nitrous oxide was not introduced. For the other cases, 50 ppm nitrous oxide was injected after
recovery with neat air, after sulfur dioxide contamination and during sulfur dioxide
contamination

Impedance spectra support Figar#.36 findings.Figure2.1.36 depict impedancéata

(Nyquist representation with the imaginary impedance Im(Z) plotted as a function of the real
impedance Re(Z)yuring thedifferent SO, contaminatiorphasesAll spectra show similar
features with 2 sengircles. The highefrequencies senircle is attributed to oxygen reduction
(~10 Hz to >1 kHz) whereas the low frequencies samle (<1 Hz to ~10 Hz) is ascribed to
oxygen transport (baseline) and am$@cess (S&cases). Spectra changes associated with
SO, (decreasén real impedance Re(Z) at frequencies >1 kHz, appearance of an inductive
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behavior at low frequencies below 1 Hz with positive Im(Z) impedance values, etc) are
consistent with prior resulf8.Most importantlytheinjection of NO does not affect impedea

spectra (only the aiir+2 ppm SQ@air-air+50 ppm NO sequence case from figure 36 is
shown).

] v 1 v )

—— Before Exposure
80, Poisoning

---- Self-recovery

St 5 hrs N,O-recovery

T v
Cell: 80 °C, 0.6 Acm=2;
An/Ca: Hy/Air(SO,/N,0),
[ 48.3 kpag, 2/2 stoich, 100/50% RH;
AC: 15 mA cm2, 10 kHz-0.1 Hz.

&
L
1

Im (Z) [Q cm?]

0.0

" Re(@)[Qem?]
Figure2.136. Impedance spectra for tlagr-air+2 ppm SQ@-air-air+50 ppm NO sequence case.

Cyclic voltammetry and polarization curves diagnostics \aé&se completed to confirm 49
recovery resultgrigure2.137 results are representative of ajNinjection cases. Figu1.37,
left illustrates the baseline cyclic voltammogram in black. In comparison, the cyclic
voltammograms completed aft8©, contamination and BD recoveryare characteristiof an
SO, poisoneckelectrodewith, for examplea smallethydrogen oxidation peajpositive current
values in the ~0.1 to 0.3 V vs. the hydrogen electraddanadditionalsulfur adsorbate
oxidation peaKpasitive current values) at 1.04 V vs. the hydrogen electfealarization curve
(Figure 37, right) obtainedftercyclic voltammetryscans shovanincreasen Tafel slopefrom
78 to 103 mV decadg alower cell performancanda reduced internalell redstance.
Polarization curvehanges are similao those previously noteafter SQ contaminatiorand

without NpO treatmentwhich wereattributed to the impacts of sulfate arsdeft in the catalyst
layer.

10

T ? § 0.9 L T 0.6
—{— Before Air-SO,-Air-N, 5 d
| —O— After Air-SO,-Air-N,0 )

= 1.0

o
L]
1

£ s €
o & 3]
< 0.8 208 g
2 2 8
[+ 4

2 = §
w 0 L °
5 = 0.6 - 07 ‘g
[=] [ x
- o -
c 8 )
8 E g
= S 04| o
=& b ] Cell: 80 °C, 48.3 kpag; £
(& AniCa: 2/2 stoich, 100/50% RH, H,/Air = [
02 &
£
Cell: 80 °C; 48.3 kpag i 0.2 % { 5
An/Ca: Hy/N,, 100/50% RH; NQ—— [ —— [ —— []—— ._8_—-5-—5:8=8 T

0.466/0.466 L min-! 8—8—8—8—8 1%

10 1 1 1 1 1 1 , , , \
0.0 0.2 0.4 0.6 0.8 1.0 1.2 005 04 08 %] 16 3.0
Potential [V vs HRE] Current Density [A cm™]

Figure2.137. Typical cyclicvoltammogramgleft) and mlarization curvegright) obtained
before and after S{Zontamination and D treatment.
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In retrospect, BD was not able to oxidize adsorbed>®@spite a significantly higher reduction
potential than ozone btesting resulte n h a n ¢ e d kkbwl&geRrEhid snportantresearch
area A fuel cell was operated with hydrogen fuel and nitrous oxide rather than air as the oxidant
for confirmation. The polarization curve displayed in Fige38 indicates that the cell has a
relaively low open circuit voltage (<0.7 V with a cathode potential <0.7 V vs. a hydrogen
reference). The cathode potential is insufficient to oxidize absorbgdrSthe catalyst. The

lower cathode potential is partly explained by a large Tafel slope ah®78ecade', which

implies that NO reduction is irreversible. The rich nitrogen compounds chemistry and multiple
reactions that may create unwanted mixed potentials (corrosion cells) is also partly responsible
for the low cathode potential. Interestindlye cell was able to operate with an oxidant that is
easily liquefied. However, the cell performance would need to be improved with a more effective
and selective catalyst for-® reduction.

—{0— VI Curve|
0.8 | 06F -
= &
5 ) Faad -
o ”, o
8 70 c
E 0.4} % =
0.6
x o4 2
©
@
s 0.2t o
° ® Current Density [Acm «
Soal urrent Density [Acm2] 0.3 E
T
s g
o
> g
Cell: 80 °C, 48.3 kpag; o
AniCa: 2/2 stoich, 100/50% RH, H,/N,0 402 ¢
02| w
=y
2
) ———0——O0——O0——O0——0—__ T

O——11p

o
=

o% s 1 2 1 i 1 "
.00 0.02 0.04 0.06 0.08
Current Density [A cm™]

Figure2.138. Polarization curvéor a single celbperatedvith hydrogen fuel and nitrous oxide
oxidant.

The fuel cell performance recovery concept based on ozone was only tested with inorganic sulfur
gases (K5, SQ).>*° Tests are planned for the important halogen anion class of contaminants,
which include chloride (salt water) and bromide (a decomposition product of bromomethane, an
atmospheric contaminant). This contaminant class has been neglected and positive results are
anticipated because chloride and bromide are easily oxidized at a cathodmlpaiteve,

respectively, 1.36 and 1.07 V vs. a hydrogen electrode, values that are smaller than the ozone
reduction potential of 1.6 V.

Measurement and separation of reactant mass transfer coefficients in fuel cells

Reactant transport in fuel cellsviolve many different processes including molecular and

Knudsen diffusion in the gas phase, diffusion in solid (ionomer) and liquid (water) phases and
interfacial transport between all these phases. The optimization of gas diffusion electrodes partly
relies on an understanding of the relative contribution of all transport processes and is
particularly relevant to fuel cell commercialization efforts because mass transfer limitations are
exacerbated by lower platinum catalyst loaditfgss a result, there ia need to develop or

improve in situ methods to measure and separate mass transfer coefficients into fundamental
contributions. Such a method is currently being developed at HISERF with Army Research
Office funds.
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In support of these Army Research Odfiefforts, HISERF has collaborated witfe Institute of
Energy and Climate Researchlich, Germanyto validate, as a first step, an existing impedance
model containing mass transfer parameters. Ultimately, model parameters obtained by fitting the
impedance model will be compared to those derived from the HISERF measurement and
separation method for parameter creabdation. The transient, one dimensional, through the
membrane/electrode assembly plane model was fitted to impedance spectroscopyidath obta
with a segmented cell operated with oxygen at a high stoichiometry and a low 0:2 duorant
density to minimize gradients along the flow field length and match the model dimensionality,
and ensure model applicability (the low current density mzesbut does not eliminate the
mass transport losses). Use of a segmented cell provides a larger dataset that improve data
analysis statistics.

The impedance modéiwas developed with the objective to obtain an analytic solution that
accelerate datprocessingThis was achieved by only including key processes including oxygen
mass transport at the expense of other considerations that would have significantly increased
model complexity (liquid water management, temperature, pressure and congegtiadients
along the flow field length, etc).he model includea protan current conservation equatjon
Ohmdés | aw for t he panaxygenmass batamceayuatibbegass i t y and
diffusion layer isrepresented ba linearoxygenmass balancegeation Thesefour equations
werelinearizedassuminga small amplituddor the applieccurrentperturbatiorandsubsequently
modified by theFouriertransform. The resulting system of linear equations for the perturbation
amplitudesvasanalyticallysolved assuming that the steadgte shapes of tlexygen reduction
overpotential and concentration are constant alonthtbegh membrane/electrode assembly
planecoordinate. Thisastassumption limits thenodel applicability to lowcell current densies

(a criterion was also derived). As a final stéy analytical perturbation amplitudesmused to
calculate theell impedance

Experimental impedanapectra contaitwo arcs: a large loirequencyarc and a small arc in

the highfrequencyregion Thehigh frequencyarc of unknown originvastaken into account by
adding a simple paralleésistance/capacitaircuit to the mode{sameparameters for attell
segments Raw impedance spectweere preprocessethefore model fitting. High frequencyth
points witha positive imaginarypartwereignored(cable inductancejexperimental spectraere
alsoshifted to the lefto ensure that the lowest real impedance data point has a real impedance
equal to zero.
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Figure2.139. Experimental (points) and fitted (lineshpedancespectraThe okygen inlet is
locatedat segment.1Arrows indicate the direction of the oxygen flow. Tdteniccorrected
direct currentesistivitiesfor segments -B and 57 asdeterminedy fitting correponding
polarization curveare indicated by filled symbols on the reapedancexis.

Figure2.139 shows the experimentahpedance spectiand fittedmodelcurves for all
segments. Theodel adequately reproduce experimental data with the exceptsomadif
differences near the top of the low frequency seintie, which are attributetb the small spatial
variationin static oxygen concentration and overpotergrafile in the through plane direction
that ard@gnored in the modellhe ftting accurag for the highfrequency part of the spectra is
less accurate due to theglectectable inductanceffect Thefitted modelparameters are shown

in Figure2.140.
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Theoxygen reductio afel slope vadsbetween 71 to 85 mdecade! owing tosmall

variatiorsin local currens (Figure40 a). The averagealue of 78mV decade' agrees witlthe
theoretical value of 68V decade!. Thecatalyst layeproton conductivity is nearly the same

for all segmentsvith the exception aegment 10Kigure40 b). Impedance data for segméiit

are less accuratnd scattering is more prevalértgure 39) The high proton conductivity value
of 0.054ohnttcmlisl ocated at the high end o%o0i0he other
ohnt!cnt?l). The double layer capacitance varies between 24 and 27°mwitimanaverage of
25.5 F cm3 (Figure 40c). This value islose to the reported values of approximaldyFr cm?
reported for similar systems. The oxygen diffusion coefficient irc#talystiayeris nearly
constant along the celktive surfacevith anaveragef approximately0.454x 104cn? st

(Figure 40d). This parameter hagpparentlynot been measured in sand therefore cannot be
compared to other valuddowever, the fitted oxygediffusivity is approximatel\30 times

lower than reportedalues derivedrom ex situ measuremenisth a drycathode catalyst layer
This observatiorsuggests strong effect of liquid water produced at the cathode, which fills the
catalyst layeand exylainsthe lowoxygen diffusivity fittedvalue. Themeasure@xygen

diffusivity is nearly equal to thealue forliquid water(0.53x 10 % cn? s ). However, this
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suggestion does not take into account the catalyst layer porosity which would lower the
theoretical oxygen diffusivity in water. Hence, the discussiguports the original objective of
this work to compare parameters obtained by differetihoas Finally, he model was unable to
capture the oxygen diffusion coefficient in tij@s diffusion layerThe oxygen transport loss in
thegas diffusion layers very smallwith anoxygen feedand the respective contribution to the
cell impedance seengly isbelow themeasuremerdccuracy

More details are provided in tiublications and Presentations Resulting from these Efforts
section item 7). Future efforts will focus on upgrading the model from oxygen to air operation
for improved applicatiomelevance.

State of health monitoring of ion battery packs

Individual cell voltages can deviad@d become unequal in high energy densitiohibattery

packs because during charge and discharge only the current is controlled which leads to an
imbalance in state of charge. The cell pack voltage may indicate a normal state but individual
cells may have different state of charge subsequently leading to overdischarge or overcharge and
failure by thermal runawas? Battery management systems are therefore essentfakfegntive
purposedo detect thestate of healtlof single cells in a stack. However, to minimize circuitry,
complexity and cost, there is a desire to limit measurements to the stack level.

Impedance based diagnostics were considered because measurements are influenced by battery
health indicators. However, signal generation, data acquisition and processing hardware need
simplification to reduce cost and analysis time for onboard real time &dehas identified a

single frequency leading to an invariant cell impedance under normal operating conditions (in
absence of overcharge, overdischarge and thermal abuse) which was linked to the solid
electrolyte interface, the passivation layer that ptsteectrodes® A single overcharge was

sufficient to significantly alter the cell impedance. In collaboration with NRL, the validity of the
single frequency diagnostic was extended to a battery pack to assess the measurement sensitivity
at that frequencio the state of health of single cells.

The test program had 3 steps: i) identification of the single cell frequency leading to minimal
variations in impedance over the full state of charge range (0 to 100 %) and validation of the
impedance change follng an overcharge, ii) duplication of the frequency identification step
for 4 cells serial packs, iii) detection assessment for a pack with a cell replaced with an
overcharged cell.

Cylindrical 18650 lithiumion rechargeable cellsere usedTenergy Batery Corp., Fremont,
CA, LiCoO»/C chemistry. Galvanostatic cycling was performed within the manufacturer
specified voltage range of 342 V unless otherwise noted. Tingper voltage boundary was
increased to 4.6 V for the overchaf@C) condition.Theelectrochemical impedance of single
cellsand packsvasmeasured at variousates of charge heeen 50 kHzo 10 mHz by applying
avoltage perturbation of 40 mV.

Lithium-ion cells produce different impedance responsesatigimges in cell voltage aistete
of charge The Nyquist plot irfFigure2.141 showschanges in both the shape and magnifade
the realversusmaginaryimpedance cungof a single cell during a typical discharge/charge
cycle between 3.0 and 4.2 V, 01100 % state of chargeAt 100 % state of chargehe
impedance response forms a smsalple arc. The single arc containgpedance contributions
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from both the negative and positigkectrodes althougihis dominated by the cathode effects.
As thestate of chargdecreases to 3.8 {67 % state of chargea second arc emerges in the mid
to low frequency region and grows until the -ait voltage is reached at 3.0 V 0 state of
charg@. The second arc decreasg®n charging and retusio the fully charged state. The low
frequencyarc is assigned tacharge transfer resistance angbedance due to ionic diffusion
within the porous electrodes.

Figure2.141 demonstrates thttere is little deviation in the impedan@sponse of a
representative cell from 0 to 100 state of charga thehigh frequency inductance regiafb(o
0, not showh and in the initial portiorf the high frequency ar@hree frequenciesxhibit the
smallest deviation in impedance witate of charges00,316 and 100 Hz. The observed
deviations ar@almost atirely due to changes ild ( F 2.1gl213. Ehe singlepoint state of
healthfrequency for the Tenergy 18650 cellsletermined to bapproximately316 Hz where
the standard deviation of the real impedance with S reaches a minimum while the
standard deviation of the imaginangpedanceszs 6is nearly constar{Figure2.142 g.
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clarity, the black circles represent evef§ @ata pointState of healtlchart illustrating the

change in impedance response collected at 316 Hz perturbation frequenstateitbf charge
SOC (c) Deviation from the averagmpedance is shown by the increasing factors of deviation:
1, 2 and 3imesthe standard deviation £12s, 3s) with state of charge

Single Tenergy 8650 cells were mildly overcharged to 4.56 V (¥25tate of chargefor 5
consecutive cycles. The impedance responses to overchargstatehaf healtfrequency is
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shown inFigure2.143 and compared tihe average impedanaed variancef a cell operated
under normal conditiond heinitial impedance athefull state of chargbes within the 3
boundary. As expectethe real impedance valignearly identical to that shown kigure

2.142 c(4.2 V,100% state of charge The impedance collected at the first overcharge
condition (4.56 V) is designated BCL1. At the overchargeondition ofOC1 (125% state of
chargé bothZ6andZ06 iicrease. AfteOC1, thecell was returned to 4.2 V to compare thitial
impedance. There ssmall shift in the real and imaginary impedance towards pusiive
values when the cell I s impezlancercollextdd at repeated 2V
overchargeonditions shifts towardswer Z6and change to posie Z6 duringOC2 through

OG5 further demonstrating the identification of a cell malfunction (data located outside the 3
bound area for a healthy celBachsubsequentverchargeycle increases the real impedance
when the cell iseturned to 4.2 V shawyg a trend towards higher real impedatica stilllies
within the 3 boundary
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Figure2.143. State of healtlchart illustrating the average impedance value at the 31atz
of healthfrequency(blue circle) encircled by thel, 2 and 3imesstandard deviation @, 2s,
3s) asdetermined irFigure 42 c Therepeated sequence of tingpedance response of the cell at
4.56 V (125% state of chargeovercharge and subsequent discharge to 4.2 V¥d&iaite of
charg@ are respectivelyepresentedyor e d O@® X maandblackcircleslabeledl throughs.
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Figure2.144. State of healtlchart illustrating the impedance at the 316dtite of health
frequency for cells 1 through Z#hefi X 0  habeted 4.62 \Wenota the overcharge condition
experiecal by cell 2within the 4cellspack The4 cellspack impedancdata areencircled by
the® 1s, 2s and ¥ boundaries witls the standard deviatioithefi X 0  habeted 17.01 V
denote the overall pack voltage associated wiite pack with amverchargd cell 2.

The singlepoint impedance diagnostic was employedhtmitor the impedance response of the
individual cells and the dells in seriepack before and aft@noverchargef cell 2. Figure 44
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shows the tight grouping of impedance valuesridividual cells The impedance response
collected a#t.62 Vfor cell 2deviates outside of thesZtate of healtihange, clearly indicating
abuse to the paclfter the subsequent discharge to nloemal voltageof ~4.2 V, thecell 2
impedance is recovered Wih the % region. The large variation well 2 impedance at 4.6 V is
alsoclearly seen in the dellspack impedance. The pack impedaaté&7.01 V enters into the
3s state of healtinegion. Sincehe state of healtihegion of the pack includes the suntioa of
deviatiors from the individual cells, it provides a more consemeadistimae of error. Therefore,
thepack impedancstate of healtinegion could be taken as tlearly identifyinga problem
encountered within the pack after the 4.62 V overchafgell 2. More details are provided in
the Publications and Presentations Resulting from these Effectson item 9). Future tests are
planned and will extend the data base beyond the room temperature.

Other activities

The analysis and publicatiai additional fuel cell contamination data were also completed
during this period for the following air contaminants2Caropylene methyl methacrylate
isopropanoband acetylene (data was obtained as part of another federally funded program).
Support vas also provided to Kathryn Hupgechanical engineering departmerdster student
who graduated in spring 2017. In this effort, fuel cell characterization data was acquired for
different gas diffusion layer materialsa®onnanotubenanoforests were us@d prepared or in
combination withcarbon papeor ceramic substrateblore details are provided in the
Publications and Presentations Resulting from these Effectson items 1 to4).

This APRISES1ltask continues and extenidsfield studieswork in previous ONR awards
focused on the understanding, performance, and durability of fuel cell systems subject to harsh
environments

A purposely designed air filter test station was constructed to select the best air filter option to
retrofit buseswith fuel cell systems (contaminant slippage and anticipated life). Under future
funding, the air filter test station will also be used to characterize new adsorbent materials
synthesizedt HNEI and to obtain data under a wide variety of controlled tiondito facilitate

the interpretation of field bus data.

Under future APRISES funding, fuel célises will be operated at the Hawaii Volca®
National Parko serve as a field test region to study fuel cell operation in harsh environments
The fuel cd buseswill be exposed to elevated levels of sulfur dioxide in combination with
hydrocarbons such as benzene as well as othéac gaises including nitrogen dioxideata will
be used to understand the lifetime and steady state contaminant removafl ttegesr filtration
media being installed on the buses and establish correlations betweerethpdrissmance in
the field and controlled laboratory experimettader APRISES11aboratoryscale testing of
commercially available and novel air filtrah mediawas enabled bgesigring, buildingand
installing theair filter test bed aliSERF. Thedesignfocused onteststhat measuréhe
effectiveness gpassive and active filter systetimst prolong fuel cell operation in harsh
environmentsFurthermae, he design focuskongas phase contaminant removal/adsorption
capacities as opposed to particulate or coalescing type filtrdthentest bed wilinitially be
used to identify the beperforming filtration technologfrom commercial supplier3'hedesign
of the test bed was based on the general guidejinen in Table2.15.

Table2.15. Air filtration testbedinitial specifications.
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Parameters Parameter values

Testcondition 1 100standard L mint air at 80% relative
humidity and 25°C (~ambient pressure)
Testcondition 2 100standard L mint air at 0% relative

humidity and 25°C (~ambient pressure)
Additional parameters | Posthumidifier impurity injection of up to 3
gas phase contaminamth maximum
impurity flow rates of 0.25tardard L min?

Test condition 1 is based on the average temperature and relative humidity observed at Hawaii
VolcanaesNational Parkwvhereagest condition 2 was establishedrolude aalysesin the

absence of water vapdrecause water competes with contaminants for adsorption sites.
Therefore, test condition 2 provides a baselfigure2.145 shows a general overview of the
experimental test badksign Figure2.146 provides the process and instrumentation diagram
(P&ID) of the first iteration test bedhe test bedvas developeth a cost effective mannesing
availableparts from thdacility. This reduced overall cost lapproximate 50 %, saving over
$15,000 in new materials, parts and instrumentation.

The systen is composed of 3 major sectigsgure2.145). i) a prefilter gas supply and
conditioning rackii) a heat exchange coolant and humidifier deionized water supply rack, and
i) the filter housing, sensor array, and temperature control chamber.

PANEL 2 CHAMBER TEMP
CONTROL

HUMIDIFIER AIR/WATER HEX
DI WATER W/ CHILLER

AT <):> A~

ACRYLIC BOX
< 7 INSULATION
INLET OUTLET
AR GAS HEATER/
FACILITY AR i NAFION e SENSOR FLTER SENSOR | | EXHAUST
SUPPLY HUMIDIFIER ARRAY ARRAY
CONTROL CHAMBER
P,T,RH P,T,RH
\ N 2
BYPASS y\/ H H H
IMPURITY MEDRIN {} iy
SUPPLY FLow |
CONTROL
PANEL 1 GAS GAS
ANALYZER ANALYZER

Figure2.145. General overview of the design of the experimental air filter test bed

48



6 | 5 | 4 3 | 2 1

RACK UNDER BENCHTOP CHILLER
SYPPLY

—— P,
ACC4000| BVS000 a @ BVS001

= CV5000
Hi L\JCDJ

o

- (& { ‘ —F &
= |
PMP4000 PV5003 gr Vet G

FIL4000

PFA I8

— —D80— B
[ Pvseo2 cHvsooo
HL TEMI
F i€ F
E
e
TE4000 '
FACILITY AIR MAIN HEADER %' OD, 80 PSIG -3 RTo0001) TER
- 3 TE1100 T Pvsooo i gPvsoot I
BVItxx B A<\ EDIRTD0004] 1g 4101 - TE0001
PI1100  PI1101 HUM1100 [RTD000S] _TEG000 ~ & [RTD000S)
E i 0-100  0-60 e\ = GA gr RO ™ Foo) ¥ €
k PSIG  PSIG S r:}—« T f ER ! |ACRYLIC BOX
f =Y ~ MV1103] s 172] MV1108 3. 100W aNAL HEX1100 ‘\SCQY:FCR'BSL
| RN : MA
A

s B (o

— < R” '—{:}—1,; ez \-w—@-m T1100 ~ TE1103 CHAMBER |
PRV110 MFCTIO0 T Mv1104T ‘*‘—i—‘g’ _DEW1100 ___ Or100007)
SETAT g 0-250 SLPM (5571 & Mmvi10s, Mv1106 &) P
,3.”) Bl Aanies T MV1107 B
° & I bl ~/- CHV1100, CHV1101 v, D
~ >
T

®
L I
XPG1300 ] ‘—f:]—' [ CHV1102 o

yT e

I\H

(S

o~ Hl—‘-x)(i)’

MV1100 4F<:||0|

%EE 14
. 0-0 25 SLPM -
,;Cn\.’HLI
I‘ 10PS
DEK}—EHSS TBH{SS % —
€ S MV1101 c
VTE OR L I XPG1301 ¥ »(u:)
VACCUUM /,:HVHOS 0-0 25 SLPM
— 1 I L 1ps |
% s} G {5517}
N—Ter o ST MVI102  MFCTT0s
8 L R V:R\,U‘o, RO1302 0-0 25 SLPM )
" e 2
,i seTar 0012
XPGYJD'.‘;'I. 30 PSIG

HIGH CONCENTRATION
N2 PURGE IN IMPURITY BOTTLE
SUPPLY OUTSIDE TENT

8 | 7 | 6 T B T 4 3 T 2 T 1
Figure2.146.Process and instrumentation diagram of the air filtration test bed

The prefilter gas supply and conditioning rack is composed of the air supply interconnect with
Hi S E REpplysheader, the impurity gas cylinders, the gas flow controllers, humidifier, gas
mixing chamber, and gas temperature control heater.

The facilityair is supplied by two oifree scroll compressors with filtering and purification

media including refrigerated dryers, a Molecular Sieve 13X pressure swing adsorption system,
activated carbon filters, and a final filter/purifier (Donaldson LithoguardeB8&12045)

designed for removing acid/base/organic vapors along with @@ BEPA level particulate

filter. The resulting air composition has a dpaint of- 70 °C with <1 ppm CO, Cg) andtotal
hydrocarbonsvhile maintaininga 20.7 to 20.9%6 oxygen content.

In order to supply impurity concentrations on the order of 0.2 to 20 ppm in air at the 100
standard L min' flow rate for long duration experiments, impurity source gas cylinders must be
purchased with concentrations exceeding OSHAt$for example 8000 ppm S@in air. This

is necessary to avoahigh turnover in impurity gas cylinders which are purchased from
Matheson THGas, a mainland venddRather thannstalling a series of gas cabinets witthe
facility, impurity bottles vere placed outside the laboratory but within the outer warehouse
structure which is open tmbientair. Thus, in the unlikely event of a gas leak, the impurity gas
would not enter thair conditioningsystem within the ladratoryand come in contact with
personnel and would be diluted by the air in the open warehouse. In addition, as corrosive gases
are being used in addition to source concentrations exceeding OSHA limits, each impurity gas
bottle utilizes a cross purge gas assembly for vacuum and nifpogpaorging. All materials are
constructed of 316L stainless steel with ulirgh purity regulators.
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The main air supply is controlled by an Alicat MCR laminar mass flow controller with a
maximum flow of 25Gstandard L min'. The three impurity massofiv controllers are Brooks
Model 5850s thermal mass flow controllers with a maximum flow rate ofddefiard L min'.

A nontlubricated 3way ball valve (Swagelok S&GXS41466) is installed prior to the
impurity mass flow controlles to allow for purgingf each impurity flow controller with neat air
in between various experiments. The falorication option is important for material
compatibility, for examplepitrogendioxide is not compatible with standard fluorocarbon
lubricants used by Swagelok.

Thegas humidification selector®ay valvefollows theclean airmass flow controllerThis part

is alsononlubricated. The dvay valve allows the operator to either run the gas through a
humidifier (PermaPure Model FC1280-7) orabypasdoop. On the hundifier side of the 3
way valve, an additional %2 inch ball valve was added after a month or two into service to allow
for a portion of the neat air flow to bypabse humidifier. As the humidifier requiresdeionized
water flowwith the outlet devpoint mntrolled by thecoolingwater inlet temperature on the
shell side, the loweelative humidity is set bthe facility chiller system (17C isthelowest
chiller temperaturg. Dew points lower than 17C areachieved by mixing the saturated air
flowing out of the humidifier with the afrom the bypass stream. For examp@e25°C, a50 %
relative humiditystream corresponde adewpoint ofapproximatelyl4.5°C. After the
humidifier section, the clean anters the mixing chamber. The mixing chamber is a modified
in-line gas heater (Watlow CHJTJT0375KXKT, 3Wbheaterwhich has aliameter of3 inches
diameterand a length ot0inches. Theslectrepolished interior surface and geometric features
providea high tortuosityfor a uniformgas heating whicts leveraged t@chieve asufficient gas
mixing. Impuritiesare injected into the gas stream after the humidigsause thegre water
soluble Injection points aréocatedat the inlet of the mixing chamer through 3 machined parts
Check valves and all metal diaphragm valaesadded at the injection poiat close as possible
to the mixing chambepo reduce dead spaces in the impurity injection tubimdyfacilitate

purging The outlet of the mixing @mber is then directed to a bulkhead fitting in the
temperature control chambevrhich isattached to the inlet sensor array.

A heat exchange coolant and humidifieionizedwater supply rackupport the gas supply and
conditioning equipmentAs alreadymentioned, the humidifier requs€eionized wateand
temperature control. This is achieved by using & 28cumulator with a circulation pump,
metering valve, ultrasonic flometer and deionized resin bed to maintain tdtean, Type |
deionizedwaterwith its flow controlledin the range of 112 L min-* through the humidifier. A
cartridge heater and tape heatere added to the coolatkionizedwater inlet to interact with a
software controller tadjustthe inlet dewpoint. The systemdesign relis on active cooling of
thedeionizedwater. This was achieved by adding a heat exchanger, composed of coiled 316L
tubing, inside the reservoir with the facility chiller liquid providing heat removal.dEi@nized
water supply igsnanuallyrefilled with thereservoir volume selected to all@perationfor a 3- 4
daysperiodof at the test condition (Table2.15). Two rotameters are installed in the rack to
control the facility chiller liquid supply to théeionizedwater reservoiandthe air/water heat
exchanger used to control the temperature within the filter housing chamber.

The sensor manifolds and filter are housed ineg2ofy 1 footby 1 footacrylic chambeto
provide a constant temperature environment for the filter undeftesichamber tempature is
controlled using a 4 inch square air/water heat exchanger blowing air into the claahéer
recirculation duct to minimize fluctuations due to changes in trerdétryair temperature. The
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facility chiller liquid flow through the heat exchangsrcontrolled by a rotametand aheater on
the liquid line contrad the chiller liquid inlet temperature based on feedbackived froma

probe measuring the air temperature inside the chamber. The heat exchanger air flow rate is
approximately 12@3 min 1. Several bulkhead fittings apeesento allow interconnectiowith

the facility gas chromatographs and gas concentration sensor. dirayar flow to be delivered

to the unit under test enters the chamber throughreouter diametebulkheadfitting, and

exits through a 3inch bulkhead fitting which is routed to the facility exhaust duct. At the inlet of
the main gas flona 2 irches byl inch, 316L stainless steel sensor manifisighositioned B&R
Industries B375-4), which includesa RTD tenperature probe (Omega AR-2-100-1/8-6-E), a
dewpoint sensor (Vaisala HMT317), an absolute pressure sensor (Spesalties US381
000005030PA)and a differential pressure sensor (GE Druck PTX2A®EL) with the low
pressureside connected to a port the filter outlet fitting connecto€ompression fittingsather
316 stainless Swagelok or Polyvinylidene fluoride (PVDF) JACO stgle be used to attach the
filter housing Other custom adaptors may be necesgargpecificfilter housing.

The data acquisition hardware and control system was devekigeiSERFusing National
Instruments hardware (cDAQL74 4module chassis ith modules NI19208, N19217, N19263,
and NI19239) and a custom Labview software progassudevelopedt HISERFor data
acquisition, recording and control. Three Watlow heater controllers (PM3@ERARAAA)
werealso emplogd for heater control.

After the construction of the system and facility integratie@me completed (Figur2.147), a

test was initiated to validate therf@mance of the system, particularly the ability to control a
100standard L min' air flow at 25°C, 80% relative humidityat ambient pressure
representative of test conditior(Table2.15). As the system is designed to control the gas inlet
temperature and the gas stream gewmt to produce the desired relative humidity, the
humidifier controller was set to produce a 23C3dewpoint with a 25°C gas inlet temperature.
Figure2.148, left presents results of a 24 h stability tést.excelent stability was achieved
during the entire 24 h period, with the relative humidity stability less th&n (includes other
uncertainties such as temperature probe errAss)he dewpoint ismeasured by a sensor, there
is apossibility ofaninteraction with impuriies As a secondary measurement, an RTD
temperature probe was placed at the exit of the humidifier, which is assumed to produce
saturated gassigure2.148, right showshe humidifier exit temperatuand the measured dew
pointareoffsetby a nearly constar@i.2 °C. Thus, the humidifier exit temperature can also be
used directly to establish the mixtureds rela
point sensor feedbaakgnal Figure48, right also depicthe humidifier set pint and inlet water
temperature over the 24 h periahich validaiesthe software based integral typew point
controller.
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2.2 Support for Big Island Fuel Cell Electric Buses

Under this subtask, HNEI supported the conversion of two (2) internal combustion engine
powered shuttle buses into Fuel Cell Electric Buses (FCEB) (F&jRdg. A services

agreement with the Hawaii Center for Amhced Transportation Technology (HCATT) was
arranged to perform NeRecurring Engineering (NRE) design services and maintenance support
services. Hawaii Volcanoes National Park (HAVO) will evaluate the performance of the buses
as a component of the HAVOydHrogen Bus Demonstration Project. Due to high levels of air
contamination caused by volcanic gas emissions, the buses were fitted with air filtration systems
designed to protect the Proton Exchange Membrane (PEM) fuel cells from severe and
irreversible @gradation. This report provides detail on the bus conversion and broader
evaluation efforts.

The buses will be operated on routes that include potential exposure to elevated levels of Sulfur
Dioxide (SQ) and other contaminants to provide valuable datéhe performance of PEM fuel

cells in environments that may be similar to those found on the battlefield. The NRE effort

addressed mitigation techniques such as commercially available passive and active protective

filter systems, and control systemstthall shut off the fuel cell power system when an

Environmental Sensor System, (developed under subtask 2.1) identifies a contaminant threshold
has been reached, t htuhsr oaulglhodwitnhge tahree ab uusn dteor fibra
buses have a bati-only range of approximately 20 miles uf f i ci ent to all ow t
the immediate high contaminant concentration area and either continue the route or return to

base.
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Park.

In addition to the systems development work, the HCATT services contract also provided
maintenance support including the supply of vehicle lifts and technical support.

System Description

The HAVO FCEB is based on a Ford F550 Cabin and manufactured by Eldorado National Co.
The top level specifications of this bus are provided in T2ai8&. HCATT contracted with US
Hybrid to convert the F550 shuttle bus into a FCEB incorporating amieldate system with
plug-in battery charging customized to this vehicle configuration. A fuel cell system supplied by
two 5075 psi (350 BAR) type Il hydrogen tanks powers the electric drive system to extend the
batteryonly operating range of the vehacIThe total hydrogen capacity is 10 kg.

Two plugin 14 kWh Lithiumtion (Li-ion) battery packs provide power to a 200 kW electric

drive system during acceleration and cruising. The electric motor generates power and charges
the battery during deceleratigregeneration). US Hybrid incorporated an electric A/C

compressor for the passengers as well as the driver comfort. The bus operating controls are
unchanged. With conservative driving practices, the vehicle is projected to have a range in
excess of 10iles.

Table2.21: Specifications
Hybrid Fuel Cell Shuttle Bus Specifications
El Dorado National Co.
19 seated
US Hybrid Corp.

Bus Chassis
Passenger Capacity
Hybrid System

Fuel Cell

Energy Storage
Traction Motor
Accessories
Fuel/Storage

Hydrogenics: HyPM HD30

Johnson Controls PHEV 14 kW2

US Hybrid Corp: EDO4200 KW, Induction Motor

Electrically Driven

2 DyneTek Compressed Hydrogen @ 350 bar, 5 KgType Il tar

The hydrogen fuel cell system is located in the engine compartment. The hydrogen tanks are
under the bus on each side of the shuttle bus chassis frame. The conversion to electric drive
required changes to the basic vehicle chassis components. The IC& amgjinansmission were
removed, along with the fuel tank. Engideven accessories have been relocated and modified
for electric drive and accessory loads were converted to electric drive. Major components of the
electric drive system include the bayt@ack, motor control unit (MCU), A/C induction
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propulsion motor, battery charger, and Fuel Cell.

Three coolant loops were added replacing the original engine coolant loop. One coolant loop
circulates water to the fuel cell using two radiators locaéddnol the engine compartment front
grill. The second loop circulates water to the MCU and other electronic equipment and
converters. A third coolant loop circulates water to the battery packs through a small lateral
radiator.

Once the vehicle has beenvén and the battery requires recharging, the vehicle is connected to
a J1772 charging station supplying 6.6 kW of AC power. Abaard charger manages the
battery charging profile as defined by the Johnson Controls battery monitoring system.

All components of the electric drive system are located below the vehicle cabin floor resulting in
no change to the cargo space within the vehicle. Road clearance remains unchanged from the
original vehicle. The only driver interface changes to the velmdiude the addition of an

electronic shift knob and an additional instrument cluster.

At a steady cruising speed, the motords power
needed, for example during sudden acceleration, the battery supideheefuel cell's output.

During deceleration, the motor functions as an electric generator to capture kinetic energy, which

is stored in the battery.

The following tasks were completed by US Hybrid under contract to HCATT:

Non-Recurring Engineering:

1 Developed theconversion system specification, electrical schematic, and system block
diagram;

1 Developed a-<@limensional Computer Aided Design (CAD) integration package to include
the layout of the OEM chassis components, fuel cell, hydrogen storagey, $ypdtem, and
traction drive system;

1 Developed the design and integration package for the hydrogen storage, fuel cell, traction
power and auxiliary systems:

1 Developed a design for the power steering and braking system components to adapt to the
OEM powersteering system.

91 Developed the complete software package for the powertrain, fuel cell interface including

motoring, charge control, fault reaction and driver interface.

Designed the hydrogen safety monitoring system.

Coordinated the installation of the air conditioning compressor and the commissioning of
the air conditioning system with the system installer.

= =4

Environmental Sensor Array (ESA) Integration:

1 Coordinated with HNEI and the ESA system manufacturer forekieldpment and

integration of the Environmental Sensor Array (ESA) system specification and block

diagram.

Developed and delivered the ESA mechanical and electrical system integration packages.

Coordinated with HNEI and the ESA system manufacturer o@¢mgroller Area

Network (CAN) system integration specification.

1 Modified vehicle system software to include control, data acquisition, storage,
transmission and operator display functions of the ESA system.

= =4
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1 Procured and delivered the data acquisitisiesy capable of wireless data transmission
and local storage of 16 GB minimum for HAVO Bus #1 and Bus #2.

1 Procured and delivered the ESA system electromechanical mounting and electrical
interconnect provisions for HAVO Bus #1 and Bus #2.

1 Installed the ESAystems into HAVO Bus #1 and Bus #2.

1 Coordinated comprehensive ESA testing with HNEI to include all sensor data storage and
transmission functions into HAVO Bus #1 and Bus #2.

Figure2.22: Environmental Sensor Array (ESA) System and location oslthgle bus.

Maintenance Services

1 Provided maintenance services including the shipment and repair of defective fuel cells,
towing of vehicles, post warranty component logistical support, replacement parts and all
associated labor and travel costs forspanel.

1 Procured a vehicle lift system rated at 72,000 pounds and shipped it to the Hawaii Mass
Transit Agency (MTA) maintenance depot with the concurrence of HAVO where heavy
maintenance of the HAVO buses will be performed by MTA technicians.

Figure2.23: Vehicle Lifts

Task 3. ALTERNATE FUELS
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Alternative fuels, technologies and processes investigated in this effort include Methane
Hydrates, Technology for Synthetic Fuels Production, Sustainable BiomasgosbWaterial
for Solar Fuels Produan, and Hydrogen Fuel Production.

3.1 Methane Hydrates

This effort focused on methane hydrate stability and related environmental issues; hydrogen fuel
storage in binary hydrates; and promoting international research collaborations. Fundamental
laboratory studies were performed on hydrate formation and @giisacn porous media and
determining the effects of transition metal salts on hydrate behavior. Hydrates that form in
relatively fine sands were found to melt at lower temperatures than hydrates that occur in larger
void spacesMost of the trasitionmetal salts testeid the present study inhibited methane

hydrate formation at high concentratiphat none to the extent of sodium chloride except for

ferric chloride. As a continuation of our investigation of the microbiology of methane and other
hydrocarbons in seafloor sediments and the oceanic water column, we conducted an exploratory
study to evaluate the potential of employing fluoresceniceoscopyto identify methanogenic

and methanotrophic microorganisms, and also investigatgkt £elltechniques for

determination of gene expression in microorganisms that are difficult or impossible to culture in
the laboratorysuch as the benthic microbes collected from deep ocean hydrate sediments. As
part of APRISES11, we completed an experimeritalystoexplore the use diinarygas

hydratesas a storage medium for hydrogen fuel for propulsion applicatiBesults suggested

that hydrate kistorage capacity was too low to be viabfenally, to foster international

collaborative R&D on methaneytirates, HNE| supported and helped to organize the 8
International Workshop on Methane Hydrate R&Iat was held in Sapporo, Japan on 28 May

1 June 2012.

Methanehydrates are crystalline compourassisting ofpolyhedral cavities formed from

networksof hydrogerbonded water molecules which methanenoleculeseside Methane

hydrates in ocean sediments constitute an enormous energy reservoir that is estimated to exceed
the energy content of all known coal, oil, and conventional natural gas resolacated on
continental margins throughout the world, methane hydrates offer unique opportunities as an
onsite source of fuel for various marine applications and are believed to play a major role in
seafloor stability and global climate.

Over the year of APRISES awards, the Methane Hydrates activities comprised four subtasks:
HydrateEnergy,Environmental ImpactsfdMethane Release froMydrates Hydrate

Engineering Applicationsandinternational Collaborative R&DThe objectives arose from the
Methane Hydrate Research and Development Act of 2000 (Public LaxdaX)6whichincluded

seven technical areas of focus: (1) identification, exploration, assessment, and development of
methane hydrate as a source of energy; (2) technology developmefitfeneand

environmentally sound recovery of methane from hydrates; (3) transport and storage of methane
produced from methane hydrates; (4) education and training related to methane hydrate resource
R&D; (5) assessment and mitigation of environmentakiotp of natural and purposeful hydrate
degassing; (6) development of technologies to reduce the risks of drilling through methane
hydrates; and (7) support of exploratory drilling projedibe objectives of th®lethane

Hydrates Taslof the overarching ARISES initiativereflect most of the priorities of P.L. 106

193, but emphasize those areas of particular relevance @ffise of Naval Resear@nd which

are consigint with the overall goals of APRISES over the ye&pecifically, the development

of hydrates and related sources of seafloor methane as logistical fuels for Naval appleations
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related marine environmental issues, have been the principal areas of interest; exploratory
drilling projects and seafloor stability/safety have received dichitttention.Work also was
performed to explore engineering applications of hydrates such as hydrogen fuel sfasige.
objectives were devised to leverage fully hydrate R&D eiqeeend infrastructure that hbden
developed at HNEI during previoussearch programs on @@cean sequestration and deep oil
spills.

During the preent reporting perigdhe goals of thdPRISES11Methane Hydrates Task were:

1 Pursue development of methddsecover methane gas from hydrates.

1 Investigateenvironmentalmpacts of methane hydrates on the marine environment
1 Explore engineering applications of hydrates.

1 Promote international collaborative research on methane hydrates.

Each of these subject areas are discussed in morelutay
Hydrate Energy:

A major priority of this subtask was to elucidate the fundamental mechanism of methane hydrate
destabilization for the purpose of producing fuel gas and, to a lesser extent, to clear hydrate
blockages that can form in natural gas conduits or deep ocean gil(steth as occurred during

the 2010 Deepwater Horizon incident in the Gulf of Mexico). Toward that end, we conducted
experimental studies on: (1) the effects of transition metal salts found in seawater on the stability
of clathrate hydrates; and (2) phasgiilibrium of hydrates in porous media such as seafloor
sediment and Arctic permafrost.

The primary accomplishments of this subtask wéig.completed a study of hydrate formation
and dissociation in sand matrices; ando@mpleted experiments to iestigate the effects of
transition metal salts on the behavior of clathrate hydrdtke study of hydrate dissociation in
sand constituted the basis of the M.S. thesis in Mechanical Engineering at the University of

H a w a Effect of the Properties of IPaus Media on Hydrate Stabilityd of a student w
graduated in May 2014. The results of the investigation of transition metal salts were published

in the journalChemical Engineering Science fi | n h i b pftransitignmetélsalesant s
methanenydrae stability, 0 T.N.$ylva, CK.Kinoshita S.M.Masutani(July 2016). The

following sections provide summaries and conclusions of the two studies. Complete details are
provided in the aforementioned M.S. thesis and journal paper that are availatdd-HiMgh

website fittp://www.hnei.hawaii.edu/publications/projeeports#APRISES1)

Methane Hydrates in Porous Media

Calorimetric experiments were performed to test the hypothesis thatedsiredemperature

phase boundaries of methane hydrate change when formation and dissociation occur in porous
media Two Astandardo sands sel eDpragdmsinydapprh e nat

and the U.S. were employed in these experiments. The data suggest that a small shift in the
phase boundary of hydrates might occur in porous media. The measured change is of the order
of scatter in the experimental data but is coasist For both sands, and over a range of

pressures relevant to deep ocean sediments, the phase boundary for a simphethater

binary system tends to ovpredict hydrate melting temperature.
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Lower melting temperatures imply that natural hydrate giégpon seafloor sediment are more
vulnerable to purposeful or inadvertent increases in temperature. While this can be advantageous
for certain methane recovery strategies, it raises concerns about outgassing and seafloor stability
in a warming climate Additional experiments appear to be warranted to confirm this

phenomenon for a broader range of porous media properties and to more definitively quantify the
shift in the phase boundary and to understand the underlying mechanism.

Reagent Destabilizatiorf Methane Hydrates

Clathratehydratescanbeinduced to dissociate (melt) preventedrom forming by application

of thermodynamic inhibitors such as alcohasl salts. These inhibitors shift the equilibrium
between the three phases, hydrate (H), diquater (Lw), and guest molecular vapor (9)ower
temperature or higher pressure (Sloan & Koh, 2008). It has been posited that dissolved inhibitors
tie up water molecules needed for hydrate formation via hydrogen bonding, as in the case of
alcohols andjlycols (Nihouset al., 2009), or via Coulombic forces, as in the case of salt ions
(Sloan & Koh, 2008).

Alcohols are frequently employed by the oil industry to avoid hydrate blockages in natural gas
pipelines since the potential for undesirable sideti@as (such as corrosion) is low relative to
salts; howeveramountseededmay reach 50 wt%aq), leading to high costs and disposal
problems (Kelland, 1994)holabhaiet al, 1997). In addition to alcohols and salts, other
inhibitors include knetic inhibitors, like polyvinyl caprolactam (PVCap) or polyvinylpyrrolidone
(PVP)and ionic liquids, e.g., dialkylimidazolium halide compounds, which have been studied
more recently (Sloaat al, 1996; Xiao & Adidharma, 2009). Kinetic inhibitors apate

effedive in delaying the crystallization of gas hydrates (Skiaal., 1996) whereas ionic liquids
exhibit both thermodynamic and kinetic inhibition features (Xiao & Adidharma, 2009).

Studieshave been conducted to investigate the roles played by cations and anions in the
inhibition of hydrate formatiorfLu et al, 2001; Sabikt al, 2010). Lu et al (2001)compared

the effects of salts with different cations and anions on hydrate phaseregoilCO,, CHs, and
CsHs hydrates.In particular, they compared GEO;Na versus CECO.H at different
concentrations and found that the stability of-®@drate was affected by the concentration of
CHzCO, and CHCO;H butnot N&. In addition, it was loserved that there was a larger shift in
the equilibrium temperature of methane hydrate with Mg&®sus MgCJ, but not a very large
difference between NaCl versus KCI and GaQlhey concluded that the anion has a greater
influence on hydrate stabilithan the cation, and posited that difference was due to interactions
between liquid water molecules aioas.

In electrolyte solutions, hydrate formation may be hindered by disruption of the ambient water
network that is driven by hydrogen bondingu etal. (2001) argued that, based on studies
performed by Mizun@t al (1997) on hydrogen bonds in agueous solution of halogenated
alcohols, anions exert a greater influence on hydrogen bonding of water molecules than cations
and are, therefore, momaportant in inhibiting hydrate crystallization.

Sabilet al. (2010) compared the effects of salts with different cations and anions on hydrate
phase equilibria of mixed GZIYHF hydrates using a Cailletet apparatus. Their observations did
not support thassertion by Leet al (2001) that anions are more important than cations in
suppressing hydrate formation. They found that the inhibiting effect increased in the following
order: NaF < KBr < NaCl < NaBr < Cast MgClz,and concluded that the inhibitiarf the
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hydrate increased with the charge of the cation, and the radius of the @h&nproposed that
this trend was the result of the strength of thehgdrogen bonds which either disrupts or
reinforces the ambient water networkishe authors notethat the electrolyte concentrations that
were investigated (0.5 and 1 mol%) were relatively low and that higher concentrations might
yield different results.

It is important to understand tineechanism underlying the influence of salts on hydrate stabilit
since methane recovery and transport from marine hydrate or conventional reservoirs can take
place in an ocean environment that contains these types of salts. According to Barnes (1954),
and more recently, Milleret al. (2008), the top five ions predan seawater with the highest
molality (moles/kg of solvent) are TNa', Mg?*, SQ?, and C&". Transition metals, such as

iron, manganese, copper, cobalt and nickel, are also commonly found in seawater at trace
concentrations. The source and biogewnaital processes related to these elements are still not
well understood (Aparicksonzalezt al 2012).

Other studies of the effects of metals on methane hydrate formation have been conducted,
although these studies focused on the elemental forms ofetad. Faret al (2012) examined

the effect of aluminum foam along with sodium dodecyl sulfate on methane hydrate formation.
They concluded that aluminum foam accelerated formation of methane hydrate by promoting
hydrate nucleation and enhancing heasfer. Unlike salts, elemental aluminum does not
dissolve in the water phase.

In the present investigation, we conducted experiments to determine the effects of some
transition metal salts and other salts on the behavior of clathrate hydrates detompsisig a
Differential Scanning Calorimeter (DSC). Specifically, a DSC was employed to determine the
onset temperature for methane hydrate decomposition in the presésce ahloride
hexahydrate, [Fe@H20)s] C | 28 2LId, 1967), anhydrous ferrihloride, FeG, MnSQ,

FeSQ, CuSQ, and AgNQ and to compare the inhibiting properties of these transition metal
salts with NaCl and Cag&ltwo welltknown salt inhibitors.These transition metals salts were
chosen because they are soluble in water and each transition metal represents metals with
varying charges (+1, +2, +3), which are commonly found in the ocean. We attempted to
determine whether the inhibiting properta@shese salts on methane hydrates follow the trends
observed by Sabét al. (2010).

Decomposition temperature was studied rather than formation temperature since the formation of
non-stoichiometric gas hydrates may be influenced by a host of factdrsasuwucleation,

diffusion, and history, which can result in various levels of subcooling when using the DSC
(Sloan & Koh, 2008). This complicates identifying a formation temperature. If, however, care is
taken to form pure phases of hydrates with figethpositions, then decomposition processes

may be investigated using DSC, and the measured dissociation temperature can be correlated to
the temperature of hydrate formation of those fixed compositional phases.

Most of the transition metal saltsvestigated in the present study inhibited methane hydrate
formation at high concentrations but none to the extent of sodium chloride except for ferric
chloride. FeS@and CuSQ@at concentrations up to 2 mol% were observed to have minimal
impact on hydree stability. At lower concentrations (0.5 mol %), some of the salts {FeCl
FeSQ, and MnSQ), appeared to promote hydrate formation, i.e., dissocitgioperature
increased slightly This effect has not been observed with other chloride salts, boeéas
observed with other water soluble compounds such as alcohols §ABagrtaas, 2010).
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The present results appeartoconfimSabdl. 6 s (2010) assertion that
increases with increasing charge on the catiime chloride salbf the higher charged Fe

exhibits greater inhibition of methane hydrate formation in comparison‘tcoithe iron salt

of the larger polyatomic anion, sulfate, exhibits less inhibition than the ferric chlorid€set.
possible explanation for the behavior observed in this and previous studies is that, when salts
dissolve, the ions interact with the dipoles of the water moleciiles.stronger interaction

between water with salt ions (versus hydrate guest moleandegeres with the organization of

the water lattice around the clathrate hydrate guest molecule, and thus inhibits hydrate formation.
The strength of the salt iedipole bond between the metal ion and water molecules may

correlate with the degree ofhibition of hydrate formationThe strength of the iedipole bond

in the primary solvation shell is expected to increase with the electrical charge, z, on the metal
ion and decrease as its radius, r, increases (Pettual;i 2007). Therefore, highecharged

metal ions, such as €aand F&" would be expected to have a greater attraction to the water
molecules and thus more effectively impedddayeformation. Furthermore, larger polyatomic
anions, such as $S®would have a weaker attraction to thiater molecules and would be less
effective inhibitors

The degree of methane hydrate inhibition induced by the salts that were studied (as indicated by
the reduction in dissociation temperature at a given pressure), when compared between mixtures
with the same mole percentages of the salt, increases in the following order:F€860Q <

MnSQOsa AgNOz & CaCb < NaCl < FeCJ. A smaller decrease in the dissociation temperature

was observed with salts that contained the larger sulfate anion when conopsaksl that

contained the smaller chloride anioA.smaller decrease in the dissociation temperature was
observed with salts that contained smaller cations likévideen compared to salts that

contained larger cations such as'Agd Mrf*. Therefore, ansideration of the charge and size
characteristics of the anion and cation components of the tested salts appears to support the
mechanism based on the idipole interaction between the ions and water posited above to
explain this behavior. Several othveater soluble metal salts are available and additional

inhibitor activity on methane hydrates provided by these salts should be investigated to confirm
this trend.

Environmental Impacts of Methane Release from Hydrates

Microbesaffectfree methane gas levels in, and methane leakage from, the seafloor sediment and
arctic pernafrost; and mediatmethaneconcentrationgn theocearnwater column.Understanding

the mechanisms of microbial consumption and production of methane and otteeranlydnss
necessaryo evaluate environmental impactsroéthane fuel production from naturatbgcuring
accumulations of hydrates, as welldeep ocean oil spilidike the 2010 Deepwater Horizon
incident-and marine and terrestrial waste disposa.(@eatshore organic runoff and deposition;
dumping of dredged material; landfillsPrevious attempts to isolate, and culture methanogenic

and methanotrophic organisms from marine hydrate sediments have been unsuccessful. In
response to this problefnenchtop experiments were performed to investigate novel methods to
isolate and identify microorganisms that generate or consume hydrocarbons in marine sediments.

Technical accomplishments of this subtask included: (1) an exploratory study employing

fluorescencenicroscopyto identify microorganisms that can produce or consume methane and
other hydrocarbons from communities found in sediments rich in organic matter; and (2)
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investigation of mgle cell techniques for determination of gene expressiondrogriganisms

that are difficult or impossible to culture in the laborat@ych as the benthic microbes collected
during previougesearch cruises in the Gulf of Mexico, off the North Slope of Alaska, and New
Zealandwith themarine biogeochemistry groupf the Naval Research Laboratory.

Identification of Methanogen and Methanotrophs Using Fluorescence Microscopy

In order to develop novel, reliable, and sensitive methods to identify methanotrophic and
methanogenic organisms, as well as species thahetabolize other hydrocarbons, we elected

to employ sediment samples that were readily accessible and which were expected to contain
large populations of these types of organisms. Although organic sediment deposition is typically
low in coastal zones arnd the main Hawaiian islands, brackish waterways on the island of

Oahu are known to be rich in terrestrial organic matter. These sediments have a high likelihood
of containing large communities of methgm®ducingArchaeaand methanotrophic bacteria.

Sediment samples were collected from a canal located in the Ala Moana beach park in the city of
Honolulu. This location is connected to the ocean and is impacted by tidal flushing. DNA was
extracted from the sediment using a Mobio extraction kit. Gesetuencing of the collected

DNA was performed by the University bfawaii Advanced Studies in Genomics, Proteomics nd
Bioinformatics ASGPB ) facility using nextgeneration lllumina sequencing and analyzed with
Genious software. Short sequence generatasperformed using primers having broad group
coverage (Klindwortlet al, 2013). Community profiles for this analysis showed the presence of
both methanotrophic bacteria and methanoglribea, as seen in Figures 3.1, 3.2, and 3.3.
Fluorescenin situ Hybridization was performed using a Marker Gene Technologies OliGlo kit
and a modified procedure. Oligonucleotide probes specifiartraea(Jupraputtasret al,

2005) and methanotrophic bacteria (Dedgshl, 2001) were used for visualization leéatfxed

cells on a glass slides. An Olympus B2 having fluorescence capability was used for
visualization. Although many attempts were made, cells were not observed utilizing this
method.

The sequencing results indicated the presence of the taggeisms within the community;

however, their relative proportions may have been undetectably small. If this line of

investigation is continued, then concentration of the cells or selective enrichment should be

pursued to enhance the probability of deteatn by i ncreasing the target
community abundance.
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Figure 31 lllumina sequence distribution using 16s rDNA primers and analyzed using Geneious
software. From 558k paired end reads, 3% of the sequences are representative of
Archaeaand 1% from the order Methylococcalgkich contairmethanotrophic
bacteria.
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Figure 32 Distribution of methanotrophic bacteria from the order Methlylococcales
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Figure 33 Sediment distribution of the Euryarchaeota phylum that inclugegehus antaining
methanogens.

Single Cell Technigues

A Zeiss PALMIlasermicrodissectiortiweezefmicroscope was utilized for the isolation and
genome amplification of single cells using a Qiagen R@@it. Single cell techniques are
especially useful fothe determination of gene expression in microorganisms that are difficult or
impossible to culre in the laboratory. From this analysis, certagtabolic mechanisntan be
inferred based upon genome sequences. Multiple cells were successfully isolatbd laisler
tweezer from porewater samples collected from offshore hydrate sediments during previous
oceanographic research cruises. Unfortunately, since we did not have a means to identify
specific cell types while we performed the isolation procesgatiget
methanogenic/methanotrophic microorganisms were not obtained according to the results of the
16S PCR and Sanger sequence analysis. This result was not entirely unexpected, given the
failure to identify these target microorganisms with fluorescemceoscopy from the Ala

Moana sediment samples that had significantly higher total abundance of microorganisms than
the hydrate sediment porewater.

Hydrate Engineering Applications:

Thegoalof this subtask was ttonductexploratory studies of the use of gas hydratesdoious
engineering applications relevant to DOD interests. During the present phase of the APRISES
initiative, we completed an investigation to assess the feasibility of employing hydrates as a
storagemedium for hydrogen fuel for propulsion applications.

The primary accomplishment was the completion of an investigation to assess the feasibility of
employing hydrates as a storage medium for hydrogen fuel for propulsion applicdtss.
investigation onstituted the basis of the M.S. thesiSimence in Ocean & Resources
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