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EXECUTIVE SUMMARY

This report summarizes work conducted under Grant Award Number NAA01-0391, the
Hawaii Energy and Environmental Technologies Initiative 2010 (HEET10), funded by the Office
of Naval Research (ONR) to the Hawaii Natural Energy Institute (HNEI) of theetsity of
Hawaii at Manoa (UH).The overall objective oHEET10effort wasto useHawaii as a radel

for development, testing, andtegration ofdistributedenergy systems for the Pacific Region.
HEET10 included efforts to meet critical technology reeeflthe Navy associated with fuel cell
testing and evaluatiorsynthetic fuels processing and producttoraccelerate thaseof liquid
biofuels for Navy needshe extraction and stability of seabed methane hydrates, and alternative
energy systems. T&sg and evaluation of alternative energy systems includes work on Ocean
Thermal Energy Conversion (OTEC), gddale battery energy storage, support for hydrogen
fuel operations at thMarine Corps Base Hawagindon the Islandbf Hawaii, building energy
efficiency test fatforms and ed-use high value energy efficiency technologies

Tasks are summarized below, with all technical reports as well as publications produced through
these efforts avai httawwe.hnei.hawdlildi/hdileg346ve bsi t e at

Under Task 1, subtask 1.1, new diagnostic capabilities for fuel cell testing and evaluation were
added and the evaluation of stacks for UUV and UAV applications continued. The use of
pressure swing adsorption technology to remove airborne contaminaniswestigated as a
replacement for incumbent air filters. Rapid, ex situ catalyst and membrane materials screening
capabilities were implemented to isolate contaminant impacts on fuel cell performance. Gas
analysis capabilities were upgraded with the comimisng of a gas chromatograph/mass
spectrograph to identify contaminant decomposition reactions within a fuel cell. A prototype
tracer system was acquired to quantify product liquid water, assess the extent of flow field
channel blockages by the intrusiohflexible gas diffusion media, and determine the existence

of flow bypass and uneven flow distribution lowering cell efficiency. The potential of voltage
noise measurements to identify, in real time, specific failure modes was explored. An adaptable
reactant gas recirculation system representative of real system operating conditions was built to
study water and contaminant accumulation processes. A commercial automotive fuel cell stack
design was adapted for operation in an oxyehUUV. The effect ofduty cycling on the
durability of a commercial stack for a UAV application was determined by comparing load
following (fuel cell system) and constant load (fuel cell/battery hybrid system) ¢#d&$.also
conducted testing of yNiRdhage methmd intendetl ® imprave the n t
specific energy of a lithiuaopn battery pack.

Under subtask 1.2, Novel Fuel Cell$int films suitable for biofuel cell electrodes were
fabricated from unique materials comprised of modified chitosan polymesult® showed that
films of controlled thickness could be reproducibly produced using the technique of-spread
coating and thatchemical modification of the chitosan biopolymer with hydrophobic chemical
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groups could extend the range over which a lineaporese between film thickness and
deposition rate could be achieved. These results were deemed important as having the ability to
understand how the introduction of hydrophobic modificati@antechnique shown to introduce
solutionbased micelle structurend micellar aggregates that support enzyme immobilization
affects film thickness and morphology of spread coated thin films will aid the long term
development and deployment of chitodased biofuel cell electrodes.

Task 2, Technology for Synthetic Hsid’roduction soughb identify and address issues related
to liquid biofuel variability caused by primary feedstock sources, conversion methods, storage
methods, or the presence of contaminants.

Subtask 2.1 focused on plasma reforming of renewabtgbito produce hydrogen rich streams that
can be upgraded for fuel cell applications. Additiondllydrogen sulfidecontaminéion was
characterizd. For this investigation, a nehermal plasma reactor was modified gratametric
tests, factorial testsand response surface methodology was conducted sequentially to identify
optimum reactor operating conditions to minimgpecific energy requirements

The thermocatalytic production of hydrocarbons from synthesis gas was examined in subtask
2.2, with enphasis on catalyst evaluatioffhe effects of pore size antheniumsilica catalyst
performance were investigated for Fiséhieopsch synthesjs and the catalysts were
characterized. The addition of small amounts d@irconium and manganesaproved catalytic
activity and stability for Fischéifropsch synthesisResults were published and are available on
HNEI 6s website.

Under subtask 2.3, novel solvents to extract-dii® and proteins from biomass were
investigated. The three objectivegre to quantify a-ktep extraction of phorbol esters from oil
seeds using a hydrophilic-smlvent system, determine the extent to which the phorbol esters can
be recovered from the emlvent, and determine the extent to which the extracted biomass is
toxin-free and suitable as an animal feed.

The objective oBubtask2.4 was to investigateibchemical pathways for conversion of synthesis
gasinto liquid fuel moleculesdasoline and dieséliels). Unique microbial species were used to
convert syngasota midstage product Fuel costs could be reduced teyisingthe hydrolysates
of cell debris, bwever current biodiesel production through microl&ibon dioxidefixation
was found to beconomically infeasible.

Subtasks 2.5 and 2.6 were focused fit-for-purpose testing of biofuels to determine their
susceptibility to biocontamination and propensity for creating biocorrosion, respectively. In
subtask 2.5, biocontamination of fuels, two isolates from a petretemtaminated sample were
used to widy the biodegradation of sulfur containing hydrocarbon inherently present in all diesel
fuels. Glycerol was found to stimulate both rhamnolipid production and dibenzothiophene
degradation, and optimal molar ratios were determined. Unid¢ask?2.6, the influence of
fungi on thecorrosion of 1018 stealas investigatedThe influence of thefungi Paecilomyces
saturatus on the corrosion of 1018 steel was investigated in B100, B20, and ULS@xtkrel
mixtures for a threenonth exposureThe 1018 steedoupons remained in the passive state (due
to the presence of the dormed oxide film) in the B100 and B20 fuekter mixtures; whereas,

the 1018 steel coupons corroded actively in the ULSD-Viaér mixture. The presence of
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biodiesel appeared to hagebeneficial effect on corrosiorven in the presence of the fungi
Corrosion rates decreased as the biodiesel content in thevdtesl mixtures increased. For all
cases where the steel actively corroded, the thick layer of iron corrosion produceni#sedi
as lepidocrocite

Subtask 2.7 explored using the Flaarbonizatiod process to covert waste streams into

carbon products. Fundamental measurements of carbon yield as a function of conversion
technology and process parameterese determinedsing corncob as a model fuel. Elevated

pressure secured the highest fbaadtbon yields. Findings show that secondary reactions
involving vaporphase species are at least as influential as primary reactions in the formation of
charcoal. Size reductiorahdling of biomass, significantly reduces the fbaaabon yield, with

whole corncob carbonized at elevated pressure producing the highest yield of charcoal. By
comparison, fluidizedbed and transport reactors cannot realize high yields of charcoal from

bi omass. Results have been published in a jou

Task 3 work on methane hydrates focused on methane hydrate stability and related
environmental issues; hydrogen fuel storage in binary hydrates; and pronmié&nuational
research collaborations. Fundamental laboratory studies were performed on hydrate formation
and dissociation in porous media and determining the effects of transition metal salts on hydrate
behavior. Hydrates that form in relatively finenda were found to melt at lower temperatures
than hydrates that occur in larger void spack®st of the trasition metal salts testad the

present study inhibited methane hydrate formation at high concentrdtignsone to the extent

of sodium chlorle except for ferric chloride. As a continuation of our studies of the
microbiology of methane and other hydrocarbons in seafloor sediments and the oceanic water
column, a novel gasght bioreactor was designed and fabricated. The purpose of thisdborea

was b increase targehicroorganism density to levels required to investigate microbial methane
cycling. During HEET 10, an investigation also was initiatedxplore the use of gas hydrates

as a storage medium for hydrogen fuel for propulsioniegtpmns andlaboratory facilities and
protocols were designed, fabricated, and testEthally, to foster international collaborative

R&D on methane hydrates, HNEI supported and helped to organiz& tred&" International
Workshogs on Methane Hydite R&D.

Task 4, ocean energy focused amtinued development @TEC heat exchanger technology
(subtask 4.1)and analysis and testing to support development of lower cost Sea Water Air
Conditioning (subtask 4.2) HNEI subcontracted Makai Ocean Engineeringptovide heat
transfer performance; arabrrosion and biofouling testing of heat exchangers for usgTiaC
powerplants. Makai completed the design, fabrication, installatiand performance tesg of

the Lockheed MartinGraphite Foanheat exchanger. However it did nwve the anticipated
improvement in performance compd to the plain shell and tube design. Tbekheed Martin
Enhanced Tubgeat exchangewasalsodesigned, fabricated, installed, gmekrformance tested

and showeda significant improvement in performance verses the plain tube heat exchanger
Additionally, three years of corrosion testing was concluded on hollow extrusion samples.

Subtask 4.2 characterizeshvironmental conditions ithin the receiving waters of Seawater
Air Conditioning (SWAC) systemThis included discharge plume analysis conducted by Makai



Ocean Engineering as well as procurement of three wave buoys to support future time series
water quality analysis in suppat SWAC development

Task 5 involved laboratory and field efforts to investigate battery energy stddagier sibtask

5.1 Lithium-ion batterieswere evaluated to minimize battery cell degradaatrihe celland
smaltpack levelfor grid energy storge applications Key performance metrics ofternative
Lithium-ion cell chemistrieswere explored including cycle life, useable energy and power,
power energy density, and power efficiencidiswas found that batteries with titanate negative
electrodedhave better capacity retention than batteries using geapfitanate based batteries
were investigated further and their durability against mild overcharge was established. It was
shown that, upon overcharge, these cells are prone to some gassihgtahdauld limit their
performance if the gas remained trappeebatween electrodes. This effort allowed the
invention of a new pateigending methodology for online state of health tracking that could be
applicable to larg8attery Energy Storag®ESS) systems.In order to be able to test the larger
cells used in the gridcale BESS, HNEI established a new battery testing laboratory within the
Hawaii Sustainable Energy Research Facgityl expanded existing software tools to visualize
characteristis of cell chemistry performance and degradation

Under subtask 5.2, research continued on threecgndected battery energy storage systems
intended to assess range of ancillary services under different grid operational conditions on three
islands. Resarch efforts for the Hawaii Island grigrimarily focused on regulating grid
frequency usingan Altairnano1lMW, 250kWh battery system procured and installed under
HEETO09. HEET10 findings illustrated how local battery storage support of the 10MW Hawi
wind farm can cause grdide issues. However, it was found that battery cycling can be greatly
reduced to extend lifetime while still providing a significant portion of the-grde benefit. A
second Altairnano 1MW, 250kWh BESS was procured, installed oah®, and tested to
simultaneously proviel power smoothing as well as voltage regulation within an electric
substatiorserving large industrial loads. A third BESS was installed on Molokaltairnano

2MW, 397kWh system, and facility acceptance testing completed. Testing and evaluation of the
BESS located on Oahu and Molokai will be conducted under future APRISES awards.

Under Task 6 gridconnected PV systems on Oahu and Maererevaluated. Continuing
previous ONRfunded work, performance and durability of different PV and inverter
technologies under differing environmental conditiomsre characterizd. The PV systems
under test represent grannected, residential and smsdlale commercial syems. This work

has createda framework of knowledge on PV test platform design, installation, testing,
instrumentation and data analysisethodologies Accomplishmentsunder HEET10 include
development ohewtest protocols and data collection methodas; installation of a carport
based PV test platform in South Mawdvancement of data analysis tqolacluding an
innovativedissociation of thedC performance ratio intourrent and voltage performance, and
detailed analysis of the firshonth ofpeformance data fronthe Maui site and a year of data
from UH Manoa. Data collection and analysis from both sites will continue under future
APRISES awards.

Task 7 focused on four main areas of hydrogen development: fueling support and analysis for the
Navy'Marine Corpsdemonstration fuel cell vehicle project on Oalfweling support for the



forthcomingoperation ofdemonstration fuel celbusesat Hawaii Volcanoes National Park on
Hawaii Islandwith a hydrogen dispensing systeassessment of the capacity for production of
hydrogenand biomasdrom agriculture in Hawajiand; assessment afternative pathways to
meet the projected growth in demand for hydrogen in Hawainly gasification of municipal
solid waste and importatioof natural gas in smadicale container vessels.

Under subtask 7.1 HNEupplied hydrogen in support tife Navy/Marine Corpslemonstration

of General Motor€Equinox fuel cell electric vehicles, first usinigydrogen imported from the

mainland and thewia operation of aual pressure 350/700 bar fast hitdrogen fueling station

at the Marine Corps Base Hawaii. This subtask also incladeca | ysi s of the st at
performance.

In anticipation of the future deployment of two hydrogen fuel shuttle buses at Hawaii
Volcanoes National Park, a high air contaminant environment, subtask 7.2 supported
development of &ydrogen dispensing system on the Island of HawHiie buses will be used

to test a novel (patent pending) air filtration systdeveloped by HNEI to protect the shuttle bus
fuel cell power systems from airborne contaminanks.future operations, ydrogen will be
deliveredfrom theNatural Energy Laboratory Hawaii Authoritgcated on the west side of the
island using hydrogetransport trailers Additionally under this subtask, hydrogen dispenser
boost pump system was developed and tdstegduce hydrogen transport costs

Subtask 7.3 explorggroduction ofhydrogenfuel from agriculture in Hawaias analternativeto
importing oil. Pacific Biodiesel Technologies was contracted to condugpenations sensitive
assessment of the capacity for the local production of fuels and bidonassess the potential
for DOD operationsand/or hydrogen production. Theojectsitewas transitioned from Oahu to
Hawaii Island in order to support the Navy and D@partment of Agriculturegoal of
establishing a biofls commercialization programrhe project emphasized broad assessments
of the potential agriculturalrop production, products and cproducts andprocess technologies
availableto produce advanced biofuels on Hawaii Island.

Subtask 7 assessed alternative pathways to meet the projected growth in demand for hydrogen
in Hawaii, primarily gasification of municipal dm waste and importation of natural gas in
smallscale container vessels. Technology and economic issues were addressed and
recommendations put forth for development of hydrogen infrastructure with capacity to meet
potential targeted demand to producerogen for fuel cell vehicles

Task 8 included four topiceelating to energy efficiency in buildingsUnder subtask 8.1 two
secondgeneratiorenergyneutral test platformseredesigned and installed by Project Frog of
San Franciscon the UH Mano@amps. Construction was completed and the University began

to use the platforms as functioning classrooms in August 2Qtgler sibtask8.2 two Project

Frog platforms installed at the Kawaikini Ne@entury Public Charter Schooh Kauai were
monitored Actual performancaevas compared to the predictive models developed during the
design phase.Under subtask 8,3VIKThink was contracted talevelop a data management
platform to improve the acquisition, management and analysis of structured and unstructured
datain order to improve decisions related to sustainable energy solutfutstask 8.4ocused

on an evaluation of available desiccant dehumidification technologies and their potential



applicationsto improvethermal comfortin tropical and subtropical enaeinments. As part of
this assessment, energgivingair-management processe®re evaluated consideriigchnical
and economic aspeqtertinentto retrofits andnew building developmemt Hawaii. .

Task9, Algal Production Studies focused on improving the economics of mixotrophic growth
systems through exploration of four areas: Environmental Controls, Organic Acids Feeding
Strategies, Lipid Accumulation Strategies, and Strain Sourcing and Selection. HNEI
subcontracted this effort to Hawaii BioEnergy to source indigenous microalgae and test in
laboratory and outdoor open cultures.

Task 1. FUEL CELL SYSTEMS

Under Task 1.1 of Fuel Cell Systems, HNEI conducted testing and evaluation of single cells to
examine the impact and mitigation of airborne contaminants; on performance, mitigation
measures; evaluated the performance of fuel cell stacks in support ofRésealrch Laboratory

(NRL) development of UUV and UAV systems;and nduct ed testing of NRL
battery discharge method intended to improve the specific energy of a Hibmubattery pack.

Under Task 1.2, HNEI continued developmentnofel fuel cells focusing onhtn films for

biofuel cell electrodetabricated from modified chitosan polymeydrophobic modification to

introduce solutiorbased micelle structure and micellar aggregates that support enzyme
immobilizationwas analyzed fathe effect orfilm thickness and morphology.

1.1 Fuel Cell Testing and Evaluation

Work performed under previous ONR awards focused orutlderstanding, performance, and
durability of fuel cell systems subject to harsh environments, and issues assodthteHW

and UAYV fuel cell systems. Work under HEET10 focused on the development of new fuel cell
diagnostics for improved understanding of contamination processes in single fuel cells, fuel cell
stacks and for fuel cell system level issues.

Ex-situ catalyst and membrane material diagnostics were developed because data are easier and
faster to obtain than in situ dathue to the absence of temperature, concentration, current
distribution and other gradients created by reactant consumption and govchation along the

flow fields. Gas analysis capabilities were upgraded with the addition of a gas
chromatograph/mass spectrograph allowing for the identification of contaminant reaction
intermediates and products essential to formulate degradation nsshanProduct water may

lead to flooding, preventing reactants from reaching the catalyst surface, or physical damage due
to an increase in volume during the liquid to solid phase transition. It was deemed important to
acquire the capability to measure tamount of liquid water during cell operation. A tracer based
system sensitive to volume changes was selected for this task due to its relatively low cost in
comparison to neutron imaging. Damage prevention to fuel cells necessitate the identification of
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failure modes in real time. While most methods require additional components that increase
system cost and volummeasurement of voltage noise is relatively simple and requires only
adaptation of an existing cell voltage monitoring unit, and the additfoa digital signal
processor. Voltage signals were analyzed with the wavelet transform which is more suitable than
other transforms such as the Fourier transform for real time analysis. Additionally, efforts
concentrated on the distinction between sevéadlire modes. Reactant streams are often
recirculated to maximize reactant utilization and energy efficiency or is necessary because
venting is not possible (for air independent operation such as UUVs). Fuels are also not vented
due to safety risks. Reactts such as hydrogen and oxygen are not pure and fuel cells produce
water. The accumulation of such species dilutes the reactant streams decreasing energy
efficiency and are not fully understood especially for newly proposed modes of operation jointly
deweloped at NRL and HNEI.

Air filters are normally used in fuel cell applications to remove particulates and gaseous
contaminants. However, filters have a limited life and must be replaced during maintenance.
Rapid pressure swing adsorption technologyersf an alternative that has an intrinsic
regeneration capability that may decrease the air filtering system cost.

Fuel cell manufacturers focusing on defense applications are generally relatively small and their
products may not necessarily offer the ickb level of reliability. Therefore, a fuel cell stack
developed over many years by an automotive manufacturer and expected to be more reliable was
selected for integration into a UUV system. The impact of duty cycling on the durability of a
commercial UA/ fuel cell stack was also determined because fuel cell degradation rates are
dependent on load history.

The hardwarén-thelloop systemand previously developed custom designed mciitannel
impedance spectrometry tool was used to investigate the adeaot a variable current battery
discharge protocol proposed by NRL on the specific energy afedl 4i-ion battery pack.

Each of these areas of work is described in more detail below

Ex situ fuel cell testing capabilities

Understanding degradation operating fuel cells is complex since numerpuscesses occur
simultaneously: ion, electron, reactant and product transport, oxygen reduction, hydrogen
oxidation, side reactions, and others. Ex situ tests offer complementary information under well
cortrolled conditions that facilitate the understanding of fuel cell processes and ultimately the
development of more durable fuel cells and mitigation strategies for contamination. Building on
HNEI testing facilities including hardware in the loop (HiL) tesdtion for dynamic tests, and
segmented fuel cell for the acquisition of current/cell voltage distributions, capabilities pertaining
to three different ex situ diagnostics were acquired and used under HEET10. Focus was given to
the catalyst (rotating rgidisc electrode) and membrane (conductivity cell) materials which are
responsible for most of the cell voltage losses. In addition, gas stream analysis was also
improved (gas chromatograph/mass spectrograph) for the identification of intermediates and
products created by contaminants within a fuel cell. These capabilities are illustrated in Figure



Figur—e 1.1.1(left) rotating ring/disc electrode; (middle) membrane conductivity cell; (right) gas
chromatograph/mass spectrograph in thiedomound.

A rotating ring/disc electrode was acquired to study the catalyst. The electrode is composed of an
outer tube and inner cylinder separated by an electrical insulator. The external surface of the tube
is also covered by an insulator. Only one ehthe tube and cylinder is exposed to an electrolyte
solution. The exposed cylinder end, the disk, is covered with a thin catalyst film. Control of the
disk at specific potentials and the presence of oxygen or hydrogen dissolved in the electrolyte
leadsto a current. Rotation of the electrode ensemble leads to well defined hydrodynamics and a
simple expression to separate the mass transport contribution (rotation speed dependent) from the
purely kinetic effect (rotation speed independent). As for thesgend of the tube, the ring, it

may provide a current signal at specific potentials originating from the reaction of an
intermediate, hydrodynamically sheared away from the disc.

NRL has demonstrated that the conditions used to dry the catalyst itle ahsc are largely
responsible for the variability in catalyst activity reported in the literature. This procedure was
transferred and implemented at HNEI. Figure 1.1.2 shows the more uniform catalyst film using
the NRL procedure, which includes eleceatation during the catalyst ink drying step.

: : (@) : . (b)
02, stationarydrying rotational drying

Figure 1.1.2Three dimensional optical profilometry of a platinum on Vulcan carbon catalyst thin film
after drying on a Tefloshrouded 5 mm diameter glassy carbon electrode. (aymiform film made by
stationary drying resulting in a coffemg structure; (b) uniform film made by rotational drying at 700
rpm.
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Catalyst films were tested at both NRL and HNEI sites for comparison and method validation.
Select results are illustrated in Figure 1.1.3 Whstiows on the left (Figures 1.1.3 a, ¢ and e)
catalyst parameters (electrochemical surface area or ECSA, mass activity, specific activity) for
five NRL and five HNEI samples. Average values are shown on the right (Figures 1.1.3 b, d and
f). Results were eemed reproducible. More details are provided inRthpers and Presentations
Resulting from these Effortection(items 1, 10, 11, 14 and 16).

The rotating ring/disc electrode was subsequently used to characterize the impact of several air
contaminants on the oxygen reduction reaction Kkinetics; acetonitrile, acetylene, methyl
methacrylate, naphthalene, and propene. These contaminants were selected because they were
expected to react within a fuel cell, were the most concentrated in airdtifarent organic

groups and their effects were not documentggecifically, the yield of the hydrogen peroxide
production reaction, a side reaction of the oxygen reduction reaction, was examined by
monitoring the ring current at a potential sufficiemtoxidize this intermediate. For each case, a
significant increase in peroxide production was observed (Fibdré4). This was attributed to

the decrease in catalyst sites due to contaminant adsorption which forces oxygen adsorption in an
endon configuation (adsorption on a single Pt site) rather than on a bridge configuration
(adsorption on two contiguous Pt sites). The oxygenognddsorbate leads to the formation of
hydrogen peroxide rather than water. This finding has an important durability aatmofi
because hydrogen peroxide attacks the membrane and therefore fuel cell life can be accelerated if
subjected to contaminants for a long period of time.

11



= NRL
40wt% Pt/VC HiSPEC 4000 (JM) s HNEI
b

soh) 50
‘& i -
o) 40 o) 40
~ ~
£ £
< <
g® o
a 1 & 1
T 0 - O

&
£ )
E <
— 300 E 300
g'zoo izoo
z )
2 2
< 100 & 100
@ 8
g, f
',ano & 800
E e £ [0 T
S 700 o
E-ooo Eeoo
s 3

400 400

2
£ w £
3 3
< 200 < 200
§1oo §
§_ 0 §,o-
(2] (7]

Figure 11.3: (a, b and ctomparison of Pt ECSA and oxygen reduction reaction catalytidtes (mass
and specific activities) of a 40 wt % Pt/Vulcan carbon catalyst for 5 independent films measured at NRL
and HNEI; (b, ¢ and f) average of the measurements with the standard deviation used as the error bar.
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Figure 1.1.4Percentage of the oxygen reduction reaction that occurs througb@heathway. The
potential axis corresponds to the potential on the disk. 1 mM methyl methacrylate, 1600 rpm.
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Additional details are provided in tHeapers and Presentations Resultirign these Efforts
below, (items 2 and 15).

The selected contaminant acetonitrile has shown an impact on the membrane conductivity during
fuel cell tests (Figure 1.1.5) with an increase in high frequency resistance. Additional tests were
completed withthe membrane conductivity cell which demonstrated that acetonitrile was not
directly responsible for the change in membrane conductivity (Figure 1.1.5). The impedance
spectra are not significantly modified by the presence of acetonitrile including the high
frequency resistance ascribed to the membrane conductivity (the high frequency real resistance
Re (2) at 0 imaginary impedance Im (Z)). Acetonitrile reacts with the water within the fuel cell
(hydrolysis) creating ammonium ions hHwhich are exchanged thi the membrane protons,

the main charge carriers, resulting in a lower ionic conductivity. The larger ammonium ions offer
more resistance to transport. TRapers and Presentations Resulting from these Efecison
contains references to this publisiveark (items 6, 9 and 12).

0.9 v T T T v —T p—
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Figure 1.1.5(left) high frequency resistance evolution resulting from a fuel cell temporary 20 ppm
acetonitrile in air exposure for different cell voltages; (right) impedance spectroscopy spectra before and
after Nafion® X. membrane exposure to a humidifiegd lb/CH;CN mixture in a conductivity cell.

The use of the gas chromatograph/mass spectrograph was demonstrated for the case of a fuel cell
contaminated with chlorobenzene, another down selected airborne speciesmplaes seere
extracted at the fuel cell air and hydrogen inlets and outlets for analysis ex situ. The resulting
mass spectra were subsequently compared to a library for species identification. As an example,
Figure 1.1.6 depicts a measured cathode outlectspe which contains benzene, a
chlorobenzene reduction product. Such experiments were completed at different cell voltages
and summary results are also depicted in Figure 1.1.6. Results indicated that chlorobenzene is
partially reduced to benzene at lowtgntials on the cathode side. Chlorobenzene also diffuses
through the membrane where it undergoes a hydrogenation reaction to cyclohexane. Therefore,
in an operating fuel cell (between ~0.6 and 1 V) chlorobenzene is inert and only adsorbs on the
catalystsurface. Analysis also highlighted that contaminant products in an operating fuel cell do
not necessarily correspond to those detected for other systems than fuel cells (chemistry of
chlorobenzene on Pt, electrochemistry of chlorobenzene in absence ehpxyiis situation is
attributed to the complexity of the fuel cell environment where chemical as well as
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electrochemical reactions can take place, and the simultaneous presence of oxygen, hydrogen
(diffusing through the membrane from the anode side)waaigr. This work was published
(items 7 and 13 in theapers and Presentations Resulting from these Effectson).
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Figure 1.1.6(left) identification of the detected species at the cathode outlet with the mass spectrograph
(Exp) by matching residtwith the species library (Lib); (right) chlorobenzene reaction products during
fuel cell poisoning at different voltages. Cell IR voltage means the ohmic resistance corrected cell
voltage, which is closer to the cathode potential than the measuredltaev Ca: cathode compartment;
An: anode compartment.

This brief summary of some of the results obtained by studying fuel cell contamination with the
recently acquired capabilities indicate that contamination mechanisms are complex (species are
contamirant, potential and operating conditions dependent) and impact many parameters
(catalyst surface area, oxygen reduction mechanism including its side reaction, membrane
conductivity). Therefore, it was deemed easier to prevent contamination rather thamzimgnim

its impacts in situ by establishing tolerance limits (contaminant concentration leading to a
significant cell voltage loss) and developing strategies to limit fuel cell exposure to contaminants
(simultaneous use of filter systems, air quality senaads shift in fuel cell to battery power).

Also and in spite of the contamination mechanisms complexity, in view of the large number of
contaminants that have not yet been tested, the development of simple and predictive capabilities
for fuel cell voltagdosses was considered valuable.

In situ fuel cell testing capabilities water transport

The effective management of water transport within fuel cells is critical to optither
performanceand avoid either flooding or membrane dehydration conditibhis consideration

is particularly relevant to air independent fuel cell operation (includes UUVs) which may be
designed with oxygen or enriched oxygen reactant streams that limit options for water removal
by entrainment and/or evaporation. Under HEETHREI contracted with CANDA Research

and Development (COANDA) to design and build a residence time distribution (RTD) apparatus
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which will be usedin subsequent ONR awards (APRISES)study water blockages within
singlecell PEMFCs and small scale fuetlcstacks. The original goals of the research wgre:
study how water blockages within fuel cells affect their performamcamprove fuel cell
performance by developing operating strategies and fuel cell hardware component designs that
optimize watettransport, andii) assess how effective liquid watesrin removing contaminants
from the fuel cell. Recent work from our laboratory in a supporidegpartment of Energy
project has shown that liquid water is not an effective medium for removing mast cdthmon
airborne contaminants from a fuel cell under +weatld operating condition$.Thus, future
research using the RTD will focus primarily onginal goals i) and ii)This section containgn
overview of the RTD system designed and built by G during this period, a brief
summary of the relevance and benefits of using RTD to improve fuel cell performance, and
general conceptualization describing how RTD will be appbetie study of fuel cells.

RTD system overview

The RTD system was developed by COANDA to study the residence time of gases within a
single fuel cell or ashortfuel cell stack. The information provided by the RTD is useful as a
design diagnostic for fuel cell hardware components such as gas flowdieldgas diffusion

media because it provides information on how the residence time of the gases within the reactor
compares to the residence time profile of an ideal chemical reactor. The ideal reactor model
serves as the design benchmark. Other charstoatedlRTD responses provide diagnostic
information that identifies flow design problems in the fuel cell such as dead zoffiesvor
channeling. The RTD response data can also be used to develop a fuel cell performance model
that describes the effects of wablockages on performance when combined with mathematical
models for gas mixing within the fuel cell and information on the reaction rate.

An illustration of the seup developed for performing RTD measurements is shown in Figure
1.1.7for a fuel cellstack. RTD measurementgere performed by supplying an inert tracer into

the inlet stream of the fuel cell using a syringe attached to a motorized traverse. Tracer
measurements are taken through sample streams at the inlet and outlet of the staak azlisingl

The tracer used in the RTD design was carbon dioxide)(@@&cause it is inert within a fuel cell

and it can be injected into the reactant stream at percentage level concentrations without
poisoning the catalyst that is used in fuel cells tdifate the electrochemical reactior@zarbon

dioxide is also easily detectefl.vacuum pump (not shownyas used to draw the gas samples
through the sample lines at the inlet and outlet. The use of the pump minimirasspertime

of the tracer in thsample stream to the detector ensuring the measured residence time of the
gases between the inlet and outlet is accurate. The pump also enables the RTD to be used under a
much wider range of operating conditions than previous designs. The sample steearaent

to an infrared C@detection device, which determines the €@ncentration within the fuel cell

at that point in time. The shape and timing of the response at the outlet provides qualitative and
guantitative information on the residence timegates within the system that can be used to
assist in developing a performance model for the fuel cell.
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Figure 1.1.7lllustration of the setip for performing RTD measurements.

Photographs of the residence time distribution equipment built by COAMERAshown in
Figurel.1.8.The left figure shows the tracer injection syringe for the RTD and the right figure
depics thecompleteRTD unit, which consists of a computer for data logging, an infrareg CO

detector, a vacuum pump to draw the samples taébector, sample line flow meters, and the
tracer injection system.

Figure 1.1.8(left) CO; injection syringe with motorized traverse for accurate injections; (right) complete
RTD apparatus with computer, vacuum pump, and infraregd@tecor.

The RTD system was designed to be used under a much wider range of operating conditions than
previous designs outlined aprevious publicatiah The range of operating conditions applies to
small systems25 to 50 cnf active areasingle fuel cellsup to short stacks with active areas
greater thar200 cnf and power ratings up teb kW (Table1.1.1)

Table 1.1.1Operating conditions for the RTD apparatus.

Size Process System | Temperature Water Hydrogen Airor Current | Numberof |  Active
Condition | Pressure [C] vapor flow | Flow Rate | Oxygen Densirsv cells per Ajrea
[kPag] rate [SLPM#*] | Flow Rate | [Acm™] unit [cm/cell]
[SLPM#] [SLPM*]

Small Maximum 100 80 3.5 1.7 4.0 1.2 ! 50
Small Minimum 0 10 5x107 0.008 0.020 0.02 ! 50
Large Maximum 100 80 522 90.3 258 1.6 15 360
Large Minimum 19.5 Ambient 50x 107 282 8.1 0.05 15 360

*Standard conditions are defined as 0 C and 1 Atm
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The RTD apparatus was designed and built durd&gT10. However, HNEI identified several
issues with the performance of the unit thare resolved.Two of the issues were identified as

the most signifcant: he unit could not be accurately calibrated to determine the CO
concentrationsand ; @ta streamsfor the CQ measurements had several repeated values
resulting in inlet and outlet Cpeaks that were steppadd incorrecin shape. HNEI workd

with COANDA to resolve these issues. The fLc€alibration was related to the calibration
process for the infrared @; detectorwhich was originallydeveloped for gas streams near
ambient pressure. The use a@fvacuum pump results in a much lower total pressure in the
detector. COANDA has developed a correction and vaditg performance. Theepeated data
issue vasdue to a mismatch between the timing of the computer clock that was recording the
data being sent from the G@etector and the timing of the clock for the Ld&tector. Future

work under other ONR awards (APRISESiJl focus on testing the unit to ensuifeat the CQ
concentration measurements are accurate and applying the RTD to improve water management
in fuel cells.

Relevance of RTD analysis for fuel cells

The management of water within PEMFCs and stacks is a critical factor in maximizing their
performance. The presence of solid ice crystals or liquid water droplets in the gas flow field
channels or the pores of the gas diffusion medié&reases fuel cell performance by inhibiting

the transport of reactant gases to the catalyst. A greater tamdbng ofthe processes leading to

these blockages is required so that PEMFCs can be operated at conditions (flow rates, pressures,
temperatures etc) that mitigate the potential for their occurrenckdditionally fuel cell
hardware componentgds flowfields, gas diffusion media) can be designed to enable optimal
water management within the stack.

Various experimental measurement techniques have been used to study water transport and
liquid water formation within fuel cellSMost of the methodpreviously used have traesffs

between their benefits and disadvantages which include system cost, complexity, spatial
resolution, andhe presence oértifacts introduceduring the measurement process. Thus, a
simple and low cost method for characterizing presence of water blockages in fuel cells is
needed that adequately addresses the challenges -tihreaheasurementvithin an operating

fuel cell.

The most developed technology, neutron imaging, has a greater geometric resolution and is
minimally invasive but is vastly more expensive requiring a nuclear reactor with high neutron
flux and has a limited time resoluti8nln comparisonRTD analysis is a simple@nd lower cost
method. RTD is widely used in the field of chemical engine€liRg.D measuements have

been demonstrated for use in fuel cell applicatidim® merits of several apparatus designs for
measuring the RTD of gases in fuel celsre evaluated and a specific type of desrgms
recommended.This design was employed showit could detectwater blockages in fuel cell

gas flow fields ananeasurdiquid water content in gas diffusions media.

RTD measurement methods for fuel cells

In this sectionthe general features of RTD measurements are discussed. Subsequently, these
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concepts are specifically described fioel cellapplicatiors.

The RTD tracer is the inedpeciesthat allows the measurement of the residence time of the
gases within the fuel cell. The tracemgesnerallysupplied to the stack in two ways: either as a
injection pulse or as a step. An example of an injection pulse is shown in Eigl®e&nd a
negative step ialsogiven inthe sameifure Pulsed injectionsare first discussetbllowed by
negative stemjectiors.

As shown in Figurel.1.9, left for an injection pulse, a short duration injection of O©
supplied into the inlet stream. The ideal inlet pulse injection is a delta function with an infinite
peak height and no width to the peak. Under real world operating conditions, a true delta
function injection is not possible and each inlet injection will have some broadening associated
with the injection peak similar to what is illustrated conceptually in Figuted, left However,

it must be emphasized that the inlet pulse in the experiments tebd as sharp and symmetric

as possible and the duration of the pulse must be significantly shorter than the residence time of
the gas molecules in the fuel célhe RTD is ameasureof the time it takes for the molecules
injected at the inlet to reathe outlet.
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Figure 1.1.9lllustrations of CQ concentration versus time at the inlet and outlet of an RTD measurement
apparatus for a pulsed injection (left) and a negative step (right).

The function that describes how much time the gases have spent within the fuel cell is known as
the residence time distribution functi&(t).” The functionE(t) for a pulsed injection is defined
as the ratio of the volumetric flow rate at timy@(t) to the concentration of the tracer at a given

time, C(t).” The relationship is shown below Bguation 1E(t) is the fraction of the material that
has resided within the reactor between tihaandt.

00 —(1)

If No is not directly knownit can be determinday summing theC(t) curve at the fuel cell outlet
from time zero to infinity, which giveBquation2.”

060 —(2)

Equation2 applies to an operating fuel celittvavolumetric flow ratethatchange$etween the
inlet and outlet due telectrochemical reactions consuming reactants and products accumulation,
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andthe transport of material across the proton exchange membrane when current is produced.
However, if the stack is not under load, then the m&tric flow rate in the fuel cell anode and
cathode compartments is essentially constant aside rieghgible gas permeation across the
membrane. For a nesperating fuel cellEquation2 then becomes equati®{

00

®3)

Forthe cae of afuel cell, the gas flow is often modeled as a plug flow reactor. This implies that
the velocity front of the gases down the fléi@ld channel is uniform and the flow regime is
turbulent. An idealized pulsed injection aB(t) response is shown Figurel.1.10versus theta

(g9). Theta is the ratio of the actuasidencdime of the gas in the reactor to the time it would
take to process one reactor volume of gas. For an pleglflow reactor PFR), E(t) is unity
(infinite height and 0 width)In an operating fuel cethowever, the assumption afturbulent

flow does not always hold because the flow in channels is often laminar. The RTD will thus
provide useful information for a range of operating conditions (gas flow rates, stream relative
humidity, etc) as to whetheor notthefuel cell should be modeled as a PFR type reactor or if it

is better suited to be modeled as a-me#al PFR due to laminar characteristics of the gas
velocity profile.

Ideal PFR

E(t)

0 1
0

Figure 1.1.10Injection andE(t) for an ideal plug flow reactor.

Two other types of RTD responses that may commonly occur within fuel cells include: gas
dispersion down the flow path (Figutel.1]) and water blockages resulting in a dead zone with
channeling (Figurel.1.19. The data inFigure 1.1.11is for a pulsed injection and was taken
using the RTDunit built by COANDA with gas flowing down a tub Data show the detector
response at the inlet and outlet versus time. The outlet peak is broader and the peak height is
deaeasedn comparisorto the inlet injection. The reason for the change in the peak shépe
progressive impact @fxial diffusion as the gas flandown the tube, which resultssome of the

gas exiting the tube sooner and later. Similar results majpserved in fuel cells especially at

low flow rates because the geesides for a longer period within the fuel cell allowing axial
diffusion to have a larger impact

19



The illustration inFigure 1.1.12shows how water blockages can result in a bimoespponse
where some of the gas leaves the fuel wéh a shorter residence time. The blockage decreases
the overall volume of the gas flow field and diverts some of the gas flow to other channels which
increases the flow rate througbveralchannels. Tis results in some of the gas exiting the fuel
cell at a space time less thand¥X).
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Figure 1.1.11Inlet pulse injection ané(t) versus time for gas flow in a pipe with axial dispersion. Data
was obtained using the RTD unit.
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Figure 1.1.12E(t) versus normalized timéfor a plug flow type gas flow in a in a fuel cell gas channel
with a water blockage (left) resulting in flow bypass and a dead zone downstream of the blockage (right).
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RTD measurements with pulsed injections suiablefor deteting water blockages in flow

field channet. However, a different method is needed for detecting water blockages within the
porous gas diffusion media that separates the gas flow faddnnels from the
membran&lectrode assembly (MEA)ecause pulsed injections are too limited in time and do
not penetrate to a significant extent within the gas diffusion layer

Performing RTD measurements using a tracer supplied as a negative step is an effective method
for detecting changes in theyliid water content of the gas diffusion la§e.tracer supplied as

a negative step is shown in Figura2, rightwhere a constant concentration of tracer is flowed

into the inlet untilthe cell is saturatedhe concentration of tracer is the same atitilet and

outle)). The function describing the residence time of gases using a negative step is defined as a
washout functionW(t), which is the ratio of the time dependent tracer outlet concentration
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Couf(t) to the steady state concentration measuréaesoutletCo, as shown irEquation 4°
wo 0 o1 4

For the washout function, wher0, Ci,=C.,=Co, and whent=D, C,,(t)=0. The quantityW\\(t)
represents the fraction of molecules leaving the system that experienced a residendé titne >
wasshown that in a noroperating fuel cell, as the liquid water content within the gas diffusion
layer was increased, the residence time of the gas decreased because the hydraulic volume of the
fuel cell was decreased by the liquid water. Simiguits were obtained when the fuel cell was
operatedvith the residence timdecreasing witlturrent densyt when the amount of water in the

system was highérHowever, for large current densities, the opposite trend was observed and
was attributed to aeasier liquid water removal process.

Three additional uses for RTD thean assist in improving performance for fuel cells are: i)
studying single phasegas flow distribution within flow fieldchannels, ii) optimizing the
compressive force across the gas diffusion layer, and iii) studying reactant crossover at different
operating conditions [2]. Reactant flow distribution within gas channels is an important element
of modeling fuel cell performece.Flow channeling was observed in a fuel cell flow field plate
without the presence of blockages such as liquid water 8nopih emphasizes the importance

of channel design to achieve a uniform reactant distribution over the active surface arelh and c
voltage.The RTD also provides a method for determining the optimal compressive force of the
gas flow field plates across the gas diffusion media used within the fuel cell. The optimal
compressive force is large enough in magnitude to decrease tlaeto@msistanceetweenthe
electrical components while maintaining the integrity of the gas diffusion media pore structure,
which serves to transport the reactants and products to@ndHe catalyst, respectivelyhds,

contact resistance is minimizedthout adversely affecting the rate of reactant gas transport to
the catalyst or inhibiting water transport in the pores of the diffusion media. A decrease in the
pore volume due to over compression would cause a decrease in the residence time of the gases
within the fuel cell. The RTD can be used to determine the optimal compressive force for the gas
flow field plates by comparing fuel cell performance data at different compressive forces with
changes to the RTD due toodificatiors in the pore structuref the gas diffusion medialhis
consideration is especially important for flexible gas diffusion media that can intrude in the flow
fields and that are favored for continuous MEA manufacturing processes to reduc@asost.
crossover is also an importantnsideration during fuel cell operatigauch as the undesirable
nitrogen accumulation in a fuel recirculation lodpat @an be estimated using the RTY
injecting CQ in the cathode inlet and comparing the measuregdd@centration at the outlet of
theanode Although CQ has a different permeability through the membfaleetrode assembly

than nitrogen or oxygen, it can be usedutwerstand the in situ effects of variable operating
conditions. Generally, gas crossover is measured when a fuel cellaperating and therefore
measured values are not necessarily relevant. For instance, gas crossover is dependent on the
membrane water contetftCell operation modifies the membrane water content in part by water
production at the cathode and electroosmotic drag transferring water from the anode to the
cathode.

To summarize, RTD measurements with pulsed tracer injections can be used to serdy wat
blockages within the gas flow field of the fuel cell. Negative step tracer experiments can be used
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to assess how the residence time of gases changes for different water content within the gas
diffusion media. Other important types of measurements #sédtan fuel cell modeling and gas
transport were also described. These measurements will be perfdumegl future ONR awards
(APRISES)with the RTD apparatus for single fuel cells and small scale stacks under different
operating conditions to obtain @facteristic RTDs for different gas flow field designs and gas
diffusion media with different hydrological properties and porosities.

Future work will focus on first validating the full performance of the RTD umitel cell
characterization under a rangf operating conditions will subsequently be considered to gain a
better understanding of liquid water accumulation dynamics in flow field channels and gas
diffusion electrodes.

Fast cycling pressure swing adsorption systems for the removal of reactarstream
contaminants

Conclusions from the egitu fuel cell testinguggest that the prevention of fuel cell exposure to
contaminants was a worthwhile activity. Traditionally, filters have been added to the fuel cell air
intake system to limit exposure tontaminants and particulates. Air filters are advantageously
passive and an established technology. However, air filters need maintenance or replacement to
maintain their function because adsorbents eventually become saturated with contaminant
species. e potential of pressure swing adsorption was explored Under HEET10 as an active
component alternative for air filters that do not need replacement.

NITROGEN

Pressure Swing
Adsorption (PSA)
Nitrogen Generation

E2
NITROGEN
CARBON AlIR

MOLECULAR
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Figure 1.113: A conceptual representation of a pressure swing adsorption system for nitrogen
enrichment.

Figure 1.1.13 illustrates the sequential steps of a pressure swing adsorption system. The example
pertains to nitrogen enrichment. The left tank is filled with an adsorbent that preferentially
adsorbs oxygen. The incoming air is pressurized to magithe amount of oxygen adsorbed. At

the outlet, the gas stream is enriched in nitrogen having been depleted of oxygen. This step is
carried out until the adsorbent is nearly saturated with oxygen. In the right tank, the pressure is
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released which desahbmost of the oxygen and-matialize the adsorbent for a new adsorption
cycle. The control system initiates a new cycle by switching the inlet and outlet valves. The left
tank desorbs the oxygen whereas the right tanks adsorbs oxygen. The processtinubsss.

Recent advances in technology have significantly reduced the size of pressure swing adsorption
units to the point that they were considered for integration into automotive fuel cell
applications:* This was achieved by optimizing the struetwf the adsorbent for high mass
transfer rates and integrating the valves and tank functions into a rotating cylinder body with
stationary ends (Figure 1.1.14).

PURGE
STATIONARY vrone serenes ¢
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_— STRUCTURED
ADSORBENT

Figure 1.1.14Fast cycling pressure swing adsorption system integrating adsorbentridniah\aes
functions.

A qualitative comparative analysis of the pressure swing adsorption systems for air enrichment
and air contaminant removal was completed (Table 1.1.2). Nitrogen is difficult to adsorb because
it is nonpolar and relatively inert (phigorbs with weak van der Waals forces). In comparison,

air contaminants including inorganic as well as organic species are generally polar and more
reactive (chemisorb with strong covalent bonding) facilitating their adsorption. Air enrichment
requires theemoval of a large fraction of the gas (up to 79 % M contrast, contaminants are
usually encountered at concentrations ranging from the ppb to the ppm level which considerably
decreases the volume of gas to be removed from the air stream. The wblgaseis still very

small even if the concentration needs to be reduced by more than 99 % to meet tolerance limits.
As a result of these considerations, the size of a pressure swing adsorption unit designed for
contaminant removal is expected to be sigaiitly smaller (of the order of 1 L or less?) than an

air enrichment unit (~40 L for a 75 kW fuel cell and a 40 %e@richment level) even if the
pressure ratio is significantly decreased to simplify the system.

The fast cycle pressure swing adsorption technology was originally developed by Questair
Technologies and later acquired by Xebec. This organization was contacted and mentioned that
the technology was later sold to Air Products. HNEI explained its desuleirdgerest in
collaboratively developing a unit for air purification during a joint teleconference with Air
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Products representatives. Howeverpeated follow up attempts were ignardtherefore the
project was abandoned.

Table 1.1.2Comparative analysis of 2 pressure swing adsorption applications for fuel cells.

Air enrichment Contaminant removal
Ease of species removal | Nz is relatively difficult to | Airborne contaminants of
adsorb relevance are either

inorganic (NQ, SQ,, NHyz)
or organic and relatively
easier to adsorb

Volume of material to be | 79 % of the dry air stream | ppm levels or lower
removed creating an opportunity to
reduce the size and pressu
ratio for system

simplification
Fraction of material that | At least 50 % of the jto Contaminant dependent
needs to be removed have a significant Tolerance levels leading tg
performance impact on fuq a specific fuel cell
cell operation performance loss were

determined for several
contaminants

Cost - Lower in relation to air
enrchment in view of its
much smaller envisaged
size and power demand

Automotive fuel cell stack for autonomous Navy applications

New energy sources for Uld\¢ontinue to be of Navy interest. Current and future UUV missions
will require endurance on the @mdof days and months, where existing high energy density
batteries are insufficient and thus solutions beyond batielgy technology are a necessity. In
2011, the Office of Naval Research (ONR) held an industry day, focusing on a strategic priority
to develop a reliable Large Displacement Unmanned Undersea Vehicle (LDUUV)theéth
following key program goaf$;

1 Improve current UUV energy denshy 5 to 10times
1 Allow for autonomous operation in thi¢orals,

1 Haveanopen architecture,

1 And allow for over the horizon operation.

The resulting energy system would be capable of missions of up to 70 days using air independent
propulsion. Several organizations have been funded as part of the program and continue along
the development pathwagtsforth in 2011 withasa central themenydrogen/oxygen fuel cells
previously developed for NASA applications as the core energy conversion tewiseof
Felruary 2 0 1 6, t he LDUUV devel opment continues
Innovative Preotype progrant? ¢

24



In parallel with the outsourced programs, the NRL had already startedhase program to

adapt a new, highly proven automotive fuel cell for integration into the LD&UWe concept

behind this project was to avoid reliabilitys sues with fAboutiqueod fuel
applications and instead utilize a wphoven system. If any issues with the selected automotive

fuel cellsystem vendor occur down the road, other automdtielecell vendors could be utilized

as wel. Honda, Toyota, Daimler/Ford, GM, all have proven performance track records in fuel

cel | research, devel opment , and operation. An
cell system with a 98W maxmum power output and over 1.8 million cumulativ@ad miles

was selected for the initial technology evaluation and integration.

The main research challenge was to operate abreathing fuel cell in an enclosed
environmentNRL began development of an-a@circulation system where the entire FC ayst

is placed inside a pressure vessel and the oxygen/nitrogen concentration inside the vessel
atmosphere is controlled. The nitrogen content is continually recirculated through the fuel cell,
while oxygen, stored ehoard in another subsection, is suppliatb the vessel to balance
consumptionand maintain the @N, concentration ratio near Zb. In this manner,only bulk

oxygen and hydrogen need to be storedoard the LDUUV, while maintaining ther-based

fuel cell system operationChanges tothe manuf act ur er 6s fuel cel |
standard operatiomwere not anticipatd.

Under HEET10 andni s upport of NRL6s Hydranox UUV prog
two 5kW short stacks to HNEI andade availabléechnical support to both HNEhd NRL to

develop stack testing protocols simulating actual system operatidevaluate the fuel cell

stack performance variability in the alternative environment of the pressure vessel with simulated
air. The \ariability in the oxygen concentration du® the Q injection controller response, as

well as possible increases in the temperature and relative humidity of the atmosphere inside the
pressure vessel weraeasured at HNEI because the manufacturer did not have the required
testing capabilitiesAny condition found detrimental to performance/efficiency could then be
accounted for in the design of the pressure vessel atmospheric control unit. Additional
diagnostics were added to determine the fate of the water generated when operating in these
alternde conditions to aid in the sizing of balance of plant components external to the fuel cell
system within the energy section such as a condenser and/or product water expulsion pumps.
Pure oxygen tests were also performed to establish efficiency gainsravidepdata for
comparison with other future energy packages. Purtee€ing was only performed with the 5

kW short stackat HNEI because est stationswere qualified for such operation. The
manufacturer indicated the air supply componehti® actual 9 kW system were nadesigned

for oxygenservice

All tests were compleed under a stricnondisclosure agreemertietween the automotive
manufacturer, NRL, and HNEWwith data directly provided to NRL by HNEI. Data was
disseminated to NRL through monthigports, meeting presentations, and compact discs mailed
to NRL. For more information and specifigroject details,contact Karen Swidetyons
karen.lyons@nrl.navy.milor the substitute Head, Alternative Ege Section, Chemistry
Division.
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Development of a multiconfiguration anode gas/water management test bed

Il n response to needs of conNRtédstestlghty betenwhdenstahd pr o
the performance and durability under expected vehicle operating conditions and in particular,
reactant recirculation used to maximize reactant utilization. Under conditions typical of UUVs
(using O6pured reactants) and UsAaNdsoutgide ain), thg ¢ o mk
presence of contaminants in oxygen or hydrogen will favor their accumulation in the recycling

loop. Furthermore, the use of a recirculation strategy favors the accumulation of liquid water and
creates an opportunity to mitigate theesence of the contaminaritg dissolution into water

drops with subsequent entrainment toward the stack owldbboratory scale (< kW)

recirculation test bed was developed for use with existing test stands, i.e. single cell, segmented
cell, and stek test standatHNE | 6 s Hawai i Sustai nalHISERHEm er gy |
facilitate further fundamental understandings of reactant recirculation processes. The system
layout was chosen to allow for multiple modes of operation with relative easwitching

between modes for automating comparative studies and data production for model vafidation.

The initial system was designed to look at fuel/hydrogen recirculation on the anode side of the

fuel cell, while allowing futurerecirculation studie®f both oxidant and fuel. The following

modes of anode gas management (AGM) were incorporated into the initial test bed build:

1 Single pass venting of anode hydrogen at the outlet
o Humidified or dry gas flow control
o0 Back pressure controlith optional pressure control locations

1 Dead end operation
o Dry hydrogen at the inlet
0 Optional periodic purge
o Optional constant bleed
1 Pump based (controllable) pure recirculation
o Dry hydrogen at the inlet
o Optional periodic purge
o Optional constant bleed

Thesemodes were based upon previous modeling Waekaluating various operating schemes

for high hydrogen wutilization. At the request
hydrogen recirculatiofi capabilities were also added. The overall layouthe system, .i.e.

wiring, sensors, controller, piping, was designed to be modular allowing for easy
interchangeability of components to accommodate future modifications.

Components sufficient for operation of 100 Tringle cells were chosen as aiti@th design

point of the anode gas management testtbedcilitate the incorporation of other specialized
diagnostic tools already available, namely the segmented cell and RTD tracer system. The
system is capable of pressures up to 30 psig, temperatprés 80°C, operabn up to a
stoictiometry of 4 for hydrogen flows, an@ maxmum current density of 2.8 cm' 2. Sample

port connections ar e I nt e ggaa tcardmatofraphgasc on n e c
chromatograptmass spectrograpimass spectrographnd RTD systems. &veral technical
hurdleswereencountereduringthe design processicluding
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1 Balancing measurement requirents instrument performance, and instrument cost
tradeoffs

1 Measurement stabilitwas enhanced by selectingezirculation pumghatminimizes
pulsation, haa predictable/controllable flow ratendhas materiak compatilbe with the
requiredtemperature and pressure rasge

1 In-line instrumentationvereincorporated to provide inlet and outlet concentration
measirements of B H,O, and N, either directly or indirectly under ha@ndpressurized
conditions

1 Recirculation flow rate measurement under varying gas concentrationsestopir

pressure drop, heated flow meters with the altititgorrect for gas composition

Heat tracing of components without affecting measurements

Dealing with component inherent leakage, e.g. diffusion of nitrogen from air through

elastomer seals &ifficientto influence rsults of recirculation studies

= =4

The first version (v1) of the abuilt system is shown in Fige 1.115. Components were
arranged on an aluminum rack, with the controller and power electronics in a separate enclosure.
Nine heater zones were required and a separate control bozowstsuctedor this purpose

The entire rack rests on a movable cart dase oftransport from station to station. Two
corrugated, flexible stainless steel lines are used to connect to the anode inlet and outlet of the
test article in the station. The data acdiosi system is based on the National Instruments
compact data acquisitioomodular controller with signal conditioning units installed to
accommodate the various sensors, pumps, valves, etc. Connection to the control PC is by USB
cable and is controlled bip-house Labview software. A schematic of the system is shown in
Figure1.1.16 and the accompanying list of major components is provided in Tabl

L 1l 5. J
Figure 1.1.15Anode gas recirculation test bed with heater controller (top/middle), process ain
instrumentation mounted within an aluminum rack.
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Table 1.1.3Recirculation test bed measurement and control equipment of v1 system.

ID Description Type Range Accuracy
DEW6O | oot Vaisala HMT 337 Dew fg%sg %"_'blrg:g’”:
00 Manifold Dew Point* Transmitter w/ - 20to 100 EOI°C P
DEWG60 : HUMICAP 180RC RH Cy,
01 Point Sensor +0.4 G @ 10to
21.5°C
) Michell Optidew
Dew Point ; !
DEWC . . Chilled Mirror Dew
AL Calibration Point Transmitter, Hi 40t090 Gyp 20.2 Gyp
Reference .
Temp Option
Hydrogen Supply
0.12-12 +0.7 % Flow Rate
FM6000 Dry Gas Inlet Brooks 5850s MFM/C SLPM** £ 02%ES.
Flow Rate
Mixed Gas 0.05- 5 +1 % F.R. for 20to
EM6001 Recirculation MKS G50A Metal SLPM 100% F.S.
Flow Rate, N Sealed Thermal MFM (N, +0.2% F.S. for 0o
Calibrated Calibrated) 20% F.S.
FMCA Elrg’wpl'\jgt‘e?as BIOS ML-800-10 2'8830'5 +0.15 %
L Meter ML-800-44 57 50 SLPM Standardized Flow
H2C600 Inlet/Outlet . y +2% H,in N,
0 Manifold Applied Sensor HPS . Background
100 07 100% H,
H2C600 Hydrogen HvdrogenSensors w/ 0.5%
1 Concentration yarog Resolution
Inlet/Outlet +0.3% for 0.5 to
H2C600 Manifold H2Scan HyOptima 730 0.57 100% 10% H,
5 Hvdrogen Hydrogen Process H,at1 ATM +1.0% for 10 to
Cy gen Monitor by volume 100% Hy at 1
oncentration
ATM
PT6000 Lﬂfé’igf(:'itbsolute Wika C-10 Absolute  101.325i <+0.5% F.S. or
PT6001 Pressure Transmitter 689.75 kPa,a +3.44 kPa
Pressure
Recirculation
Return Line Wika G-10 Gage 07 689.75 <+0.5%F.S. or
PT6002 Presstire, Pressure Transmitter kPa +3.44 kPa
Downstream of 9 -
Pump
DPT600 Anode and
0 Recirculation g:#g:(es;gl F2>§e655§3r7el 07 70 kPa.d <+0.1% F.S. or
DPT600 Pump Differential . " £0.07 kPa
Transmitter
1 Pressure
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RTD600
0

to
RTD600
3

RTDOOO
8
RTDOOO
9

TE6000
to
TE6012

TEOOO1
to
TEOOO7

PMP60
00a

PMP60
00b

Inlet/Outlet
Manifold Gas,
Recirculation
Pump Outlet, and
Condenser Outlet
Temperature

Inlet/Outlet
Manifold Body
Control
Temperature

Additional Heat
Trace Temperatur
Monitoring
Channels

Heat Trace
Control
Temperatures

Anode
recirculation pump

Anode
recirculation pump

Omega PRL7-2-100-
1/8-6-E
PT100 RTD

Watlow EZZone PM
Heater Controllersv/
Omega PRL7-2-100-
1/8-6-E PT100 RTD

Omega 5SET-T-30-
72 Fine Wire
T-Type Thermocouples

Watlow EZZone PM
Heater Controllers w/
Omega
5SGTT-T-30-72 Fine
Wire

T-Type Thermocouples

Schwarzer Eccentric
Diaphragm Pumps

Air Squared Sermi
Hermetic MiniScroll
Compressor w/ Motor
Controller

0-100 °C

0-100 °C

20-100 °C

20-100 °C

Part No:
SP600BEC-
LC

Part No:
P11H12N2.5

C

C

100 Ohm
RTD
+[0.15+0.002 | T |
]1°C

100 Ohm
RTD
+[0.15+0.002 | T |
]1°C

Watlow: £0.1%
Span + 1.0C

T-Type Probe:
Greater of
+1.0°C or 0.75%

T-Type Probe:
Greater of
+1.0°C or 0.75%
Watlow: +0.1%
Span+1.0C
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Figure 1.1.16Anode gas recirculation test bed process diagram of v1 system.



Figure 1.1.17provides an example of data recorded with the test bed. In this experar&it

cn? active areauel cell was held ah constant currenof 1 A cm ? while feeding pressure
regulated dry hydrogen into the anode and recirculatingthout venting. Thisconfiguration
enabkd a precise monitoring of the decrease in cell voltage as the buildup of nitrogen diffusing
from the cathode into the anode compemt increased with time untd steay statewas
reached At the end of 140 h, the anode outlet was greater th&n 8@rogen leading to a %

loss in voltage efficiency. Future tesiader other ONR awards (APRISE®)Il incorporate
contaminants such asarbon monoxide and utilize the gas analysis capabilities at HISERF to
analyze carbon monoxide to carbon dioxide conversion and the subsequent impact on cell
efficiency.

140 - 0.84
Mode: Recirc w/o Bleed
120 pN,[An. Out] 0.80
pN, [Cath. Avg.] —3
100 1 0.76 g
= ~=="DN, [An. In] =
a. 80 0.72 o
e~y o0
o i
z 60 Cell Voltage 0.68 ©
o, DR L =
Anode Stoich=1.5 | o
40 Cathode Stoich = 10 0.64 O
Cell Size = 50 cm?
20 Recirc Vol.= 185 mL 0.60
Cell Pressure = 150 kPa
0 1 1 | | 0.56

0 25 50 75 100 125 150
Time [hr]

Figure 1.1.17Example data recorded with v1 system. The cell voltage dematochitrogen
accumulation was monitored. Single cell fuel cell operated at 1A Anode recirculation without
venting.

Fuel cell UAV long term hardware in the loop performance tests

Under HEET10,wo lon Tiger stacksvere tested usintyvo different load profileso determine

if they would meet the target design life of 300 h without significant performance degradation.
The commercial 36 cells PEMFC stacks were purchased from the vendor who designed and
supplied then to NRL for the lonTiger UAV.

The stacks were operatedth a UAV load following (LF) profile (dynamic) and a constant
hybrid load (HL) corresponding to thaverage load of the dynamic profile. Figutel.18
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schematicallyshows the difference between the LF and HL profifes a LF UAV systemthe
fuel cell stack provides all the powethereas for duel cellbattery hybrid UAV, the battery
packsupplies the dynamitoad (charging or dischargingha the fuel cell stackperates with a
constanpower level

Load Following Profile

4

vowert 1) I\ N l\/ﬂ\/\/\ ~
V /v AV,

Time / (sec)

P
4=
<]

Hybrid Load Profile
Figure 1.1.18lllustration of the LF and HL profiles.
The test protocol includes measorentshefore the beginning of the test (BoT), during the test
(DtT) and at the end of the test (EoT)The same operating conditions, balance of plant

components and diagnostics were used. Only the stacks and load profiles difédred..1.4
shows asummary of the test protocol.
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Table 1.1.4Test protocol summary.

lon Tiger stack 1

lon Tiger stack 2

Stack ID No. 243061 No. 242855
Testing method Load following profile Hybrid profile
Load profile Dynamic profile Constant hybrid profile

(measured 24 h load profile)

(average power of 24 h load
profile)

Test duration

2 300 h or until stack voltage
consistently drops < 20 V at

2300 h or until stack voltage
consistently drops < 20 V at

peak current {lax) average current {{g)

Cycle duration

24 h -

Number of cycles

212.5 -

Operating conditions

lon Tiger systemuncontrolled operation procedure

H»

Deadend with purge valve at 102 psig (=1.71.8 bara)

Air

~2.5 stoichiometry supplied by an air blower/external
humidifier (~75 % relative humidity)/25C

Cooling process and

Water cooled/1.5 L mift/55 C

temperature

Balance of plant lon Tiger system balance of plant components
components

Air blower Monitor the pressure drop at air inlet (air blower side) and

External humidifier

external humidifier outlet (stack side)

Stack Diagnostics

Diagnostic methods

1

Polarization curves at BOT and EOT with controlled air
stoichiometry

2

Polarization curves at BOT and EOT with uncontrolled air
stoichiometry (air blower)

3

Impedance spectroscopy at BoT, DtT and EoT for 3 currer
densities (low, medium and high) of 0,@67 & 1.2 A cm?.
Impedance spectroscopy at BoT and EoT are measured fc
entire range of available frequencies but for DtT only at
frequencies of 1, 10, 30, 100, 1000, and 5000 Hz for every
h cycle

Stack voltage, maximum and minimum cell vgka and cell
numbers at 0.7 A crhfor every 24 h cycle

Pressure drop between the air blower and the external
humidifier, and, the external humidifier and the stack for e

24 h cycle
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The long term performance characterization of the two Wtks were carried owtith the
HiL test station. The test station has the flexibility to operate the stificiconditioned air from
the test statiorjcontrolledmass flow, relative humidity and temperafuoe air supplied bythe
air blower and externigl humidified using the hoair exhaust of the stack. The HiL test station
also able to cycle thstack load profile and measuindividual cell voltagse and impedance
with the multi-channelimpedancespectroscop tool (MIST). Figure 1.1.19 shows the UAV
stack setup in the Hikeststation withboth air suppies (controlled air supply is disconnected)
and the MIST.

T -

0 NS s
Measuring '/
Unit

Controlled
Air Supply

Air Blower

Stack
Exhaust™.

4

-

~ External
Humidifier

Figure 1.119: UAV stack setup in the hardware in the loop test station for the long term tests.

The operation of the stack is controlleg a combination of graphical user interface (GUand
external programs interfagesuch asa script (Matlab)or simulation (Simulink) The Matlab
scriptand Simulink program also managed diagnostic tests and data logdaitional test data
were logged byheHiL test station customized LabView program and database.

The 24/7 operation of the HiL test statimasextensively tested and validated with logged data
to ensure reliable and safe long term operatibnese tests includeiatlab and Simulink
software theMIST operationdata logging and safety protocols.

The measured 2hour load profile was used fahe load following (dynamic) long term test
whereasthe average load of this propulsion load profile was used for the hybrid load profile.
Figure 1.1.20shows both the load following (LF) and average (HL) profiles. The maximum and
minimum power or load daeandfor the LF profile were593 and 0.05 W respectively. The
averagepropulsionpower of the LF profile was 311 \Whdwas used afor theHL profile.
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24 hrs len Tiger Propulsion P ow e Profile

o T : : : : ' ' ' ' ' : :
e S Lomd Following [LF] Power Profile ) (1o 1]
I H H H ! 1| ===Moving Awerage Fowwer Profile (2 Mins) !

B0 - - - - i oo - oo oo o- oo - oo ool === Constant Average Power Profile (311w |40 om0 -

] T R : R T T
i TVOR RTINS A L N e .
- "TNSR O .
400 [ W1 - -]

=80 H --—

Poeer [

200 F "—_
280 I 1 "—_
! - -l - -
10 et i s Rl o . R e poooes il i

1o LILE : : 1 : : . H | () ]

Time f[hr=]

1hrs (of 24 hrs) lon Tiger Propulsion P ower Profile

oo T T T T T T T T T T
B0 fmmm---- e - Lo=d Followvdng [LF ] Power Profile (W) [ —— [ap—
r 1| = kioing Awerage Fowser Frofile (2 MMins) 7
y | === Constant fverage Power Profile (221 w) [)

Poeer £[W]

05
Tirme flhr=s]

Figurel.1.20:(top) Measured UAV propulsion 24 h load profile; (bottom) First load profile h.

Tablel1.1.5shows the differentests sequenceln addition to the diagnostics and durability tests
mentioned in Table 2a.4, tssincluded pretest conditioning posttest conditioning and
shutdown.

Table 1.1.5Experimental tests sequence.

Test ID Experiment Description

PreTest Conditioning

Baseline Evaluation (BoT)

Long Term Durability Test

During the Test (DtT) Diagnostics
Baseline Evaluation (EoT)
PostTest Conditioning

Shut Down

~NOIOARIWIN|F
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The long term durability investigatiomas initiatedwith the hybrid load (HL)test.The stackvas
operatedvith a constant load range of 3775 W (propulsion power and auxiliary power) for a
total of ~317 h (300 h with the constant hybrid load The loadfollowing (LF) test was
subsequently completed@he stack was run for a total of 34Q307 hwith the load following
profile).

For the hybrid profile testhe polarization curves at the beginning of the test (BoT) and at the
end of the test (EoT) witluncontrolledair flow (blower) are shown in Figire 1.1.21. A
noticeabledegradationwas not observed which is consistent with their design life exceeding
more than 1000.Hor the load following profile (noimybrid), the stack performance resudte
displayedin Figure 1.1.22. Again, a degradation was not apparent and data wire the
experimental measurement error. However, issuwese noted forindividual cells as
demonstrated below with impedance data

Stack Performance under Hybrid Load Profile

40 — = — - 600
| —@— V1 Curve Measured at the BOT with Air Blower (20120904) ]
| ====V1 Curve Measured at the EOT with Air Blower {20120926) O N
[ | —e— Stack Power (W) measured at the BOT T s ]
36 | —O— Stack Power (W) measured at the EOT /Q//»"”Q =l 500
S ! 400 S
< 32 + 400 =
) 2 S
g 1 300 £
= 28 + 300 ©
o ] o
> 1 X
= . ]
G 24 1200 g
S ' n
? j
20 + 100
16 +0

=)
=)
(1)
=)
E =N
o
o
=)
o
-—
-—
N
-—
»

Current Density / (A/cm2)
Figure 1.1.21BOT and EOT polariation curves for the hybrid (constant) load profile.
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Stack Performance under Load Following Profile

L —e— VI Curve Measured at the BOT (20121216) o ]
- ===Vl Curve Measured at the EOT (20121219} ;777.77;;;;,:3 4 _
36 | | o stackpower W) atthe EOT e 1 500
- )
32 + 400
) B ] :
) L ]
828 + 300 2
) L ] <)
> L . o
ﬁ 24 I + 200 '5
© r ] 5
20 | - 1100
16 9& 1 1 i 1 1 1 i 1 1 1 i 1 1 1 i 1 1 1 i 1 1 1 i 1 1 1 i o
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Current Density /(A/lcm2)
Figure 1.1.22BOT and EOT polarization curves for the load following (#gtrid) load profile.

Figures 1.1.23 and 1.1.Zhow the variation in the stack resistance at different freceseacd

current densies during the 300 h tedbr both stackghybrid and norhybrid condition}. The

selected frequencies are representative of the different processes (reaction kinetics, mass
transfer).Although resistances hardly vary for both cases, signifis@mniatiors in individual

cell impedancefor bothkinetic and mass transport regions were detected.
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Figure 1.1.28Stack resistance for the hybrid duty cycle, three current densities (0.05, 0.7,”) Amth

3 frequencies (1 kHz, 30 Hz, 1 Hz). Data points: mean, error bars: maximeam and meaminimum
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Figure 1.1.24Stack resistance for the nbgbrid duty cycle, three current densities (0.05, 0.7, 1 Atm
and 3 frequencies (1 kHz, 30 Hz, 1 Hz). Data points: mean, error bars: marieamand mean

minimum points.
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Imaginary / [mQ]

Figure 1.1.25showsa comparisonbetweenhybrid and norhybrid electrochemical impedance
spectra EIS) with only the 36 cell average values displayed for simpliaitg fora 1 A current
(0.05 A cm?) representative of oxygen reaction kinetiBesults showan increasén kinetic
resistancdor the nonhybrid dynamic load profile (right) wéreas fotthe hybrid load profile the
stack demonstratggnificantlyless performance degradation by catalyst deactivéed).
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Figure 1.1.25BOT and EOT EIS results at 0.05 A crfor the hybrid (left) ad norhybrid (right) load

profile.

An effectin the mass transport regiorasalso observed at high current deiesi{1 A crm ?) for

the nonhybrid stack operatl with the air blower and external humidifier (uncontrolled air
supply). Figire 1.1.26shows 36 cells EIS for the load following stack The spreadn the
individual impedance spectra for the 36 cells observed in the mass transport (fegion
frequency loop)s indicative of theair supplymethod impactThe spreadn cell impedance is
smaller aEOT (right). Presumably, thair blowerperformance improved during the test and led
to a moreuniform air flow distribution in the stacKhe kinetic (Figure 1.1.25) and mass transfer
(Figure 1.1.26) resistance changes (~5 mohm) are minor creating gevioisa that is too small
to affect the polarization curves (Figures 1.1.21 and 1.1.22).
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Load Following -EIS for 36 cells at BOT- Stk # 243061

Load Following - EIS for 36 cells at EOT- Stk #243061
Stack operating at 1 Afem? with with Air Blower (Stioch~ 2.5) and Ext. Humidifer (RH ~75%)

Stack operating at 1 Ajcm’ with Air Blower (Stioch~ 2.5) and Ext. Humidifer (RH ~75%)
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Figure 1.1.2636 cells EIS for the load following stack operated at 1 A’anith an air blower.
Measurements at BOT (left) and EOT (right).

The effect of balance of plant componentstio& overallstack performance was also apparent.
Figure 1.1.27%&hows EIS resultkor the load following stack at BOT and EOT with controlled air
(left) and uncontrolled aisupply (right). The decrease in both kinetic and mass transfer

resistance (both high and low frequency loops are reduced in size) for the stack operated with the
blower is consistent with Figure 1.1.26 results.

Load Following - Mean EIS at BOT & EQOT -Stk # 243061
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Figure 1.127: Stack EIS operated with air supplied by a mass ftontroller (left) and a blower at 1 A
-2
cm -,

Figure 1.1.28&hows the pressure drop measuremsbatween the air blower and staalkets for

the load following testA blockage in the air supplg not evident because the pressure drop
although fluctuating remains relatively constaithe period between ~290 and ~310 h
corresponds to a temporary decrease in load due to a low cell 1 voltage (below 0.3 V).
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Figure 1.1.28Pressure drop measurements between the blower and stack irtegstiolel load following
test.

In summary, e two stacksnet the design UAV system lifef 300 h without significanbverall
performance degradation. However, the sesso hghlighted changes in cell performance
distributionsthat were only revealed hyore sensitive impedance spectroscopy measurements
which may warrant a closer scrutiny to improve reliability:

1 A cathode atalyst degradatiowas observedavith the load following stackut it had an
insignificant impact on the overall stack performance

1 Theair blower performance improved but only had a slight effect on the overall stack
polarization curve. An explanation could not be found based on available data raising
system reliability concerns

1 The load following stack had a poorly performing cell 1 thaght be tied to
manufacturingorocessesThereforequality control should be considered before
integration into UAV systems to minimize failure risks

Results also indicate that the stacks are likely able to sustain a longer operation time but
verification tests need to be conducted which could also more clearly highlight the advantages of
a hybrid systemiHowever,additional tradeoffs will also need to be taken into account including
systemweightandefficiency.

Noise diagnostics

The durability of fuel cells partly relies on the early identification of operating conditions
causing degradation and minimize exposure to such conditions. Although several diagnostic
approaches have previously been proposed to monitor these adversemsnitis challenging

to devise methods that do not affect the system being evaluated and minimize the equipment
needed especially for onboard applications. Diagnostics based on voltage noise measurements
may offer a nosinvasive and cost efficient saion which is implementable within the existing

cell voltage monitoring system. Noise measurements have been proposed before but generally
they were not demonstrated under field relevant conditions. Diagnostics need to be demonstrated
for more than a singl failure mode. Furthermore, diagnostics requiring equipment that is not
expected to be part of the fuel cell system are not desirable because they are increasing both cost
and complexity.
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In this HEET10 effort, the wavelet transform was considered éw vof its underexplored
potential and real time analysis capability. The signal is decomposed into a series of wavelets of
different frequencies and coefficients. This operation is similar to the Fourier transform but with
a sinusoidal function. Howeverebause the wavelet is finite in time (rather than infinite for the
Fourier transform), frequencies as well as location in time are obtained, enabling the real time
analysis of signals. Fuel cell noise data was obtained for 3 different, mostly reversiloke fa
modes (air starvation, ionomer and membrane dehydration, and liquid water flooding) by varying
the air stoichiometry and relative humidity. A wavelet transform based diagnostic was devised
and was compared to impedance spectroscopy and a Foursfommaranalysis on the basis of
sensitivity, real time analysis potential and the signatures uniqueness. Analyses were conducted
off line to demonstrate feasibility.

Figure 1.1.29 displays voltage measurements on a single fuel cell over time fandiffalues

of the air stoichiometry. It is readily discerned that the cell voltage noise varies and depends on
the air stoichiometry value. For instance, the noise amplitude increases as the air stoichiometry
decreases to 1.15. For further decreases irstaichiometry, the noise amplitude decreases.
These results are explained by considering water production and removal processes (air flow,
heat generation). In contrast, an increase in air relative humidity from 50 to 130 % led to a
monotonic increase inoise amplitude (not shown).
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Figure 1.1.29Cell voltage obtained by sweeping the cathode stoichiometry value from 2 down to 0.9.
The cathode relative humidity was 50 %.

Data were analyzed with the wavelet transform and some results are illustriigdran1.1.30.

For a step change in air stoichiometry, a cell voltage drop is observed for both air relative
humidities of 50 and 125 %. The 25 Hz wavelet coefficient is also displayed and shows that its
average does not significantly change as a restifteodir relative humidity transition. However,

the standard deviation of the wavelet coefficient does change and results depend on the air
relative humidity. Therefore, the standard deviation of the wavelet coefficients was selected to
analyze electrocheigal noise.
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Figure 1.1.30Cell voltage and corresponding 25 Hz wavelet transform coefficient and associated
standard deviation. The cathode stoichiometry is changed from 1.7 to 1.6 at a time equal to 150 s for two
values of the cathodelativehumidity, 50 and 125%.

Table 1.1.6Ratio between highest and lowest values of the measured parameters' ranges.

Table 1 — Ratio between highest and lowest values of the
measured parameters' ranges.

Frequency Standard Re[Z] Im[Z] |z Mean
or frequency deviation () () (@) amplitude
range (Hz) of wavelet (V Hz %)
coefficient
(VHz %)
50 or 35-100 2.7 1.1 13 11 2
25 or 11-35 6 1.1 16 1.2 35
5 or 2.8—-11 6 1.2 18 1.2 4
16 o0r1-2.8 9 14 3 1.5 5
0.5 or 0.2—1 7 1.7 4 1.7 6

Table 1.1.6 indicates that the standard deviation of the wavelet coefficient changes associated
with variations in air stoichiometry and a¢éive humidity are larger than those observed for
impedance spectroscopy (real impedance Re[Z],
modulus |Z]) and the werage Fourier transformspectra amplitudeTherefore, the wavelet
transform potential was further gored because it is the most sensitive method.

imaginary impedance Im[Z], impedance

Cell states labeled by their air relativemidity and stoichiometry were correctly identified using
a brute force algorithm bgninimizing the distance between the actual and the calculated states.
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Independet and uniformly distributed random variations were added to experimental wavelet
coefficients' standard deviations to define the calculated stAwditional information is
available in the published papétem 8 in the Papers and Presentations Resulirom these
Efforts section). Future work under other ONR funding (APRISES) will include the
demonstration of a larger number of failure modes (2 different contaminants injected in the air
stream) and implementation of the wavelet transform method itimesal

Alternative cell evaluation

Under HEET10, e HNEI fuel cell MIST was adapted to characterize the effects ofimear
discharge of a-ell, high powerLi-ion battery pack in support of NRL battery research project
to minimize efficiencylosses. This project is novel and the results give a unique perspective into
the cell to cell performance distribution of a battery pack in comparison to single cell
measurements which are generally employed to characterize batteries.

A sinusoidal (noflinear) discharge current was compared to a constant discharge current. Two
four-cell packs comprised of high powkr-ion batteries (A123 Llon ANR26650) were used

for this study. Each cell has a capacity of &lBand a nominal voltage of 3.3 V. The studgs
carried out with the HiL test stand and the MIST. Discharge rates of 5CALark 10C (23A)

were used. The sinusoidal discharge rate frequency varied frétn tb 5 kHz. Impedance
Spectra were also acquired with fully charged and discharged states

The initial measurement concept considered the MIST coupled with a voltage divider to match
the high battery cell voltage of 3\§ for both impedance measurements and-limaar battery
discharge. However, this method did riwing aboutsatisfactory esults especially for high
frequencies. Many different approaches were subsequently evaluated including a Solartron
impedance analyzer with AC coupled amplifiers with or without a voltage divider, the MIST, AC
coupled amplifiers and an offset correctiott, élowever, each of these solutions had limitations
such as a complex setup, high noise levels or questionable results. A custom solution was
developed using modular owmbannel signal treatment (MOST) circuit boards. The MOST
measurement system has 5 AGupled channels and 5 DC coupled channels. The MIST
software was adapted to work with the MOST system and, capture and analyze data

Different perturbation sources were also evaluated including an audio power amplifier operated
as a controlled voltagaipply which delivered the best results for the impedance measurements.
For the nodinear discharge, different load units were equally evaluated for varied current and
frequency ranges. A smaller electronic load unit {¥6@.20 A) gave better results up ®kHz.
However, this solution was not ideal for higher currebiC) due to the load unit power limit
(600W) and higher frequencies (¥#z) as sinusoidal wave distortions were present due to an
increased current rise time at very low currentsA¥1

Battery charging was conducted at 1C (&)3up to 14.6V with a power supply operated with a
constant current until the set point could no longer be maintained. Subsequently, battery charging
was carried out with a constant voltage mode until the cudrepped to a zero value.

In a first series of tests completed with the firstell battery pack, measurement systems were
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verified, data are reported but results are not discussed in degpitgs 1.1.31, 1.1.32, 1.1.33,
1.1.34, and 1.1.35, TablesllZ and 1.1.8put highlight the capabilities that were developed for

this project. After the battery pack was fully charged, it was held & aAd excited with a 5

mV perturbation using frequencies spanning a Bzto 10kHz range (20 frequencies per
decade). For the discharged state measurements, the battery pack wiasantyndischarged

with a 1C rate and a Bz frequency and then held at Y0and again perturbed with arbBV

signal (0.5Hz to 10kHz, 20 frequencies per decade). gs 1.1.31 and.1.32show resulting
impedance spectra for the fully charged and discharged states respectively. Figures also show
cell resistances at kHz. Measured 1kHz cell resistances (6.8.7 m\W) are close to the
manufacturing data sheet (A123 System 26650) vafl @amW.

EIS of High Power Lithium lon Battery (Type - ANR26650)
[At Charged State - Charged @ 2.3A/14.6V on CC/CV Mode]

3.0

#  Cell 1 of 4-Cell Lithium lon Battery
Cell 2 of 4-Cell Lithium lon Battery |

25 1| @  Cell 3 of 4-Cell Lithium Ion Battery |5« b Zes
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{3 Selected Frequencies

Resistance at 1kHz =[6.8,7.2,7.4,6.6] m{2
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Figure 1.1.31Impedance spectra of a chargedell high power Liion battery pack.
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EIS of High Power Lithium lon Battery (Type - ANR26650)
[At Discharged State, Discharged @ 2.3A ,1 Hz]
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Figure 1.1.32Impedance spectra of a dischargece#t high power Liion battery pack.

The battery pack was also discharged with a linear (constant)oarithear (sinusoidal) profile

and, 5C and 10C rates. The Horear discharge involves a sinusoidal waveform oscillating
between zero to twice the desired average discharge rate. The frequency of interest varied from 1
Hz to 10kHz. However, due to loadntt limitations, a 15 kHz range was selected. The non

linear discharge was therefore conducted at 1, 10, 100, 1000 andH300Be sine wave was
generated by the MIST system with an added current offsetrd~Rp.33shows the schematic
representation ad discharge sinusoidal wave.

Currenta
[ (A)

23 ------
115 /\ ...... /\Averaqe discharge rate
VNN

0 Time/ (s)
Figure 1.1.33Schematic representation of a discharge sinusoidal wave for a 5C rate (11.5 A).

After each discharge the battery pack washrarged with the previously stdteonditions. For
these initial measurements, a protocol was not established to control the battery state between
charge and discharge cycles (rest period at open circujt, etc

Figures 1.1.34 and 1.1.3%ow results of the constant and sinusoidal battischarge at 5C and
10C respectively. Tablek.1.7 and 1.1.8how results in terms of energy (Wh), specific energy
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(Wh kg?!) and capacity (Ah) for all 5C discharges. The discharge energy (DC_EBatt) and
discharge capacity (DC_QBatt) were calculated froendischarge data recorded as a function of
time with the following equations:

t2

DC_EBatt:ﬁ)tlﬁVBatt dt (Wh) (5)

t2

1
DC_Qeat =———j dt (Ah) (6
_ Qear 3600? (Ah) (6)

The periodt2- t1 was calculated from the time the relay switch was activated for the discharge
process to the time threlay switch was deactivated and the cell voltage dropped belWbwe2

cell. The percentage increase in specific energy and capacity were calculated for-lihearon
(sinusoidal) discharge relative to the linear (constant) discharge. MeasurementEguéreda
every 1.2s during the discharge. Therefore, the errdrGsl % for the 5C data anti0.2 % for

the 10C data.

5C (11.5 Amps) Discharge Characterisitics of
High Power Lithium lon Battery (Type - ANR26650)

Cell Voltages / (V)
B

:g:g J —B— Constant Discharge / (V)
106 4 1 Hz Discharge ! (V)
10.5 - —8— 100 Hz Discharge / (V)
10.4 4 =¥~ 1 kHz Discharge / (V)
10.3 4 =0~ 5 kHz Discharge / (V)

23 22 24 20 19 18 17 16 15 14 13 12 11 10 09 08 07 06 05 04 03 02 04 00
Capacity / (Ah)

Figure 1.1.34Discharge curves (5C) for acell Li-ion battery pack using a constant current and
sinusoidal currents of different fregncies.
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Table 1.1.7Calculated energy, specific energy and capacity for a 5C discharge.

5C (=11.5A) Discharge Data

Method of Discharge Constant 1Hz 100 Hz 1 kHz 5 kHz

Energy (Wh) 26.18 26.57 26.43 26.40 26.16

Specific Energy (Wh/kg)| 93.50 94.88 94.40 94.29 93.44

Increase in Specific

Energy (%) - 1.47 0.96 0.84 -0.07

Capacity (Ah) 2.14 2.16 2.15 2.15 2.13

Increase in Capacity (% - 0.98 0.23 0.66 -0.29
Nominal Capacity (Ah) 2.3 Ah Weight (kg) 0.28

10C (23 Amps) Discharge Characterisitics of
High Power Lithium lon Battery (Type - ANR26650)

12.8 1 —H— Constant Discharge / (V)
12.7 1 1Hz Discharge / (V)
12,6 1 —8— 100 Hz Discharge / (V) }
125 + == 1 kHz Discharge / (V)
:;; 7 —§— 5 kHz Discharge / (V)

121 4
12.0 4
119 4
11.8
117 A
11.6
11.5 4
114 4
11.3 4
11.2
111 4
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10.8 4
10.7 1
10.6
10.5 4
10.4 4
103 4
10.2 1
10.1 4
10,0

Cell Voltages / (V)
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Capacity / (Ah)
Figure 1.1.35Discharge curves (10C) for ac#ll Li-ion battery pack using a constant current and
sinusoidal currents of different frequencies.

Table 1.1.8Calculated energy, specific energy and capacity for a 10C discharge.

10C (=23A) Discharge Data

Method ofDischarge Constant 1Hz 100 Hz 1 kHz 5 kHz

Energy (Wh) 24.90 25.04 25.27 25.20 24.95

Specific Energy (Wh/kg)| 88.93 89.41 90.26 90.00 89.11

Increase in Specific

Energy (%) - 0.54 1.49 1.20 0.20

Capacity (Ah) 2.14 2.16 2.15 2.16 2.14

Increase irCapacity (%) - 1.08 0.66 0.98 0.19
Nominal Capacity (Ah) 2.3 Weight (kg) 0.28
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For the second-4dell battery pack, a protocol was established to control the battery state between
the charge and discharge steps. The battery pack was charged witiata U@ to 14.6/ under
constant current (until the current could no longer be maintained) and constant voltage (until the
current dropped to 0) mode. The battery pack was allowed to rest until the voltage reached a
constant open circuit voltage (OCV) aftehe discharge cycle. This rest period was
approximately 12 h long. After the battery pack was charged it was also allowed to rest for a
short period (35 min) before it was discharged. The second battery pack was previously used
for a UAV hybrid power gstem study and therefore it had sustained a number of
charge/discharge cycles. The following testing protocol was followed for théingam battery
discharge:

1. Battery charged at 1C rate up to 14.6 V under constant current and constant voltage mode

until the charging current was zereZh)

Battery was discharged linearly at 10C rate with a constant current

Battery was allowed to rest until a constant OCV was reach2dj1

Same as step 1.

Battery was discharged ndinearly at 10C rate and 1 kHz

Same as step 3.

Same as step 1.

Same as step 2.

Impedance spectroscopy measurements were conducted with a discharged state. The

battery was allowed to rest until it reached a constant OCV of 12.2 V. The battery was

held at 12.2 V during impedance speatag®s/ measurements.

10. Same as step 3.

11. Same as step 1.

12. Impedance spectroscopy measurements were conducted with a charged state. The battery
was allowed to rest until it reached a constant OCV of 14 V. The battery was held at 14 V
during impedance spectroscomgasurements.

©OoNOh WD

Figures 1.1.36 and 1.1.3how impedance spectra for the second battery pack in a charged and
discharged state respectively.
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EIS of High Power Lithium lon Battery No.2 (Type - ANR26650)
[At Charged State - Charged @ 2.3A/14.6 V on CC/CV Mode]

+ 4+t i
& Cell 1 of 4 Cell Lithium lon Battery
Cell 2 of 4-Cell Lithium lon Battery
4 Cell 3 of 4-Cell Lithium lon Battery i
4 Cell 4 of 4-Cell Lithium lon Battery
34| € Selected Frequencies ke +
| Resistance at tkttz = [£.72, 7.2, 7.39, e ma2 |
E‘ 3 -
&
m
=
g
E .4 +
od S N S
Holding Voltage =14V
Voltage Perturbation = 5mV
104z Shunt Resistance = 333 mo
4 : t i t i t
5 6 T 8 9 10 11 12

Real [ma]

Figure 1.1.36lmpedance spectra of acéll high power Liion battery pack in a charged state.

EIS of High Power Lithium lon Battery No.2 (Type - ANR26650)
[At Discharged State - Discharged @ 23 A 1 kHz]
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Figure 1.1.37Impedance spectra of acll high power Liion battery pack in a discharged state.
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Figure 1.1.3&hows results of the two constant discharges at 10C and one sinusoidal discharge at
1 kHz. The first constant discharge was completed prior to the sinusoidal discharge while the
second constant discharge was completed after. This testing sequence was adopted to better
highlight the norlinear discharge and validate the overall protocol agas anticipated that the

two linear discharge curves would match. Tahlk9shows the calculated energy and capacity

for each of these discharges and the percentage change in energy and capacity for the sinusoidal
discharge and the second constanthdisge relative to the first constant discharge. The same
energy and capacity characterize the two constant discharges within the stated experimental
error. Therefore, the testing protocol is verified and the sinusoikldz ischarge has a positive
impactalthough quite small (1.% higher specific energy).

10C (23 Amps) Discharge Characterisitics of
High Power Lithium lon Battery No 2 (Type - ANR26650)
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Figure 1.1.38Discharge curves (10C) for ac#ll Li-ion battery pack using a constant current and a 1

kHz sinusoidal current.

Table 1.1.9Calculated energy, specific energy and capacity for adi€charge.

10C (=23A) Discharge Data
Method of Discharge Constant 1 1 kHz Constant 2

Energy (Wh) 24.26 24.60 24.26
Specific Energy (Wh/kg) 86.63 87.85 86.63
Increase in Specific Energ

(%) - 1.41 0.00
Capacity (Ah) 2.11 2.11 2.11
Increase irCapacity (%) - 0.00 0.00

Nominal Capacity (Ah) = 2.3 & Weight (kg
=0.28

From this initial battery testing, optimal methods to measure battery pack impedance spectra and
to discharge the battery by néinear (sinusoidal) means were established. Howeser,
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significant improvement in performance was not observed for this spéaajn power lithium
ion battery with a noiinear discharge profile.

A more detailed investigation would be required to ascertain any significant impact of the non
linear discharge method and could include other battery chemistries, improved chaying an
discharging protocols, discharges at much higher currents and frequencieldz)>6r lower
frequencies (<kHz) and other discharge or charge profiles (square or pulse wavies-efoer

current and frequency discharge profiles could not be used due to testing equipment limitations
(amplifier, load unit, power supply, data acquisition system). Therefore, research would benefit
from upgraded battery testing equipment.
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1.2 Novel Fuel Cells

Under suliask 1.2 HNEI conducted research tadvance enzymatic biofuel cell technology
through quantitative, wsitu characterizations of immobilized enzyme to enhance fundamental
understanding of the underlying mechanism in biocatalysis. In this project, we continued to
investigate the ability tacontrol pore structure within thin chitosan films through chemical
modification of the chitosan polymer backbone. To pursue this objective we hydrophobically
modified chitosan polymer with specific alkyl side chains (e.g., butyl, decyl) and then caste the
solutions into micron thin films using a spread coating technique. After air drying pore size of
the resulting films was characterized using established physical (high resolution microscopy) and
chemical (gas absorption) methodologies. Pore size wraslated to the method of chemical
modification (e.g., butyl, decyl etc.).
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Chitosanbiopolymer has gained attention in the research community, in part because of its
ability to be blended with other biomaterials and/or molded into highly porous matrieatng

great potential as a biomaterial for enzyme immobilization, drug delivery, and gene delivery.
This work reports on the correlation between final thickness of sggrmaadd coated chitosan
polymer films and deposition rate. More, the impact dfitsan based micelle structure (gained
through the introduction of hydrophobic modification of chitosan polymer) on final film
thickness and morphology is also discussed. These results represent new knowledge on how the
introduction of hydrophobic modifiti@n, a technique shown to introduce solutlmased micelle
structure and micellar aggregates that support enzyme immobilization, impacts final film
thickness and morphology of spread coated films and will aid the development and deployment
of chitosanbased biofuel cell electrodes.

The thickness of spreambated films made from both deacetylated and butydlified chitosan
werecorrelated to deposition rate armolgion micellar structure. Results demonstrated How,

a certain degree, differences in thiederlying micellar structure couldnpact the final film
thickness. At intermediate deposition rates, the thickness of chitosan films was predictable and
well controlled. Furthermore, it was shown that hydrophobic modification of the chitosan
extended th range of deposition rates (froral6 cm/hr to 630 cm/hr)which allowed for a

linear relationship between film thickreeand deposition ratédydrophobic modificatiorwere

also extended the range of thickness achieved from@®.06L 0 & m-0t b4 Olhaded
featureswere accredited to the domination of intramolecular forces at lower concentrations of
hydrophobically modified chitosan solutions as opposed to equal concentration of the
deacetylated chitosan solutions, as supported by the viscosity amdsftance experiments.
Although both deacetylated and butybdified chitosan solutions were found to have mnaed
intramolecular interactions, as well as hydrophobic domains able to incorporatelfioEs,
deacetylated chitosan wasuch more intercamected via intermolecular interactions at higher
concentrations.
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Figurel.21: Schematic of film deposition with inlayed microscope image from thickness measurement
of air-dried film (top left). Deacetylated or butgdodified chitosan solutions werepgitted on the obtuse
side of the intersection of the two glass slides held at an angle of 30 £ 1°. A meniscus forms under the
leading slide as it pushes against the solution droplet and across the lower glass substrate at a constant
velocity, leaving a thi layer of solution behind. Films formed as the solution wadrad.
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Figurel.22. Ty pi c al i mage of fcutodo spread coated fil ms
associated imaging software. The left hand image is a top down image of film surface while the right
hand image is the surface morphology mapped out in terms of relativeestilrfaheight. The inset to
the right hand image is a ntat-scale rendering of the shape of the surgical blade used to cut the film.

Regionds 2 and 3 represent film surface on eithe
where the film wa cut. The sharp peak between region 3 and 1 represents the leading edge of polymer
mat erial that was displaced by the bladebds cut in

slope of the surgical blade while the sudden upturn to regiopr@sents the back edge of the surgical
blade. The circular inset indicates a region that was found to possess, across all films analyzed, a
characteristic mark that was found to represent where the blade cut into the glass slide, yielding a
consistent reltive reference to the surface of the slide and the bottom of the film.
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Figurel.23. Plot of film thickness vs. deposition rate for films prepared from 2% (w/w) deacetylated
chitosan in 0.5 M acetic acid.

Publicationsresulting from these efforts

1. 2012 Maloy, S. F., Martin, G., Atannassov, P., and M. J. CobneyControlled
deposition ofstructured polymer films: chemical and rheological factors in chitosan film
formation. Langmuir.28 (5), pp 25892595.

Task 2. TECHNOLOGY FOR SYNTHETIC FUELS PRODUCTION

Biofuel products start from a variety of primary sources of plant or ammagrial to produce

four main intermediate products; oil, starch, sugar, and/or fiber. These intermediate products are
in turn converted to fuels, and can also be converted to chemicals, biomaterials, or power
depending on the intended use. The primayraes of biomass material have the potential to
impact the end product and are likely to depend not only on the plant spetiesso the
location of crop production, the conversion method employed, and its history between point of
production and pointfause. For Navy application there is particular interest in liquid biofuels
that can be introduced into the current supplyirchéowever, the introduction of biofuels with
varying properties into systems developed for fossil fuels can present adddjmerational
challenges. Biofuels are likely to be delivered as neat fuels by the supplier and can be consumed
in this form orin blends with petroleunproducts. Acceptance testing and monitoring of fuel
quality through the supply chainfrom storage to blending to use are important. This task seeks

to identify and address issues related to fuel variability caused by primary feedstock sources,
converson methods, storage methods, or the presence of contaminants.
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Task2.1 focuses on plasma reforming of renewable biogas to produce hydrogen rich streams that
can be upgraded for fuel cell applications. Taskinvestigates the thermocatalytic productio

of hydrocarbons from synthesis gas with emphasis on catalyst evaluation. Results from the use
of novel solvents to extract bimils and proteins from biomass resources are reported in Task
2.3. Biochemical pathways for conversion of synthesis gas ligtnd fuel molecules are
investigated in Task.4. Task2.5 and2.6 are focused on ffor-purpose testing of biofuels to
determine their susceptibility to biocontamination and propensity for creating biocorrosion,
respectively. Finally TasR.7 exploes using waste products to produce carbon products.
Details of the results of each task are provided below.

2.1 Plasma Arc Processing

Biogas was reformed into a hydrogen rich gas stream and to characterize the {&euddent as a
contaminant. Fothis investigation, a nethermal plasma reactor was modified and experiments
designed and performed. Parametric tests, factorial tests, and response surface methodology was
conducted sequentially to identify optimum reactor operating conditions to raeapecific energy
requirements (kJ/mol $L

Background

Accessible, environmentally friendly, sustainable, secure sources of energy that can meet projected
energy requirements are need&H Hydrogen is expected to play a larger role in the future energy
portfolio [2]. Among different sources and methods of hydrogen production, plasma assisted
reforming of hydrocarbons shows promising resyBs9]. This paper explores reforming of
simulated biogas, a ~50:50 mixture of methane (a renewable hydrocarbon) and carbon dioxide, in a
nortthermal gliding arc plasma reactor stabilized neerse vortex flow (RVF).

Organic wastes and biomass under anaerobic conditions found in landfills and digesters can be
microbially decomposed into biogas containing forty to sixty percent methane with the balance
being largely carbon dioxide. Less tharo percent of the biogas is typically nitrogen, oxygen and
other trace volatile organic compounds (VO(1$)]. Because methane is 20 to 25 times more potent

a greenhouse gas (GHG) than carbon dioxideJCd&composing municipal solid wastancbe a

serious climate change contributor. The EPA predicts global biogas emissions will grow by 13%
between 2010 and 20301]. In 2010, the United States reported emissions of 130 Tg equivalent of
CO, from municipal solid waste methane producti¢hl]. Reforming of biogas at landfills can
convert methane, serving to reduce GHG emissions, while producing renewable hydrogen onsite for
fuel cell applications.

Sulfate reducing microoemisms produce hydrogen sulfide,@), a colorless and flammable gas,
under anaerobic conditions in landfills.,$ contamination poses threats to both humans and
materials. From the standpoint of facilities and maintenang®,ddn corrode metal componeirts
pipelines, sensors, engines, etc., and poison catalysts in fuel cell appli¢a2bnsUndesirable
elements such as sulfur occupy catalyst adites and reduce the overall performance of the fuel

cell [14]. For proton exchange membrane (PEM) fuel celhdr vehicles, the International
Organi zation for Standardization (1 SO) dictat
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H,S) per mole of hydrogen ¢Hat the dispenser nozZl€5]. The tolerance of molten carbonate fuel
cells (MCFCs) was reported to be less than 0.5 [dh Thus, practical use of biogas as hydrogen
feedstock depends on economical removal £8 kb meet these limits. Converting3into easily
removed sulfur forms may enhance removal between the reformer and the fuel cell.

Reforming seeks to maximize; idroduction while minimizing carbon monoxide production. Partial
oxidization (POX), autdhermal reforming, and steam reforming are three primary industrial fuel
reforming techniquef31]. Equationg1) and(2) describe general hydrocarbon reforming and ideal
methane steam reforming, respectively. The latter is endothermic and typically occupies a large
system footprint, experiences thermal lag, amglires expensive catalysts.

CH, +nH,O0+mQ, - xCO+ yCQ, +cH,O+dH, +eCH,2 (2)
CH,+2H,0- CQ, +4H, (DH =165kJ/ mol) 2

POX (equation(3) below) and autaghermal reforming are both exothermic, utilizing part of the fuel
stream to propagate the reaction.

CH,+0.50,- CO+2H, (DH = - 36kJ/ mol) (3)

Auto-thermal reforming, a combination of steam reforming and P&2X requires specific reactant
ratios and high taperatures. It is prone to coking, catalyst deactivd8&h andslowly responds
to system changes making it unsuitable for mobile applicafirgt].

Sincethe 2900 s, pl asma reforming technologies hayv
diesel[35, 36] methand4, 8, 35, 37] ethano[35], isooctand8, 35, 37] gasolingd38] and gasoline

95 [39]. Advantages of plasma reformers include reduced system cost, catalyst deterioration (if
required), footprint, and response time, and the ability to reform heavy hydrocfsh@ds 4042].

Plasma reformers can also be configured to operate at near ambient temp@htdrEsElectrode

erosion at high pressures and electricity requirements are identified as disadV@htages

The transitionfrom gas to plasma takes place when electrons gain enough energy to be released
from atoms leading to high electrical conductii#y3, 44] The high energy electronse ¥ 1 eV

(about 11,000 K)45], provide the activation energy for reforming reactions via direct electron
impact. Plasma generally falls into ooétwo categories thermal or northermal. In thermal
plasma, gas molecules and electrons exist in thermal equilibrium, requiring from 1 kW to over 50
MW [38, 46] and creating temperatures ranging from 5,000 to 10,000 °K. At these high
temperatures the electrodes must be cooled to reduce thermal 38%ion

The gas molecules and electrons in 4tleermal plasma are not in thermal equilibrium. The gas
molecules can exist at neambient temperater while the electrons are excited at 10,000 to
100,000 °K (110 eV)[43]. In this way the electrons deliver energy for reaction initiation and
enhancement. Netihermal plasma reformers require electrieaérgy on the order of hundreds of
Watts, have low electrode erosion, avoid the need for a cooling system, occupy a small footprint,
and have low weighi38]. For similar hydrogen yields, nahermal plasma reformers require less
energy input, when compared to their thermal counter|p@fts
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Gliding arc, glow discharge, corona discharge, silent discharge, dielectric barrier discharge,
microwave discharge, and radio frequency discharge are types-tieromal plasma categorized by
their plasma generation mechanigtasign pressure, and electrode geomdiry. Corona discharge

[37], microwave dischargg8], dielectric barrier dischardd9], and gliding ar¢3, 7, 4951] show

the most promise for reforming hydrocarbons.

The Petitpas tal. review of nonthermal reforming technologies found that most operate via POX
mechanismg4, 8, 9, 35, 37, 39] The POX based reformers operate at ~75% effici¢®c®7],
while autethermd and steam reforming reformers operate around 8o Efficiency is defined

as the lower heating value of the product divided byethetrical energy input to the plasma and the
lower heating value of the fuel.

The stabilization of gliding arc plasma within a reverse vortex flow has shown encouraging results
[3, 52]. Gas injection tangentially at one end of a cylindrical reaction chamber that exits talygential
from the opposite end produces a forward vofte3]. Alternatively, tangential injection and an

axial exit from the samend of the cylindrical reaction chamber produces a reverse y8fteXhe

reverse vortex increases the residence time of the reactant within the plasma arc, has 25% higher
efficiency than the forward vortex54], and produces a more uniform gas treatment than
conventional gliding arcfb4]. Gases swirling along the reactor wall produce #peafect thermal
insulation, and the gliding of the arc reduces thermal erosion and eliminates the necessity to
fabricate the reaction chamber from materials with ftginperature tolerangg4].

Various northermal plama systems have been studied for disassociation,8f Hcluding
dielectric barrier discharge, rotating glow, pulsed corona discharge, microwave discharge, gliding
arc discharge, and radio frequency dischdfge22]. In all studies pure hydrogen sulfide was
diluted to produce a gas mixture containingsD3 hydrogen sulfide. The high deetric strength

of H,S, 2.9 times higher than air, requires increased breakdown voltage. Early stage technology for
H,S disassociation to formHequired roughly 500 eV/ Hmolecule[23, 24] Nunnally et al[25]
enhanced the flat gliding arc geometry with the gliding arc in tornado (GAT) and greatly reduced
energy requirements to 1.2 eVh Hholecule. The decrease in energy requirements stems from
increased gas contact with the plasma in a GAtesy. These results were produced at atmospheric
pressure, a pure,8 gas flow rate of 14 slpnspecific energy input of 0.31 eV perH molecule

(~240 W), and 25% }$ conversion to K Using the same GAT system, 2.8 slpmv@as added to

the 14 slpm BES flow achieving a specific energy value of 1.0 e\é/miblecule producefP6].

The Claus process is a conventionatihod for recovering elemental S fromSd In this process,
H,S is converted to elemental sulfur (S) and wateO)H/ia a two step reactiofmeactions (4) and
(5)) (Fridman et al., 1998)

H,S+150,- SQ +H,0 (thermal step) (4)

SQ +2H,S- 35+2H.0 (catalytic and thermal step) (5)
Direct decomposition of 6 into H and S, shown in Equatid6) can also extract S from,B.

H,S- H, +%g DH, =204kJ/mol DG =333 kJ/mol (6)
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Positive changes in enthalpy and Gibbs free energy across Egi#gtiogicate an endothermic and
nortspontaneous reaction. For example, only 12% conversion,®fddcurs at 1000 °C and 1
atmosphere pressure, while below 550 °C less thanc@pftersion takes placfl9]. Recent
thermodynamic calculations at 1250 °K lWynnally et alindicate that an energy input of 4 eV per
H, molecule (386 kJ/mol §j results in less than 20% 8 conversiorn25].

Thermal decomposition methods; catalytic and -oatalytic, thermomechanical cycles,
photochemical methods, elediysis, electrochemical methods, and plasma methods have been
investigated for direct decomposition ofFinto H and S. Although all methods were successful in
decomposing b5, not all were economically viable. For example, electrochemical processes requi
chemical oxidants and have high electrical energy requirenj@its An in-depth review by
Luinstraconcluded that the relatively low energy requirement of thermal and plasthads make
them promising compared to electrochemical and photochemical mefp®d29] Only the
reaction (4) appears favored for contaminianvels of HS (~100 ppmv) in biogas from landfills
undergoing plasma reforming.

Materials and Methods
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This section describes testbed modifications, system parameters, parametric tests, and factorial
experiment design utilized in system optimization. A reverse vortex flow gliding artheamal

plasma reformer test bed previously explored under previoging, methane [3] and liquid fuel
reforming [36]. Figure 2.1.1 shows the methane reforming testbed used for biogasudhuot
management.

Testbed modifications

Reactant delivery, reformer, reformate conditioning, and analysis modifications were made (under
prior funding), before conducting experiments with simulated biogas containing 0 to 45 pp#& of H
Sulfur inertmaterials were used for all wetted surfaces exposed to fuel and reformate. Reformate
conditioning and analysis systems were modified to include the capability to collect and analyze
gaseous, liquid, and sulfur species.

A Kin-Tek 491 (KINTEK LaboratoriesInc., La Marque, TX USA) permeation tube device was
used to meter synthetic biogas (56%% methanearbon dioxide) containing O to 45 ppm ofSH

into the reformer via the tangentialet zirconia plate. Polytetrafluoroethylene (PTFE) tubing was
used letween the KiAlek and the reformer. A 3 mm PTFE line bypassed the reformer to allow
calibration of gas analysis equipment directly from the-Kaék 491. Stainless steel Swagelok
fittings treated with SilcoNert® (SilcoTek, Bellefonte, PA USA) were useudke all connections.

The nonconducting zirconia (AmZirOx 86, Astro Met Zirconium Oxide, Cincinnati, OH) plate with
the embedded lead wire and inconel washer were retained from liquid fuel reforming work [36].
The inconel washer served as the lowkrctrode and formed the axial exit of the reactor. The
ultrasonic nozzle end plate at the top of the reactor used for liquid fuels was replaced with a solid
Macor (Corning Inc., Corning, NY) plate with an upper electrode access port. Electrode materials
were treated with SilcoNert®.

Changes to the reformate conditioning and analysis section alleviated sulfur poisoning and sulfur
losses due to adsorption. All stainless steel gas transport tubing was treated with SilcoNert®. The
online analyzers, meterand the Horiba gas sampler were all sulfur incompatible and were only
used as a bypass for transitioning states when sulfur was absent from the system.

The main conditioning and analysis for sulfur containing reformate passed through two glass
impingersin series. The first contained 100 ml of IPA (A4X&@panol Certified ACS Plus, Fisher
Scientific, Hanover Park, IL) and the second was empty, both were immersed in an ice water bath.
A 6 mm diameter, 53 cm long PTFE sleeve lined the first impinger the base of the 3 way valve
at the outlet of the reformer to the bottom of the impinger inlet tube. This sleeve collected any
precipitated solids that plated onto the tubing and was removed for examination after each test.

Exiting the impinger trainthe reformate passed through a coalescing filter to capture remaining
liquids and a mass flow meter (Omega, Model FMA18XJAN2-EPR) to measure dry gas flow

rate. A pump (Model R27ET-EA-1, Air Dimensions, Deerfield Beach, FL) pulled a slip stream of

the reformate through the sample loops of two gas chromatographs (GC) in series and the remainder
vented into a fume hood.
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A GC (Shimadzu, Model 2014, Colombia, MD) equipped with a sulfur chemiluminescence detector
(SCD) (Sievers355) and a 60 m long calaity column (RestekTM Model Rtx®) with a 0.53 mm
internal di ameter, 7 em stationary phase was
(Shimadzu, Model 14A, Columbia, MD) equipped with a thermal conductivity detector (TCD) and a
1.52mx3mmCabexnE 1000 column (SUPELCO, Bell afont
species, Bl CO, CQ, H,, and CH in accordance with ASTM Standard D19¢96 1 Standard

Practice for Analysis of Reformed Gas by Gas Chromatography. Each set of reformer test
conditions wee maintained for 40 minutes with sampling occurring at 10 minute intervals on both
GCs.

Liquid samples collected from the impingers were analyzed for sulfur containing species with a dual
Dionex ICS1100 ion chromatograph (Thermo Fisher Scientific WaJtham, Massachusetts, USA)

with a conductivity detector. Anion analysis took place with a Dionex lon Pac AS14A (4 mm x 250
mm) column, utilizing 8 mM NgCO; and 1 mM NaHCQ®eluent at 1.0 mL/min with an AERS 500
suppressor at 43mA. Anions were calibdaségainst Dionex 7 AnicHl. Cation analysis took place

with a Dionex lon Pac CS12A (4 mm x 250 mm) column, utilizing 20 mM methanesulfonic acid
eluent at 1.0 mL/min with a CERS 500 suppressor at 59 mA. Cations were calibrated against
Dionex 6 Catiorll. The pH was measured with an Accumet® Research AR25 Dual Channel
pH/lon Meter (Thermo Fisher Scientific Inc, Waltham, Massachusetts, USA).

A Mettler-Toledo analytical balance (model ME204E, Metlleedo, Columbus, Ohio) was used

to weigh the PTFE lineébefore adding Swagelok hardware to the tube for connection to the system,
posttest after hardware removal, and after 3 weeks of desiccationiaB@® relative humidity.

The mass gain of the tube resulted from solids collecting on the tube wallg thsis. The tube

was then halved lengthwise and sectioned into 10 pieces, the dimensions and masses of each sectiol
was recorded. The sample was removed from the tubing with a PTFE spatula and placed on a
polished aluminum stub.

A Hitachi S4800 field emission scanning electron microscope (SEM) produced images of the
sample on the stub at 25,000x magnification, at an acceleration voltage of 15 kV, and gun current of
20 pyA. Energy dispersive spectrometer (EDS) spectra acquired with an Oxford INCAdretaF
Si(Li) EDS allowed for qualitative identification of solid species present in the sample.

System variables

The following section outlines both the dependent and independent system variables.

Reactor chamberr independent variable: to remain fixed
This variable affected the residence time of reactants within the reactor. The nonthermal plasma
reactor used in these tests had a fixed geometry (42 mm ID, 100 mm length, 0.138 L total volume).

Post reaction chambgérndependent variable: to remain fixed

The post reaction chamber had an inner diameter of 42 mm, a length of 76 mm and a total volume of
0.105 L.
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Electrode gap distanceindependent variable: to remain fixed
Gap distance dictated the minimum power level necessary to sustain arc ignitiontlaeske tests
remained fixed at 25 mm.

Oxygen input independent variable: to remain fixed
Oxygen input, combined with fuel input, dictates the equivalence ratio (EQR), and the air fuel ratio
(AFR), defined in Equatiof

%1 2 h VM G OY — (7)
andd,;; andde are the molar flow rates of air and fuel, respectively.

Nitrogen inpufi independent variable: to remain fixed
Nitrogen flows at a rate 3.77 times greater than oxygen in todamoduce synthetic air comprised
of 21% Q and 79% N.

Biogas inputi independent variable
The CH, component of the biogas serves as fuel in the EQR calculations

Steam input independent variable
This independent variable controls the steam to carao (SCR).

Power inputi independent variable
Arc power (W) delivered by the power supply affettiis number of electrons in the arc available for
ionization of neutral particles.

Reactor temperature dependent variable
Power input level, reactamfas inputs, and electrodes gap distance (length of the arc) all affected
reactor temperature.

Reformate volumetric flow raiedependent variable

Inlet gas flow proportions were varied to produce the desired reactant gas ratigsweasladjusted

to mairtain a input volumetric flow rate of 3.5 LPM. This input flow and the reactor conditions
dictated the reformate volumetric flow rate.

Test Methodology

Parametric testing focused on characterizing reactor performance changes as individual independent
parameters were varied. Four independent experimental varial#gsivalence ratio, steam to
carbon ratio, plasma power, and sulfur inputvere explored to determine their effect on system
performance. The range of values for each independent variadbléhein base case values are
shown inTable 2.1.1
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Table2.1.1: Base case variable values for parametric tests

Variable Base case vall Range of values for parametric test
Electrode Gap Distance 25 mm Fixed

Axial Exit Size 12.5mm Fixed

Volumetric Flow Rate 3.5 slpm Fixed

Oxygen Input 0.43 slpm Fixed

Nitrogen Input 1.54 slpm 0.85 slpm-2 slpm

biogas Input 1.54 slpm 0.4 slpmi 2.48 slpm

Power Input 220 W 140 Wi 300 W

Steam Input 0.31 g mirt 0.08i 1.84 g mirt

Sulfur Input 0 ppm 07 45 ppm

Combinations of variables that either produced soot, causing the plasma arc to be uncontrollable, or
produced conditions where the plasma arc could not form between the electrodes defined
operational system boundaries.

Factorial Design

A 23 full factorial design, 8 points per test, exploring EQR, SCR, and power input, found the system
operating conditions that minimized the specific energy requirements (SER) (EdB83tion

"YO'Y (kJ mol*H, produced) (8)

where input plasma power is measured in kW, @iglthe molar flow rate in mol’s Equation (8)
assumes that the water gas shift reaction shown in equ8jiaan convert all CO present in the
reformate to L This assumption is also made for efficiency calculations.

H,O0+CO- H,+CQ, DH =- 41kJOnole* 9)

Factorial design center points and step sizes were based on parametric test results. Analysis of main
effects, second order effects, and higbeter effects, identified a path of steepest descent (POSD)
towards optimal operating conditions. After the system stabilized, a minimum of four samples were
taken at ten minute intervals for each set of operating conditions. Multiple samples provadta dat
calculate a mean, standard deviation, and confidence intervals at each test point.

Central composite design

Central composite design (CCD) augments the factorial design with a set of axial points shown in
Figure 2.1.2 In order to find optimal contibns where factorial analysis showed significant
curvature between corner points and the center point, a CCD response surface design modeled the
curvature and found the SER minima.
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factor A

A "
factor &

Figure2.1.2:Central composite design schematic showing the axiatpivimed, and the cube points in blue,
for k = 3, where k is the number of factors

Data Reduction

The following equations define standardized performance indicators for plasma reformers proposed
by Petipas et al. and derived from the primary experimental tesi3déta

Equation(10) defines hydrogen yield as the ratio of hydrogen atoms as molecular hydrogen in the
reformate ga to the hydrogen atoms in the input fuel.

Hydrogen Yield = HydrogenAtomsin HZ in reformate, 100 (%) (10)
HydrogenAtomsin Feed Fuel

Equation(11) defines hydrogen selectivity as the ratio of hydrogen atoms present in the reformate as

diatomic hydrogen (b to the total number of H atoms present in the dry reftemagain it is

assumed that all CO present in reformate can be converted to hydrogen by the water gas shift

reaction (Equatioi9)).

Moles H, Produced

3100 (%) (11)
2(Moles of CH, Converted)

Hydrogen Selectivity =

Efficiency is defined as the ratio of chemical enthalpy of th@hdsent in the reformate the total
power input to the reacterincluding the input plasma power and the enthalpy of niexied fuel
flow. As seen in Fuation(12) & and LHV, are mass flow rate and lower heating values of
identified species, respectively.

LHVHZgas* (l"*;‘i|_|2 + lﬂ:o) produced (12)

Efficiency A=
PlasmaPower + LHV,, ., * ., ¢/input

Equation(13)def i nes met hane conversion as the reac
species.

(rﬂ:H“)in fuel ~ (rﬂ:HA)in reformate (13)
(%H“)in fuel

Methaneconversiorr

Results and Discussion

In this section the results of parametric tests, factorial tests, and response sestacare
summarized and discussed.
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Parametric test

This section discusses the parametric test results. The effects of four independent variables, EQR,
SCR, power input, and4S input are investigated.

System performance metrics as a functioeaidivalence ratio are shown kigure 2.1.3. Methane
conversion decreases approximately 40% as EQR decreases from a high of 0.7 to 0.1. Decreasing
EQR results from holding the air flow rate to the reactor constant while increasing the fuel flow rate,
producing a more fuel rich input mixture. Efficiency angitld increase 10 to 15 % (absolute) as

the EQR decreases. Over the same range selectivity increases roughly 30% (absolute). The
decreasing EQR also produced exponentially decreasing SER valoes0/ kJ mol* of Hy,

toward an asymptotic value of 2&3 mol* of H, produced. Thus the higher the biogas input to the
system the better the reformer performed as measured by SER. All indicators of system performance
are comparable with the same reaciperated on pure methaj$.

100 | 1100
CH4 Conversion
90 ; - 1000
T / H2 Yield

% l "l - 900 Selectivit
° 70 - Y, . electivity
D . / - 800 T .
> 60 _ ,,1 s Efficiency
@ ' yod ’ - 700 =%
€ Y ! S m-- SER
o 50 _} ; IS
O o N / - 600 2
B 40 J_ALﬁlﬁl /’ E:/
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20 oL 2l > < -;' i = [ 400

e
10 - o aeé'— ~. 3 - 300
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Equivalence Ratio

Figure2.1.3: Equivalence ratioEQR) parametric test results for biogas with n8 lhput. Error bars indicate
95% confidence interval. Error bars that are not visible are equal or smaller in size to the datarpgmht

The effect of steam to carbon ratio was investigated while keeping EQR, power and inlet dry gas
flowrate constant at 0.14, 220 W, and 3.5 Ipm, respectivEigure 2.1.dindicates that across a

SCR range from 0 (POX conditions) to 3.0, the ykld increases from 22% to 27.5%, while
efficiency decreases almost 4% from 26.8% to 22.7%,d0Hversion also showed an 8% reduction
from 64% to 56%. Increasing SCR resulted in an increase in SER from 290 to 345'kd,mét
selectivity increased linely across the SCR range, from 34 to 49% indicating that the decrease in
methane conversion did not result in decreasggrblductivity. With the exception of hydrogen

yield and selectivity, system performance parameters show similar trends to thoseedh&Easuure
methane reformind3]. The increasing SCR for biogas tests increased hydrogen yield and
selectivity whereas similar tests on methane [3] found that selectivity remained constant and
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hydrogen yield decreased from 30.9% at an SCR 0fo01510% at an SCR of 3.0. Difference may
be the result of high C{xoncentrations present in the biogas inhibiting reactions.

70 400
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60 T I i 380 H2 Yield
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. Selectivity
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D) S0 360 f Efficiency
(@)] T =|c_>
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Steam to carbon ratio (SCR)

Figure 21.4: Steam to carbon ratio parametric test results for biogas with@utBror bars indicate 95%
confidenceanterval. Error bars that are not visible are equal or smaller in size to the data point symbol.

The parametric test for power input to the plasma began at 280 W and incrementally decreased the
power input until the arc could no longer be sustain€ture 2.1.5indicates increasing power
results in linear improvement of all indicators of system performance, albeit at different rates. The
slope of the SER response was the steepest, increasing from 255%%df tdglat 140 W to 345 kJ

mol™ of H, at 280W, a 35% (relative) increase. Methane conversion, the second most sensitive
parameter, increased 25% (relative) over the test range, wiyiield increased by ~10% (relative).
Selectivity and efficiency remained fairly linear with increases on the of 6.
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Figure2.1.5: Power input parametric test for biogas withoySHError bars indicate 95% confidence interval.
Error bars that are not visible are equal or smaller in size to the data point symbol.

Figure 2.1.5hows the KIS input parametritest increasing +$ content in the bigas feed from 5.3

to 45.4 ppm, which corresponded to 2.3 to 19.9 ppi® id the bulk inlet gas stream. Over this

range HS reformate concentrations increased from 0.047 to 0.171 ppm, whilan&@ased

linearly from0.47 to .82 ppm. This corresponded to removing 88% of the sulfur species at 5 ppm to
94.8% removal at 45 ppm. The remaining sulfur compounds in the gas stream exponentially

decreased approaching an asymptote around 5%.

gualitatively as all HS

concentrati

However, these measuremdmsvirustd

ons were below the

SCD6O

ppm, and the majority of the $S@as detectable but under the 0.70 ppm lower quantitative limit

(LQL).

69



1.0 25.¢

=@—H2S ppm

0.9 £y == S02 ppm

0.8 4+ 20.C S in H2S (%)
o 9 .
T \ /*/ —=>=S in SO2 (%)
£ 07 - I +
§ \ ===gas phase S (%)
L 0.6 15.0
=
@ 0.4 10.0
=
a 0.3 1
ol

0.2 = 5.0

0.1 l\—”—'—_./.'

o
0.0 0.0
0.0 10.0 20.0 30.0 40.0 50.0

H2S PPM in Biogas

Figure2.1.6: H,S input parametric test. ir bars indicate 95% confidence. Error bars that are not visible are
equal or smaller in size to the data point symbol.

Factorial tests

The following sections present test results for the factorial tests and response surface methodology
approach to finshg optimum operating conditions for biogas as a feedstock for the NTP reformer.

The center point for the factorial tests based on parametric test results is summaraadd 1.2

The -1 and +1 designation imable 2.1.2shows the center point min@nd plus the step size,
respectively.

Table2.1.2: First full factorial center point and step sizes for NTP testing of biogas with&ut H

-1 Center Point +1 Step size
EQR 0.32 0.4 0.48 0.08
SCR 0.75 1.0 1.25 0.25
Power (W) 200 220 240 20

Table 2.1.3 summarizes the main effects of the three input variables EQR, SCR, and power,
along with second and third order interaction effects. Assuming the highest order effects are
negligible [55], the third order effect can be considered as an estimate of error for the system.
Hence, only effects with absolute values greater than 105% of the absolute value of the third
order efect (ABC) were considered significant.
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Table2.1.3: Effect summary for the first factorial test on biogas withos.HValues represent the change in
the performance value resulting from increasing the independent variables frdntdhiee +1 valueshown

in Table2.1.2.

Hydrogen -
Methane Hyo_Irogen Selectivit Efficiency SER,
Responses C , Yield, , change
onversion, h Y, h KJ/ |
change (%) ¢ ?nge change ¢ ?nge (kd/mo
(/0) (%) (/0) HZ)
S £ A(EQRatio) 119 4.5 108 3.5 103.¢
] N
O B(SCRatio) 45 0.4 23 17 23.3
H ~ ~ N
C (Power) 7.2° 1.3 -0.9 -0.1 42.0°
S o A8 4.6 0.3 2.3 07 11.1
() - -
'go 5l AC 6.9" -1.0 3.9 0.2 2.0
AN
BC -6.3" 0.0 2.6 -1.2 9.0
3% | aBC 3.8 1.0 2.7 2.9 -32.9

Andicates significant effect, |effect|> |(1.05*ABC)|

First order effects indicate that increasing the EQR has significant negative effects on all
performance parameters except methane conversion. Increasing the EQR has positive effects on
methane conversion as conditions approach stoichiometric AFR anlate oxidation. Increasing

the SCR has a slight positive effect on methane conversion but does not produce significant effects
in any of the other performance indicators. Increasing power increases methane conversion and
hydrogen yield but negatively pacts SER performance and has no effects on other performance

indicators.

Second order effect indicate that increasing EQR and SCR in tandem produces an additional 5%
methane conversion. Increasing EQR and power in tandem resulted in an additionalre@%einc
methane conversion but an additional 4% reduction.isdtectivity. Increasing power and SCR at

the same time provided an additional ~6% decrease in methane conversion.

Although the factorial results showed SCR effects to be insignifidanteasing steam input lessens
steam generation energy costs and was included in the path of steepest descent (POSD) analysis
Before running the POSD tests, lateam reactor stability was tested and verified. The POSD was
characterized by decreasingthitee variables until reaching system limits (arc extinction).

Based on the POSD results, center point and step sizes for the second factorial test are summarizec

in Table 2.1.4 This factorial test analyzes the response surface around the new cariteo pee if
there is a further possible reduction in the value SER.

71



Table2.14: Redesigned second full factorial center point and step sizes

-1 Center Point +1 Step size
EQ Ratio 0.12 0.16 0.2 0.04
SC Ratio 0.2 0.3 0.3 0.1
Power(W) 150 160 170 10

Table 2.1.55summarizes the results for the second factorial test. The results indicate the effects of all
three factors are significant, and suggest decreasing all three factors for the next path of steepest
descent. ANOVA analysis however, shows a atuxe Pvalue of 0.01 (less than 0.05) indicating
significant curvaturg¢56] between corner points and the center point. This indicates that the reactor

is at near optimal conditions. Therefore, a response surface design was performed to model the
response curvature.

Table2.15: Effect summary for the second factorial test on biogas withesit H

Methar]e Hyc!rogen Hydroggn Efficiency, SER,
Responses Conversion,| Yield, Selectivity, change (%) change
change (%) | change (9 change (% (kJd/mol Hy)
A (EQ Ratio) 13.9" 2.3 7.9 3.3 11.7
B (SC Ratio) 1.5 0.4 1.9 -0.6" 4.6"
C (Power) 3.0 1.2 0.4 1.7 12.2
AB -0.5" 0.3 0.6 0.2 -0.2
AC 0.1 0.1 0.1 0.1 0.2
BC 0.1 0.1 0.3 0.1 0.3
ABC 0.4 -0.2 -0.8 0.2 -0.2

Aindicated significant effect,

A central composite design (CCD) added six axial points to the last factorial test, and resulted in a
guadratic surface model for SER response. The global minima on this surface identified operating
conditions producing minimum SER value.

The optimum operating point required 160 W of plasma power, due to occasional arc instability at
150 W. Optimal conditions were defined by an EQR of 0.11, an SCR of 0.14, and 160 W of arc
power. This is equivalent to inputs of 0.25 slpm @95 slpm N, 2.30 slpm of biogas, and 0.13 g
min™ steam input. This results in an SER of 184.18 kJ/mo{1:91 eV/H molecule), which is
significantly below 3.37 eV/ Hmolecule for conventional steam reforming of methane. At this
point CH, conversion was 49%, Hield was 23%, kiselectivity was 48%, and efficiency was 25%.

The optimal condition reported applies to this specific NTP reactor and their applicability at larger
scales should be investigated.
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Fact SageE (CRCT, Montreal , ed)oebuate the €allivraud gag s o
composition for the optimal input conditions. The arc power was used as the input value for the
change in enthalpy between reactants and products and experimental reactant flow rates were input
as relative molar flow ras. Table 2.1.6compares reformate gas composition from the equilibrium
cal cul ation with actual Tabpet2il.6dath wepe wsed to @adculagea s
ideal performance metrics for both equilibrium and experimental conditions and is snetria

Table 2.1.7 Equilibrium calculations yielded an efficiency of 71% with 82% of reformate hydrogen
predicted to be present as &hd 18% as CH Differences between the experimental optimal point

and calculated values are the result of the-idedity of the system. From a thermodynamic stand
point, heat loss, incomplete mixing of reactants, inadequate retention time of reactants in the
reaction chamber contribute to nmeal conditions.

Table2.1.6: Experimental results at the NPT optimum opeaapoint and results from thermochemical
equilibrium calculation using optimum point input conditions

H> (%) N> (%) CO (%) CH, (%) CGO, (%) Other (%)
Thermochemical - 55 1 g 18.94 31.50 3.77 10.60 0.00
equilibrium
Experimental 14.24 31.87 16.99 15.68 20.38 0.84
Table2.1.7: Performance parameters for experimental and equilibrium resultsTbha 2.1.6.
CH, H, Yield H, Selectivity Efficiency SER
Conversion (%) (%) (%) (kd/mol H)
(%)
Thermochemical 92 81 89 71 64
equilibrium
Experimental 49 23 48 25 184
Sulfur fate

This section discusses the fate of sulfur compounds in the biogas input stream. Detection limits
prevented factorial optimization of,H removal, however, 180 minute long term center point tests,
conducted at 3 unique operating conditions, provided solid, liquid, and gas samples utilized in sulfur
fate analysis. During these 180 minute tests 8.96 mg of sulfur was input to the systiematelyl

46.49 +f 26.69% of the input sulfur was accounted for in the solid, liquid and gas analyses.

To discover if the plasma arc contributed to the removal 48, 20 ppm HS in biogas, with
accompanying air and steam mixtures, was injected intoefoenter and allowed to pass through

the system without the plasma arc energized. The outlet gas was analyzed and the concentration of
H,S was identical to the inlet indicating that the design modification to sulfur inert the system was
successful. Additionally, the HS biogas mixture was passed through the reactor and impingers
containing both IPA and DI #0 without the arc energized and the sam8&whas measured in the

outlet stream.

Similar tests explored the fate of & 25ppm in the bulk integas passing through the system.
When injected into the reactor without the presence of steam,sSffered minimal losses.
However when steam was injected into the reactor as well, without the arc enggg@gdfdrimed.
This caused the outlet gas streto drop in S@concentration from 24.79 ppm to 0.72 €9 ppm,

73



and the liquid recovered from the first impinger ultimately contained 59.9 ppm of sulfate. These
results confirm that if the NPT reactor convertsSHo SQ, that it can be removed withinimal
effort.

H,S was metered into the system at 21.25 ppm in the biogas and 9.35 ppm in the bulk reactant
stream. The plasma reforming removed the majority &, leaving 0.069 + 0.026 ppm on average

in the reformaté less than the LDL of 0.21 ppnHowever due to the partial oxidation of somgSH

into SQ via the reaction in equation (3), $®as found in detectable, but not quantifiable amounts.
Ultimately 5.7 + 0.4% of the initial sulfur appeared to remain in the gas stream.

Partial oxidation of portion of the kS stream resulted in the production of,SA’he SQ in turn
reacted with steam present in the reformer to fou8@®, sulfuric acid. The first impinger in the
impinger train, initially filled with 100 ml of IPA, captured both condens&ém and sulfuric acid.
After 180 minutes of operation the impingers on average contained 249.6 + 29.5 ml of solution.

Impinger solution had a pH value of 3.8 as measured by the AR25 Dual Channel pH/lon meter. The
Dionex ICS1100 lon Chromatographetected on average 17.6 + 14.0 ppm sulfate ions. This
corresponded to 3.4 £ 2.2 mg of sulfur, or 38.2 £ 24.8% of the input sulfur.

Figure2. 1 7: SEM |mag|ng of SO|Id particles recovered from the PTFE |mp|nger liner. Imagéoﬂds and
rods. Image B Plates and rods. Image-Cecovered solid particles in place on SEM target.

Images A and B irFigure 2.1.7show the solid particles insitu on thePTFE liner, while image C
shows the solid particles scraped from the liner onto the targeting stub. The solid formations, rods,
plates, and spheres, in images A and B were crushed when scraped onto the targetintagtilc

has a 6gummy6é or O0slimyd appearance, | ikely d

Unfortunately, the solids would decay and 6w
impeded the image quality and the identification of species present in the solids. As detected by

EDS, on average solid composition was primarily oxygen (81.3%)3.carbon (15.6 £ 3.0%), and

sulfur (2.8 + 0.8%). Some particles detected contained 19.5% sulfur by mass, however, the large

majority of particles contained only OS5 %. So
smallest percentage of fud detected in any form.

Conclusion

An experimental investigation was conducted to reform biogas into a hydrogen rich gas stream and
characterize the fate of,8 present as a contaminant. For this purpose, @hswmal plasma reactor
was modified and eeriments designed and performed. Parametric tests, factorial tests, and
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response surface methodology conducted sequentially identified the best reactor operating
conditions that minimized specific energy requirements (kJ/rapl H

Optimal operating contlons of EQR=0.11, SCR=0.14, and 160 W of arc input power resulted in a
minimized SER of 184 kJ/mol Hor the reactor running on simulated biogas (50% methane, 50%
carbon dioxide). At these conditions, the reformate gas composition was 14.235.93% N,
17.0% CO, 3.8% Ckl and 10.6% Cg@) resulting in methane conversion of 48.8%, a hydrogen yield
of 23.4%, hydrogen selectivity = 47.8%, and an efficiency of 25.3%.

Approximately 5.7% of the sulfur input to the system as 21 pp&ikithe biogas was measd in

the dry outlet reformate stream. The remainder of the sulfur was reformed intth&Qvas
captured as 5O, in the impingers or recovered as a solid of unknown molecular structure on PTFE
tubing surfaces between the reformer and the impingers.

Future research should identify optimal conditions for biogas reforming at higher input flowrates as
an approach to a more industrialized scale and explore the optimizing operating conditions for sulfur
removal and fate of sulfur species.
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2.2 Thermocatalytic Conversion of Synthesis Gas into Liquid Fuels

The effects of pore size on Ru/SiCatalyst performance were investigated for Fischepsch
synthesis under the conditions of 503 K, 20 bar and 1800Rwu/SiQ with 10 nm pore size
catalyst showed higher catalytic activity than Ru/Si@talysts with 3, 6 and 30 nm pore sizes.

The 10 nm pore size, Ru/Si@atalyst exhibited uniform pore diameter, an increased surface
concentration of active Ru metals, and the increased dispersion of Ru on the surface compared to
the other pore diameter Deactivation was clearly observed forRill/SiG, catalysts during the
reaction. Theaddition of small amounts afr and Mn(1:30, Zr or Mn:Si) improved catalytic
activity and stability for Fischéifropsch synthesis. The deactivation rate of Ru/Z0/@&s

about 21% at 51 h time on stream and this rate was much lower than Ru/Q10 (57%).
Ru/Mn/Q10 showed higher catalytic activity than Ru/Q10 and Ru/Zr/Q10, and its deactivation
rate was much lower ~9% after 51 h time on stream. The catalysts werdarimeddy BET,

BJH, XRD, TPR, H and CO adsorption and TEMThe small amount of Mn added to the
RuU/SiG, catalyst increased the concentration of active Ru metals and enhanced their dispersion
on the support surface

Complete details of this study wepeesented in the publication:

Nurunnabi, M. and S.Q. Turn. 2015. Pore size effects on Ru¢ai@lysts with Mn and Zr
promoters for Fischefropsch synthesiskFuel Processing Technology30. pp 158.64.

Complete details can be found at:
http://www.sciencedirect.com/science/article/pii/S0378382014004196?np=y
or

http://dx.doi.org/10.1016/j.fupc.2014.10.004

2.3 Novel Solvent Based Extraction of Bio -oils and Protein from Biomass
The overall objective of this task was tb; Quantify the degree to which asfep extraction

using a hydrophilic csolvent system (comprised of an ionic liquiddaan polar covalent
molecule) extracts phorbol esters from oil seeds; 2) Determine the extent to which the phorbol
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esters can be recovered from thesotvent and 3) Determine the extent to which the extracted
biomass is toxiffree and suitable as an amihfieed.

Two methods to determine the absolute amount of phorbol esters in the unjaeapg kernel

(i.e. control) were evaluated: solvent extraction into methanol or dichloromethane. The
measurement of phorbol esters in untregétpha kernel sing methanol method recovered

6.3 mg phorbol esters (PE) per gram of kernel, a value that is consistent with published results
reporting phorbol esters quantities as high as 6.5 mg per gram of kernel. The use of
dichloromethane, by contrast, produced dh mg PE per gram kernel. Given these results the
methanol method was used as thesolvent. Table2.3.1 presents the extraction yields of
phorbol esters for two ionic liquid based mixed with varying concentration of methanol co
solvent. The highestigid of extracted phorbol esters was achieved in pure methanol with only a
slight decrease observed as the [C2mim][MgS0Oncentration was increased, generally resting

at a plateau until the [C2mim][MeSJoncentration became dominant.

Protein analysi was performed to investigate the effect of thes@oent extraction process on

the nutritive value of the biomass. Although proteins were found to extract into the mieddle co
solvent phase (Tabl23.2) their amounts were minimal at or just below 1.0 mg per ml ef co
solvent. These values are consistent with those reported in literature on protein solubility in pure
ionic liquids or in ionic liquid based aqueous two phase systems which are normallylbeigw

per ml ionic liquid. Even though these reports suggested extraction efficiencies as high as 90%,
it should be noted that these reports also used samples that contained protein at starting
concentrations as low as 1 mg per ml of solvent. Agattepha biomass source in this study

was rich in protein (32 wt% relative to the whole kernel), the low yields of solubilized protein
actually reflect a low solubility of protein in the polar-solvent. Our results also demonstrated

that the bulk of proteinemained with the biomass even after washing with watee low
solubility of protein in solution was also confirmed by the Kjeldahl nitrogen analysis of the
bottom biomass phase which revealed that the majority of protein remained with the biomass,
Table2.3.2. We believe that the high protein content in théipieed and detoxified jatropha
biomass, even after water washes, further enhances the utility of-Hudveat system as a one

step extraction process fatrophabiomass.

While it was initally surprising that the medium polarity of the-smlvent and amphiphilic
nature of the ionic liquid would have better facilitated the extraction and solubilization of greater
amounts of protein, whose outer shells are also amphiphilic, the limitedtexraf protein

into the cesolvent is attributed to several factors. First, there is likely a lack of strong hydrogen
bonding between the esolvent and proteins as the ionic liquids and methanol are themselves
strongly associated through hydrogen bogdamd other electrostatic interactions. The pH and
temperature of the esolvent could also be at values that induce protein denaturation, conditions
that would inhibit solubilization. Finally, if the proteins are initially stored in a phase associated
with the solid biomass, the conditions described above would suggest good reasons why the
proteins do not solubilize into the-solvent. In addition to achieving effective-egtraction of
phorbol esters, the low phorbol esterbigh protein content of #h delipified biomass also
possessed high potential as an animal feed.
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Table2.3.1: Phorbol esters content in [C2mim][Me$®leOH cosolvent after extraction gatropha
biomass.

IL concentration Extraction yield (mg PE/ g kernel)
(wt % in cosolvent) [C2mim][MeSQ)] [C2mim][Ac]

0 6.3 6.3

10 5.8 35

20 5.7 3.9

25 4.1 35

30 4.5 2.9

45 4.5 3.7

50 54 3.6

60 5.3 35

70 2.9 3.3

90 0.8 2.9

Table2.3.2 Protein yields from analyses of components e$alvent extraction

Kjeldahl protein (wt %) Bradford protein (wt %) Protel?r:g/rxsntratlon

Untreated BBP* BBP? Cosolvent  Cosolvenf Cosolvent  Co-solvent

32 68 66 1.3 1.8 0.792 1.108

[C2mim][MeSQ]-MeOH

’[C2mim][Ac]-MeOH

BBP denotes bottom biomass phase.

The weight % protein imntreated samples is expressed relative to the untreated biomass whilst the
weight % protein in BBP is expressed relative to the dry weight of the BBP phase.

Complete details of this study veepresented in the publication:

2013 Godwin Severa, Kumas., Troung,, M., Young, G., and Michael J. Coohglonic
liquid co-solvent assisted extraction of phorbol esters from jatropha bion&egsaration and
Purification Technology. 116:265/70.

2.4 Biochemical Conversion of Biomass Syngas into Liquid Fuels

In previous work, a hydrogeoxidizing bacterium was used to produce polyhydroxybutyrate
(PHB) from syngasl]]. The autotrophic microorganism fixes €&s the carbon source by using

H, as the sole reducing regent and energy souPeB is a bacterial engy storage material and
accumulated in the microbial cells as intracellular granules (Figu4&). Depending on the
nutrients, the PHB content of the cell mass ranges from 30 wt% to 70 wt%. PHB can be
recovered by thermal hydrolysis of the cell masd aansesterified with methanol to form a
mixture of methyl esters (biodiesel).The hydrolysates of cell debris including proteins,
however, is discarded as a waste. This subtask aims to accomplish two things: (1) maximize the
process productivity by reing the hydrolysates of cell debris in microbial cultivation, and (2)
conduct an economic analysis of biodiesel produced through microbjdixa@on. The techno
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economic analysis was conducted with a computer simulation based on the best perforthance an
data reported in the literature.

Figure2.41: Polyhydroxybutyrate (PHB, white granule

Cell debris utilization

S)Ralstonia eutrophalhe scale depictegbar
on lower right) is 0.5pum.

The residual cell mass, after PHB being removed, was subjected to ultimate analysig.4lable
gives the elemental compositions of the residual cell mass of the hyeyrigkzing bacterium
(R. eutropha and polyhydroxybutyrate (PHB). Based on the cortjpos the experimental
formula of cell debris is CibdOo.46N 025 (FW 24.55). It indicates that nitrogen, accounting for
14 wt% of the residual cell mass, is an essential nutrient for microbial growth grik@n.

In contrast, the experimental foauta of PHB is CHsOp 5 (FW 21.5) and its synthesis does not
need nitrogen as a nutrient.

Table2.41: Elemental composition of residual cell mass and PHB.a@utrophgash free, dry base)

Residual cell mas

Polyhydroxybutyrate (PHB)

C (W) H (Wt%) O (Wt%) N (Wt%) C (Wi%) H (Wt%) O (Wi%)
49.0 6.9 30.1 14.0 55.8 6.9 37.2
8 5 40
7 o C—IDCM —e—PHB
g © ° x . B
6 o g x ON_O B 30
g 5 @ 4 X g o =
IS ON_0.1 8 3 —
32 8 ? A c &
= Py AN 0.2 2 20 3
o 3 a A g 2 o
3 g A A XN_0.4 c =
g o o 8
2§ . <N 0.8 § 1 10
1 XX X xm oy gy 8" XN 1.6 2 \\D
[a]
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Figure2.4.2a:Autotrophic growth oR. eutropha
at different initial nitrogen (N) concentrations of
cell debris.

Figure2.4.2b:The final dry cell mass (DCM)
concentration and PHB content at different
initial concentrations of cell debris nitrogen.
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The autotrophic bacterium was cultivated in a mineral solution (100 mL) under a gas mixture
(900 mL) of hydrogen (70%), oxygen (20%nd CQ (10%) at 30°C and 1 atm. The
hydrolysates of cell debris were used as the nitrogen source and prepared by hydrolysis of
residual cell mass at 20@ for 2 hours. The clean hydrolysates solution had a total nitrogen
concentration of 15 g/L. Figu242a is the time course of optical density (OD) with different
initial nitrogen concentrations (0 to 1.6 g/L). The optical density was linearly related to the dry
cell mass concentration and measured with a spectrophotometer at 620 nm. In the control
without cell debris nitrogen (N_O, Figu242a), the microbes did not grow, but lysed after
some time. With the cell debris nitrogen of 0.1 g/L to 0.8 g/L, the microbes grew very well, but
the optical density dropped with the low nitrogen concentratibhg.0, N_0.2), probably
because of exhaustion of the nitrogen nutrient. In contrast, the optical density was maintained at
a high level with the nitrogen concentrations of 0.4 g/L (N_0.4) and 0.8 g/L (N_0.8). However,
a high concentration of cell debristrogen (1.6 g/L, N_1.6) actually inhibited the microbial
growth, probably because of a high concentration of inhibitors formed during the hydrolysis of
cell debris. Figure2.42b gives the final dry cell mass concentration and PHB content with
differentinitial nitrogen concentrations. It was found that the cell debris nitrogen is an important
culture condition that could direct the carbon from reduced t6 ®HB synthesis (N_0.4) or to
microbial growth (N_0.8), resulting in a very different PHB contdiite autotrophic growth

with cell debris nitrogen was also compared with ammonia nitrogen-fNHs the nitrogen
source (Figure.43). With 1.2 g/L of ammonium sulfate (0.25 g /L of ammonia nitrogen), the
optical density increased with time to OD 3.6, #zane OD as obtained with 0.2 g/L of cell
debris nitrogen (N_0.2). The optical density was a little bit lower with 0.1 g/L of cell debris
nitrogen. This result indicates that the cell debris nitrogen is similar to or even better than
ammonia nitrogen asémitrogen source.

OD at 620 nm

0 2 4 6 8
Time (day)
Figure 2.43: Autotrophic growth oR. eutrophawith ammonia nitrogen (NHN) and celldebris nitrogen
(N_0.1,N_0.2)

Conclusion of cell debris utilization

Nitrogen is a major element of the hydrogeadizing bacterium, accounting for 14 wt% of dry

cell debris. The organic nitrogen of cell debris can be released via thermal hydrolysis and reused
in microbial PHB production from syngas with a similar yieldaaimonium nitrogen. The cell
debris utilization could save the cost of raw materials, nitrogen in particular. The concentration
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of cell debris nitrogen should be controlled to avoid the possible inhibition of cell debris
hydrolysates and optimize the pration of PHB for fuels.

Economic analysis of biodiesel production through microbial C@fixation

Biodiesel is a renewable liquid fuel currently produced from plant oil and animal fat. The lipids
or triglycerides are esterified with methanol to formnmature of fatty acids methyl esters
(FAMESs). The process yields about 100 kg of FAMEs and 10 kg glycerol from 100 kg lipids and
10 kg methanol. Research has been focused on microalgal lipids and methanolysis.
Nannochloropsisis a promising marine micragd for lipids production because it can be
cultivated in seawater on n@mable land, accumulating a high content of lipids§80vt%) [2].

The microalga fixes carbon dioxide (©)@s the carbon source via photosynthesis. Both artificial
and natural lighg can be used as the energy source. Specifically, under nutrient starvation such
as nitrogen deficiency, the species is able to produce neutral triglycerides. In the downstream
processing, neutral lipids are the favorable substances for biodiesel productio

Biomass characterization

Nannochloropsisis a unicellular microalga of spherical or slightly ovoid cells5(2im in
diameter) Nannochloropsisalinais a representative producer of algal 8]l [The biomass oN.

saling after oven drying, contains water moisture (7.7 wt%), volatile matter (78.0 wt%) and ash
(13.8 wt%) determined with a thermogravimetric analysis (Figud) [4]. The lipids in algal
biomass are volatilized at 28C followed by other organic componerdat 371°C. The lipids

can be extracted from the algal biomass by using a mixture of chloroform and methanol (1:2
v/v). The composition of the fatty acids are summarized in Tadl2. The saturated fatty acids,
primarily C16:0, account for 39 wt%, atie monounsaturated fatty acids, primarily C18:1 and
C16:1, account for 46 wt%. The polyunsaturated fatty acids, primarily C18, is less than 10 wt%.
The elemental composition df. salinabiomass is determined with ultimate analysis and shown

in Table 2.43. The empirical formula of biomass is €00 s3No.0330.007 (FW 23.18), or
CHy1.780059N0.03 (FW 22.96) without loss of mass balance generality. Compared to the nitrogen
content (6.73 wt%) ofChlorella, a representative green microalga, the nitrogen ectnof
Nannochloropsisis relatively low (1.6 wt%) because of the high contents of lipids and
carbohydrates (Tab244).
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Temperature (*C) Inpversa

Figure 2.4.4Thermogravimetric analysis &f. salinab

i;)mass 4]

Table2.42: Composition of fatty acids in the lipids Nf salinaby modified BlighDyer extraction 4]

Fatty acid Cl2 | C14 | C15| Cl1l6 | C17 | C18 | C20 | C22 | Subtotal
Saturated (wt%) - 14| 03 |325| 09| 13| 05| 22 39.1
Monounsaturated (wt%)| - - 34 | 119 - 30.0| 0.6 - 45.9
Polyunsaturated (wt%) - - - - - 8.0 | 0.9 - 8.9
Table2.43: Elemental composition d{. salinatziomass (dry basisy

Element C O N S

% dry mass 49 7.1 35.7 1.6 0.9

*Refer to the hydrogen content of green microalijdorella (47.54% C 7.1% H, 38.6% O and 6.73%

N)

Table2.44: Contents of carbohydrate, protein, crude fat and ash sélinabiomass (dry basisy]

Carbohydrate (wWt%)

Proteins (Wt%Y

Crude fat (Wt%}

Ash (wt%)®

54.1

10.0

17.1

18.8

a. The carbohydrate content is calculated by subtracting the ash conteletfat content, and protein

content from 100%.

b. The protein content is converted from nitrogen content (=N x 6.25) in Table 3.
c. The crude fat content is determined by acid hydrolysis.
d. The ash content is determined by incineration in air a®600
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Microalgal growth and lipids formation

Autotrophic gowth of Nannochloropsidgs affected by many environmental factors, including
CO, concentration, irradiance, temperature, pH, nutrients, salinity, fluid mixing, mechanical
share stress and so d).[Nannochloropsiexhibits a high specific growth rate (2.5 dyn an
indoor culture under optimal conditions: 25, pH 7.58, 25% salinity, sufficient nutrients and
continuous irradiance of 58 wm However, the algal cells in an open pond are exposed to
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Figure2.4.5a:Variation in temperature (T) and  Figure2.4.5b:Dry cell mass concentration (B)
irradiance (I) in an open pond (24.3 m x 2.44 n increases with time in the open poi [

0.2 mAl.

variationsof environmental conditions, particularly the irradiance and temperature as shown in
Figure2.45a. The autotrophic growth &f. salinaslows down significantly as shown in Figure
2.45b. The specific growth rate (i) declines gradually from 0.38'@eyDay one, to 0.20 day

on Day 2, and 0.12 ddyon Day 5. The average growth rate in the first two days under the
nutrient sufficient conditions is about 0.34 day

Compared with the commercial microalgal cultures in open ponds under extreme colfpifions
salinity, etc.), Nannochloropsis prefers mild conditions and hence faces competition from
wildtype microorganisms in an open pond. A photobioreactor is a closed system that can control
the growth of wildtype microalgae and the predators. Figure 2hws the outdoor growth and

lipid production of a Nannochloropsis sp. in a flat photobioreactor with a total working volume
of 110 L (2.5 m2 x 0.045 m deep) [2]. The-#aw rate is maintained at 0.3 L per liter of liquid

per min (0.3 vvm) and CO?2 isjatted during the daylight hours at 3% of air to maintain pH in a
range of 7.5 to 8.0. Both gas streams are sterilized with microfiltration (1 um). Cold water is
sprayed on the reactor to prevent the culture temperature to exc&@d Biring the nightthe
temperature is not controlled, but equilibrate to ambient. Under an average global solar radiation
of 16 MJ m2 dayl in one week (Figure 2.4.6), the algal culture (40% vol) is daily replaced by a
fresh medium solution (nutrient sufficient or depriye8pecifically, in a medium of sufficient
nutrients (N, P, etc.), the biomass productivity is kept at 0.361gdayl (a dry cell mass
concentration of 0.36 g-IL) with a lipid content of 32.3 wt%. The lipid productivity is 117 mg

L-1 dayl. When the @lture (40% vol) is replaced daily with a fresh medium without nitrogen,
the NO3N is deprived gradually, and the biomass productivity declined slowly in the first 3 days
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(average 0.3 g1 day-1 or a dry mass concentration of 0.3 ¢L), but the lipid catent
increased from 32 wt% to 60 wt%. The lipid productivity reaches the highest level of 250 mg L
1 dayl on the third day. After that, the lipid productivity declines because of a substantial
decline of biomass productivity.
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Figure2.4.6:Under the global solar radiation, the biomass productivity, lipid content and lipid
productivity ofNannochloropsisp. F&M-M24 in a 110L flat photobioreactor in nutrient sufficient
(control) or under nitrogen or phospharus

A two-phase cultivation stragg is therefore designed for a high lipid productivity: the first
phase (2 days) for algal growth unahertrient sufficiency followed by the second phase (3 days)
for lipid production under nutrient starvation. The nitrogen nutrients{NDis deprived by
replacing the culture (40% volume) with a fresh medium without nitrogen every day for three
days.
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Process simulation

SuperPro Designer is a popular software for bioprocess simul&fidhas used in this task to
integrate and simulate a bioprocess consistingasfnochloropsigrowth and lipids production

in outdoor photobioreactors, algal biomass recovery, and methanolysis to produce a crude bio
diesel (a mixture of FAMEs and glyady. Figure 7 is the process flowsheet generated by the
software.

Simulation of microbial growth

The autotrophic growth and lipids formation Mannochloropsisinder outdoor sunlight follow
the following stoichiometric equation.

CO,(44) + 0.87HO (15.66) + 0.03NE(1.86)A CHi 74 O0.sNo.03(22.96) + 1.2056X38.56)

The numbers in the brackets are the mass of raw materials and products. Nitrtes (R©
limiting nitrogen nutrient that is controlled for algal growth with nutrient suffojeor lipids
production with nutrient deprivation.

In the process simulation, a flat photobioreactor is operated in batch mode wdéyavwrking

cycle as shown in Tabl2.45. In the first two days, the alga grows in a nutrient sufficient
medium to each a dry cell mass concentration of 0.36 g/L. Starting at the end of second day,
40% of culture was replaced daily with a fresh medium without nitrogen. The harvested solution
hasa dry cell mass concentration of 0.36 to 0.3'gwlith the lipid contenbeing increased from

32 wt% to 60 wt%. After the fourth harvest on Day 5, a fresh medium (40% volume) with
sufficient nutrients is added into the photobioreactor and mixed with the residual medium (60%
volume). The cell density is diluted to 0.18 g, from which a second operation cycle is started.

In the nutrient sufficient medium, the alga grows at a specific rate of 0.34adalythe dry cell

mass concentration reached 0.36 §ih two days. In the simulation of downstream biomass
recovery, the werage biomass concentration of microalgal slurry is 0.32*gwlth a lipid
content of 43 wt%.

Table2.45: Operation cycle of an outdoor photobioreactor for lipids productiaddmnochloropsis

Day 1 2 3 4 5
Nutrient (N) Sufficient | Sufficient| deficient | Deprived | Deprived
Cell density (g/L) 0.18 0.36 0.3 0.3 0.3
Harvest at | Volume (%vol) - 44 44 44 44
the end of | Cell density - 0.36 0.3 0.3 0.3
one day (9/L)

culture Lipid (wt%) - 32 37 45 60

a. The cell density after the final replacemé@% vol) with a fresh medium (nutrient sufficient)
b. The cell density after growth in nutrient sufficient medium for two days: g&%*9@
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Figure 2.4.7Process flowsheet of SuperPro Designer for crude biodiesel production (1 kg FAMEs per
batch)

Simulation of concentrating biomass

Because of the very dilute concentration of algal biomass (0.32 g/L) of the medium solution, the
first step in downstream processing is to increase the cell mass concentration by flocculation,
sedimentation and centugation. The seawater, after treatment, isiged in the proces$||
Flocculation is the coalescence of finely divided suspended solids into larger loosely packed
conglomerates that settle out of suspension. Titrating seawater with NaOH to a caooceoiftrat

4 mM caused the pH to increase rapidly to pH 10.6. A fine white precipitate formed independent
of algal cells. Addition of polyelectrolyte (0.05% {25, CIBA Specialty Chemicals) promotes
formation of large flocs that quickly settle down. For egaman algal culture of 130 L is
flocculated by adding NaOH to 8 mM and polyelectrolyte (0.5 ry, the algal recovery
efficiency is 89% and the liquid volume is reduced by 95% Ypl |[n the downstream process
starting with a biomass concentration @B2 g dry mass L, the flocculation operation can
reduce the liquid volume by 95%. The dry cell mass concentration is correspondingly increased
to 6.1 g L, which is further concentrated by using continuous centrifugation to a dry mass
concentration o200 g L'*. By using a dead end filtration, a wet cake of algal biomass
containing 40 wt% dry mass is obtained. The cake is dried alCl@® give a biomass solid of

10% moisture suitable for direct methanolysis without solvent extra@jon |
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Simulation of biomass methanolysis

The dry algal biomass (10 wt% moisture) is directly treated in methanol under catalysis of KOH.
The direct methanolysis saves unit operations of lipids extraction and solvent recovery, but uses
a large amount of methand ¢he reaction solvent. The density of methanol is 0.79%(R6

°C, 1 atm) and the boiling point under one atm iS85 The optimal reaction conditions are:
methanol: algal mass 7:1 (wt:wt), KOH 2 wt% of biomass166°C for 60 min B]. The yield

of FAMEs is 81 wt%. The reaction converts 100 kg lipids and 10 kg methanol into 100 kg
FAMEs and 10 kg glycerol. Specifically, the lipids content of algal biomass is 43 wt% and 81wt
% of the lipids is converted into FAMEs. The amount of methanol consimtke reaction is 10

wt% of the converted lipids, forming an equal amount of glycerol:

Biomass (100) + Methanol (3.8) FAMEs (35) + Residual biomass (65) + Glycerol (3.5)

The numbers in the brackets are the mass of raw materials and products of methanolysis. The
reaction equation above shows that a substantial amount of residual biomass (65 wt%) is left
over after methanolysis. Its use as a valuable byproduct is crutied firocess economics. In
addition, a large amount of methanol (methanol: biomass = 7:1 w/w) is needed in the operation,
probably as the reaction solvef}.[ Both FAMEs and glycerol are soluble in methanol to form a
homogenous solution9], except theresidual biomass that can be removed via a basket
centrifugation filtration. A crude biodiesel is produced after methanol is recovered via
evaporation for reise. The crude biodiesel is an immiscible mixture of FAMEs and glycerol that
can be separatedtma liquid fuel and a valuable byproduct.

Economic analysis

The biodiesel production (Figu&47) is operated in batch mode, producing a crude biodiesel at
1 kg FAMEs per batch. Because of the very dilute cell density (0.32 g/L) from the booreact
large volume of medium solution (seawater) has to be handled in the photobioreactek)(PBR
the receiver tank (\01), the blending tank (@2), the clarifier (CEO1) and the centrifuge (BS

01). The volume of photobioreactor is 12.8 (278 nf x 0.045 m deep). After centrifugation
(DS-01), however, the volume of liquid phase is dramatically reduced and the size of blending
tank (V-03) is only 20 L. The major equipment is listed in Tahk6 and the purchase price is
based on the builh cost modEkof the software except the tanks.
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Table2.46: Equipment summary (204@ices).

Name Type Capacity Material Cost ($/Unit)
PBR-1 Flat photobioreactor 125 SS316, polyethyleng 288,000
DS-01 Disk-stackcentrifuge 1,174 ni SS316 137,000
V-01 Receiver tank 11.6 m? SS316 100,000
V-02 Blending tank 11.7 m? SS 316 100,000
V-03 Blending tank 20 L SS 316 5,000
CL-01 Clarifier 0.33 nf Concrete 6,000
R-01 Stirred reactor 40 L SS316 100,000
PFFO1 Plate &Frame filter 0.02 nf SS316 31,000
BCFBD- Basket centrifuge 0.04 nf SS316 16,000
01
TDR-01 Tray dryer 0.2 nf SS316 81,000
TFE-01 Thin film evaporator 0.04 nf SS316 116,000
Total 980,000
Table2.4.7: Overall process parameters
Operating timghours/year) 7917
Batch operation time (hours) 128
Number of batches per year (#/year) 62
Output of FAMESs per batch (kg/batch) 1
Output of FAMESs per year (kg/year) 62

Table2.47 gives the overall process operation parameters. One batch operation takes 128 hours
(5.3 days) because of the microbial growth and lipids formation (5 days per batch). The number
of batches per year is 62, and the annual output of FAMEs or biodied2lkg. Figure2.48

shows the usage of major equipment in two sequential batches. Obviously, the bottleneck of the
whole process is the microbial culture in the photobioreactor {PBRecause it is fully
occupied. The second possible bottleneckhis treatment and storage of the used mineral
solution or seawater in the receiver tank(Ql). Both units have a large capacity for seawater
handling. Other units, however, are idle in most of the time during a batch operation. A process
efficiency enhanement may improve the usage of the idle equipment in order to improve
process economics.
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Figure2.4 8. Equipment occupation in two sequential batch operations.
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The costs of raw materials are summarized in TaBd, excluding the costs of seawater and
carbon dioxide. The material cost of biodiesel is $10.3/kg FAMEs. ifitasesting to note that

the methanol cost accounts for 71%, because of a significant loss of methanol in the recovery of
residual algal biomass {B0). The loss of methanol can be reduced by using an operation unit for
biomass drying and methanol condaten. Sodium hydroxide and sulfuric acid are the second
and third major material costs, respectively. The base and acid are primarily used in pH
adjustment of the medium solution for flocculation of microalgal cells. Although the pH is
adjusted between and 11, the large volume of seawater consumes a significant amount of base
and acid. If methanol is completely recovered, the material cost of FAMEs could be reduced to
$2.97/kg FAMESs. Tabl2.49 is the executive summary of process economic evaluation

Table2.48: Material cost

Material name Unit cost | Amount Cost Percentage
($/kg) (kglyear) ($lyear) (%)
Sodium Nitrate 0.4 19 7.76 1.21
Sulfuric acid 0.3 274 82.06 12.81
Filter aid 0.3 2 0.70 0.11
Methanol 0.3 1521 456.26 71.24
Sodium 0.4 229 91.72 14.32
Hydroxide
PolyE 5.0 0.39 1.94 0.3
Total 640.43 100

a.The costs of medium solution (seawater) and carbon dioxide are not included

Table2.49: Executive summary (2016 price)

Total capital investment | 1,007,000 $
Operating cost 1,000%/year
Revenué 620 $/year

Unit product cost 10.3 $/kg FAMEs
Return on investment 0.78%

Payback time 128 years

a. Materials plus utilities
b. The revenue of biodiesel at $10/kg FAMEs

Conclusion of economic analysis

Based on a simplified econommsodel and rateghe process economic analysis indicates that

the current biodiesel production through microbial ;.Gi®ation is not economically feasible.

Three critical factors are identified for research and improvement: (a) a low dry cell mass
concentation from the bioreactors, (b) the methanol loss in direct methanolysis of the dry
biomass, and (c) the value (credit) of the residual biomass. If the cell mass concentration can be
increased from the current level of 0.3 g/L to3Dg/L, the volume ofmedium solution and
therefor the equipment size can be dramatically reduced. Some unit operations such as
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flocculation for concentrating a dilute cell solution may be avoided, which could save the cost of
chemicals in pH control, capital investment, uglt and labors. In addition, the residual cell
debris should be removed before methanolysis. This will not only reduce the methanol loss in the
unit operations of esterification and residual biomass recovery, but also generate a hydrolysates
solution ofcell debris for reuse on site. The value of the residual biomass is crucial to the process
economics. This task has confirmed that the cell debris can be reused as the microbial nutrients
to save the material cost.
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2.5 Biocontamination of Fuels

From a petroleurtontaminated sample, two isolates have been used to study the biodegradation
of sulfur containing compoundsArthrobacter sp. P11 andBurkholderiasp. C3have been
utilized to investigate the biodegradation of dibenzothiophene (DBT), a thermodynamically
stable, sulfur containing poly aromatic hydrocarbon (PAH) compound that is inherently present
in all diesel fuelgLi et al.2012)
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Glycerol is the main byproduct that is formed during the fatty acid transesterification process for
the production obiodiesel. In use, biodiesel is often blended with petroleum diesel fuels. During
the blending process, a glycerol carbon source and DBT becomes bioavailable. Metabolic
enhancement using different nutrient sources such as glycerol can increase lickesnkal
pathways. Canetabolic studies for the simultaneous utilization of both compounds are expected
to offer knowledge and information about sulfur metabolism and for this study also a fuel pre
treatment protocol.

Approach

For FY 2010 our focus hashifted from the previously usedrthrobacter sp. P11l to
Burkholderiasp. C3, which was found to have higher PAH degradation ratese(S#@007).
Burkholderiasp. was also determineddontain dioxygenase genes that have a role in degrading
PAHSs sich as DBT(Seoet al.2007, Tittabutet al.2011)

Results

During this study glycerol was found to stimulate both rhamnolipid production and DBT
degradation. Increased rhamnolipid biosynthesis and secretion facilitated the degradation of
DBT. Rhamnolipid could benvolved in cell transport and may increase thedbgradation of
hydrophobic chemicalBai et al. 1997)

Glycerol readily enters intb-oxidation and FAS Il lipid pathways, affecting the production of
rhamnolipids (AbdeFMawgoud et al. 2014, Gutierrezet al. 2013) It was determined that
optimal glycerol to DBT molaratios increased DBT biodegradation rate constants up-told.8

and enhanced DBT cometabolism by-3B% after 24hrs relative to controls containing only
DBT (Table2.5.1). At day 7, DBT was completely biodegraded using the 100:1 glycerol to DBT
molar ratioused for cultivation (Figur@.5.1). Increased degradation rates were associated with
nearly tripled amounts of RL secreted (Figt®.2A). The presence of RLs affects DBT
biodegradation at early stages of incubation which is supported by the surficr tlrtrease at
day 1 (Figure2.5.2B) and the RL secretion levels quantified using an orcinol assay.

The determination of the biological impact that the secretion of rhamnolipids has on the rate of
DBT degradation provides additional insight into howmight better understand sulfate uptake
metabolisms. A rhamnolipid is a glycolipid biosurfactant, produced by two anabolic pathways
(Perfumoet al. 2006, Nieet al. 2010) Due to its amphipatc chemistry, biosurfactants interact

with PAHSs in solution and at watgarticle and wateoil interfaces. Those interactions alter the
physicochemical properties of PAHs, making them more soluble and bioavdNéddtkar and
Rockne 2003) The production of both biosurfactants and hydrocarbon degradative enzymes
have been previously observed in bactéXia et al.2014) The dual functions of RL production

and PAH degradation may confer to the microorganism an evolutional adaptation to survive in
environmental conditions where hydrophobic chemicals are sdancther work under other
funding will investigate the effects of biosurfactant inhibition, and will identify the relevance of
rhIABC genes. These genes are sulfur mediated and involved with biosurfactant production
(Ismallet al.2014).
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Complete details are provided in a manuscript that is currently under review for publication.
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2.6 Biofuel Corrosion

The fungi Paecilomyces saturatus was isolated and cultured from B2Wé&tszl mixtures
containing 1018 plain carbon steel coupons exposed for six months in the anaerobic and sterile
aerobic conditions. The influence of this fungi on the corrosion of 1018 steel was investigated in
B100, B20, and ultrdow sulfur diesel (ULSD)uel-water mixtures at room temperature for a
threemonth exposure. The corrosion rates of the coupons were determined using weight loss
data, and the corrosion products were identified usingayX diffraction and Raman
spectroscopy.

Background
Biodiexl has emerged as an alternative fuel of petroleum diesel worldwide. Cleaner emissions
and availability are known advantages of using biodiesels. Biodiesels are essentiathasster

fuels derived from vegetable oils or animal fats through a transesigoh procesql].

96



Biodiesels can be used in its pure form (B100) or blended with petroleum diesel as another
source of renewable energy. Biodiesel, in comparisgmetroleum diesel, has the advantage of
being biodegradable and ntoxic, having higher flash point, and causing reduced emissions.
However, the major cons of biodiesel include its oxidative instability, pooretdmperature
properties, slightly lowepower and torque generation, and higher fuel consumijon

The organic nature of biodiesels makes it a prime target for microbial contamination.
Microorganisms are able to survive in these fuels whenever thete ipresence of water.
Microorganisms generally flourish in the water phase, but feed on fuel at thefuedtphase
boundary[3]. Contamination of fuel by microorganisms can cause biofouling. Whenever
biofouling occurs, an extracellular polymeric substance (EPS) is formed at tiveateelphase.

This is more commonly known as the biofilm. The term biofilm refers to the develomhent
microbial communities on submerged surfaces in agueous environpgniius, a microbial
consortium is formed and corrosion item accelerated due to the variety of microorganisms
present.

The development of the biofilm is facilitated by the production of BERRSromolecules such as
proteins, polysaccharides, nucleic acids and lipgflsGrowth of the biofilm is considered to be

the result of complex processes involving the transport of organic and inorganic molecules and
microbial cells to the surface, adsorption of molecules to the surface, and initial attachment of
microbial cels followed by their irreversible adhesion facilitated by production of EPS, often
referred to as the glycocalyx or slirf. It has also been documented that degradation of metal
surfaces occurs when the contact between microbial cells, or productsrah#tabolism such

as EPS, and the surface is establish@d The EPS plays an important role in attachment to
metal surfaces. It also has the abilib complex with metal ionfg7]. This is important because
some bacteria require metal ions to gifdfv Also, the availability and type of ions are likely to
have an effect on the colonization of a metal surféle

A number of studies have also been conducted to assess biodiesel compatibility with different
materials. In one study, petroleum diesel, a soyuesived biodiesel, and a sunflow@erived
biodiesel were tested for material compititypagainst structural carbon steel (ASTM A36) and

high density polyethylene (HDPHB]. The soybeaerived biodiesel was found to be more
compatible with carbon steel than the petroleum diesel and sunflower biodiesel. By using Fourier
transform infrared spectsoopy (FTIR), ageing was shown to take place only in the biodiesels
which had very little effect on the degradation of the carbon steel and HDPE. The petroleum
diesel, which did not age, was the most aggressive towards the steel and HDPE. Another study
[9] on the corrosion rates of a piston metal and piston liner metal rgschan biodiesel
originating from various seed oilP¢ngamia glabraSalvadora oleoidesMadhuca Indicaand
Jatropha curcagrevealed that the biodiesel comprised of Salvadora oil was the most aggressive
leading to the corrosion rate for the piston rhatad piston liner metal of 0.1236 and 0.1329
mm/year ormpy, respectively. Interestingly, petroleum diesel showed low corrosivity and was
tied with biodiesel comprised of Pongamia and Madhuca oil as having the lowest corrosion rates
for piston metal angiston liner metal of 0.0058 and 0.0065 mpy, respectively. The higher
corrosivity of the biodiesel comprised of Salvadora oil was attributed to the higher percentage of
sulphur content.
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The corrosive effects of biodiesel derived from rice husk was st@i@dn aluminum, mild

steel (Q235A), brass (H62), and austenite stainless steel (SS321, 1Cr18Ni9Ti). Thoée bio
diesel emulsions were used which were 100% biodiesel, 30% biodiedelP8b6 biodiesel. The

most significant weight loss was observed for mild steel, followed by aluminum, while brass
exhibited only slight weight loss. The 100% biodiesel fuel was the most corrosive followed by
the emulsions with 30% biodiesel and 10% bioglieslaseeb et aJ1l] investigated the
corrosion behavior of copper and bronze in diesel and palm biodiesel. Static immersions of test
coupons were conductetitavo different temperatures, room temperature-(38°C) and 60°C.
Copper was shown to have higher corrosion rates in comparison to leaded bronze. Fazal et al
[12] performed an investigation on the corrosion behavior of copper (99.99% pure), aluminum
(99% pure), and stainless steel (316) in diesel and palm biodiesel. The results revealed that
copper had the highest corrosion rate of 0.586 mpy followedubyirum with 0.202 mpy and
stainless steel having the lowest at 0.015 mpy. Furthermore, Fazal[E3] atudied the
degradation mechanism of different automotive materials such as copper, brass, aluminum, and
cast iron by characterizing the casion products. The corrosion rates were found to be the
following for copper, brass, aluminum, and cast iron, 0.393, 0.210, 0.173, and 0.112 mpy,
respectively, for palm biodiesel. In the case of diesel, the rates were the following for copper,
brass, alunmum, and cast iron, 0.158, 0.120, 0.084, and 0.774 mpy, respectively. Thus, it was
shown that palm biodiesel was more corrosive than diesel (fofemmus metals), and that
copper exhibited the most severe corrosion. Similarly, Hu Et4hlalso conducted a study on

the corrosion rates for copper, mild carbon steel, aluminum, and stainless steel exposed to
biodiesel derived from rapeseed oil and methanol along with diesel fuel and concluded that the
corrosive #ects of biodiesel are more severe on copper and carbon steel compared to that of
aluminum and stainless steel, and that the corrosion mechanism of biodiesel on metals should be
mostly attributed to chemical corrosion.

Biodiesel has a higher affinity fomoisture and watenetaining capacity in comparison to
petroleum diese[15]. The hygroscopic fatty acid methyl ester (FAME) compounds are the
primary reason for biodiesel being much more hydrophilic than diesel. Although the maximum
water content allowed by ASTM standard D6751 is 500 miy-keater contamination often
occurs in storage, where temperature and humidity greatly affect the anfoextess water
absorbed within the surrounding environment. Water contamination within biodiesel also poses a
serious problem as it harbors and facilitates the growth of microorganisms which could then lead
to the corrosion of metals, and the formatiorslofige and slime, thereby constricting fuel filters

and fuel lines[3, 15]. Water at high temperatures has also been shown to hydrolyze esters as
well as triglycerides and produce different typégatty acids which are more corrosipEl].

The water absorbance of biodiesel and biodidmsdel fuel blends were studied by evaluating

the temperature and blend ratio paramefds. The water absorption capacity of 100%
biodiesel and diesel oil rapidly decrease if the temperature drops. At a temperature of 293.15 and
323.15 K, 100% biodiesel absorbed 15 and 10 times more water, respectively, than diesel.
Fregolente et dI15] ultimately concluded that the soluble water content of biodiesel, diesel, and
blends depends strongly on the temperature and blend ratio. Also it was found that under a
relative humidity of 79% and 66%, there was an increase of 51% and 23%, respeuitmeiigr

content for 100% biodiesel and an increase of only 8% and 7% respectively, of water content for
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diesel samples. The addition of biodiesel in diesel increases the water holding capacity of the
blend.

Microbiologically influenced corrosion (MIC), kerein the coupling of microorganisms to
corrosion, usually gives the adverse effect of accelerated corrosion. MIC has posed to be a
serious problem in biodiesel usage, storage, and transportation. Aktas[X] axposed
biodiesel to anaerobic microorganisms from fresh water and marine environments with differing
histories of eposure to hydrocarbons, biodiesel, and oxygen. Two common features of the
anaerobic inocula were that they could reduce sulfate or produce methane, and metabolized
biodiesel. In another study, experiments were designed to evaluate the nature and extent of
microbial contamination and the potential for MIC in alternative fuels (i.e., biodiesel, ULSD, and
their blends)[17]. ULSD, L100, B100, B20, and B5 were the selected fuels. Microorganisms
were identified via denaturing gradient gel electrophoresis (DGGE) and by 16S rRNA for
bacteria and 28S rRNA for fungi. Corros experiments were conducted with represent fuel
tank alloys (i.e., carbon steel UNS C10200, stainless steel UNS S30403, and aluminum alloy
UNS A95052). Lee et 4l17] found that for each fuelater combination, microorganism species
diversity generally decreased over the six months. Stainless steel exhibiteshaosigns of
corrosion. Visual and microscopic analyses revealed an absence of corrosion on C1020 in the
presence of biodiesel, even in the lowest concentration. Le¢laf &lypothesized that biodiesel

has a passivating effect on C1020. In the case of aluminum, pitting was visually observed in all
AA5052 fuelwater exposures. Overall, Lee et[aV] concluded that C1026xhibited general

active corrosion in ULSD and L100, and passive behavior in B100 and biodiesel/ULSD blends.
SS304L remained passive in all exposures; whereas, AA5052 was found to be susceptible to
subsurface pitting in the water and fuel layers in addlitiothe fuelwater interface.

Experimental
Material selection

Plain carbon 1018 steel was chosen based on its similar chemical compositions to that of ASTM
A36 steel and API Spec 5L X60, which are often used for fuel tank storage and pipelines,
respedvely.

The 1018 steel coupons were machined to the
Telesis BenchMark 320 marking system was used to pin stamp the coupons foicademtif

The coupons were then acetone washed and weighed to obtain dnmag® To prevent
oxidation of the steel, the coupons were kept in a dry box (< 1% relative humiday)tq
performing experiments.

Microorganismselection
The fungi Paecilomyces saturatuswas successfully isolated and cultured from watefuel

(unfiltered B20) mixtures containing 1018 plain carbon steel coupons exposed for six months in
the anaerobic and sterile aerobic (air filtered through ajih28lter) conditions.
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Fuel selectin

The types of fuel that were chosen for this study were 100% biodiesel (B100), 20% biodiesel
(B20), and ultrdow sulfur diesel (ULSD). These fuels were obtained from local petrol filling
stations (i.e., 76 and Aloha Petroleum gas stations). To isoldtstaay the corrosive effects of

the fungi, Paecilomyces saturatushe fuels were sterilized prior to being inoculated with the
fungi. Sterility of the B100, B20, and ULSD fuels were achieved via vacuum filter sterilization
by a 0.22 um Millipore membrarfdter.

Sample eposure

100 pL of the fungi,Paecilomyces saturatususpended in a nutrient rich broth (tryptic soy

broth) was added to the three different types of fugls.t r apur e water (18. 2 I
added to the fuels to facilitate a suitablevironment for the fungi. This fuglater mixture (40

mL fuel, 40 mL water) was stored in 100 mL glass Pyrex media bottles. The 1018 steel coupon
samples were placed in the fwehter mixtures at an angle of 45° with respect to the horizon.

Triplicates @ each fuelwater mixture and 1018 steel coupons were exposed outdoors under
sterile aerobic environmental condition. UV exposure from the sun and rain water contamination
was kept to a minimum by encasing samples in boxes under a protective alcove 2Fdure
depicts the exposure setup. An additional triplicate setup of eactvéibet mixture without the
added 100 pL oPaecilomyces saturatuserved as the experimental control.

0.22 pm filter

1 |
A L 4
S —— <

Figure2.6.1: Fuelwater mixture depicting sterile aerobic environmental setup. Sterile aerobic cap also
depicted.

The gray cap simulates a fAsteriled aerobic er
filter at the top to allow only air to be exchanged intd ant of the bottle. Contamination from
the outside environment was not able to enter the bottle.

An exposure time of 3 months was chosen for this experiment.
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Sample Retrieval and Characterization

The coupons were retrieved after immersion for 3 momtscoupons immersed in B100 and
B20 fuelwater mixtures were lightly acetone washed to remove oil residue prior to digital
imaging. The coupons immersed in ULSD fuelter mixtures did not have to be acetone
washed as very little oil residue remainedmpgetrieval of coupons. Digital imaging of the
exposed coupons was conducted using a Nikon D700 DSLR camera equipped with AF Micro
NIKKOR 60mm f/2.8D.

The corrosion products formed on carbon steel coupons were characterized using a combination

of Raman pectroscopy and -Xay diffraction (XRD)[18, 19]. A Nicolet Almega XR dispersive

Raman Spectrometer (Thermo Scientific Corp.) equipped with multiple Olympus objectives and

a Peltiercald chargecoupled device (CCD) detector was used for Raman spectroscopic analysis.

An objective with magnification of 501 with a
The instrument was operated with a laser source of an infrared diode lase780i nm

wavelength excitation. The estimated resolution was in the range 6f B2 cm and the
accumulation time was 120 seconds. A Rigaku MiniFlexTM Il benchtop XRD system equipped
with a Cu (KU) radiation was uweedbtainedrdiretfRD me a
on the corroded steel surfaces. The scans were conducted inthe rarigg 6f8 ( 2d) and w
scan rate of 1A (2d)/ min.

After the corrosion product characterization, the steel coupons were cleaned with an acid wash
following 1SO 8407. The cleaned coupons were dried in a dry box (1% RH) for at least one
hour, weighed and compared to their respective initial mass values to obtain the total mass loss.
The penetration rate in mpy was then calculated based on the total massutissaccording to
Eqg. 1:

Dn, 1

Penetratioy Rate=—_-3 — (1)
AQ r
wherenis the change in mass in gramsthe area of the sample in fin the time in years,
and } the density 0f the 1018 steel in g/ mm

Results
Corrosion product morphology

Photographs of th£018 steel coupons aftem3onth immersion in the sterile aerobic B100 fuel
water (Figure2.6.2), B20 fuelwater (Figure2.6.3), and ULSD fuelater (Figure2.6.4) mixtures
contrast the funginoculated and control (not inoculated) conditions. For theOBk@ B20 fuel

water mixtures (Figure2.6.2 and 2.6.3), the samples from fungnoculated environments
showed significant amounts of corrosion products (orange color) that formed in the water layer.
The control samples, however, showed virtually no corrosion product over the entire surface, and
appeared thave passivated. Therefore, it is apparent that the Remgilomyces saturatysays

a significant role on the corrosivity of B100 and B20 {fwaler mixtures towards 1018 steel
coupons. Since the microorganisms generally reside in the water layerthp foetwater
interface, the presence Baecilomyces saturatusas most likely the cause for the accelerated
corrosion of steel immersed in the fumgoculated environments.
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For the ULSD/water mixture, steel corroded in the water layer in botkirfagulated and fugi

free environments (Figur@.64). Therefore, it appeared that the fungi inoculation did not
significantly affect the corrosion of steel in ULSD fwehter mixtures. Notice that the lower
amount of orangeolored corrosion products on dtdeom fungkrinoculated environments
compard the control samples did not necessarily indicate less corrosion, as the loose corrosion
products were likely dislodged from the sample surface. A comparison of FRAdgiewith
Figures2.6.2 and2.6.3 also shw that the control samples in the ULSD fueter mixtures did

not passivate as those in the filtered B100 and B26wag&r mixtures.

1018 Steel Coupons Exposed for 3 Months in B100 Fuel/Water Mixture

Fungi-Inoculated Control

Figure2.6.2: Corrosion morphology of 1018 steel coupons exposed in a sterile aerobic environment for 3
months infungi-inoculated and controlled B100 fuekter mixtures.

1018 Steel Coupons Exposed for 3 Months in B20 Fuel/Water Mixture

Fungi-Inoculated Control

Figure2.6.3: Corrosion morphology of 1018 steel coupons exposed in a sterile aerobic environment for 3
months in funginoculated and controlled B20 fuefater mixtures.
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1018 Steel Coupons Exposed for 3 Months in ULSD Fuel/Water Mixture

Fungi-Inoculated Control

Figure2.6.4: Corrosion morphology of 1018 steel coupons exposed in a sterile aerobic environment for 3
months in funginoculated and controlled ULSD fuelater mixtures.

XRD & Raman Analysis

The XRD results (Figur@. 6. 5a) i ndi cat eFeQOMHpwaslie mgnicairrosion oc i t e
product on 1018 steel coupons exposed in all three -fuogulated fuelwater mixtures.

Similarly, the Raman analysis of the corrosion products (Figuébb) also show that
lepidocrocite (372, 302, 246, 301, 244, 375, 342, 306, and@4yY[18] was the main corrosion

product on all coupons frofangi-inoculated fuelwater mixtures.
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Figure2.6.5:XRD (a) and Raman (b) analysis of 1018 steel coupons exposed in a sterile aerobic
environment for 3 months in fungioculated B100, B20, and ULSD fuehter mixtures.
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Figure2.6.6 XRD and Raman analysis of 1018 steel coupons exposed in a sterile aerobic environment
for 3 months in sterile ULSD fuetater mixtures.
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Figure 2.6.6 presents the XRD and Raman results of the corrosion products formed on the
control samples immersed in sterile ULSD fuwalter mixtures. Both XRD and Raman analyses
indicate that lepidocrocite was the major corrosion product, similar as the conposducts on

steel samples exposed in all three fuingiculated fuelwater environments (Figue6.5).

Mass Loss

Table2.6.1 compares the mass loss results of the exposed coupons. The corrosion rate of 1018
steel coupons exposed in fusnigoculated B10 fuelwater mixtures was much higher
(approximately 9 times) than that of the coupons exposed in sterile B10@dtezl mixtures
(control). Similarly, the corrosion rate of 1018 steel coupons exposed inifinugilated B20
fuel-water mixtures was manynes higher (approximately 20 times) than that of the coupons
exposed in sterile B20 fuglater mixtures (control). In addition, the comparison of the cases of
fungi-inoculated B100 and B20 also shows that the addition of ULSD to B100 (i.e., B20)
increasedhe corrosion rate of 1018 steel coupons (from 0.0091 mpy to 0.0141 mpy). Finally,
the corrosion rate of steel coupons immersed in ULSDviagér mixtures did not change with

the addition of fungi, which agrees well with visual observation shown iné&6A.

Table2.6.1 Mass loss results of the steel coupons. mpuilimeter per year.

F%el Expe\_(flment Fungi-Inoculated Sterile (Control)
0.0091 mpy 0.0010 mpy
B100 (+ 0.0007) (+ 0.0004)
B20 0.0141 mpy 0.0007 mpy
(£ 0.0011) (+ 0.0000)
0.0176mpy 0.0176 mpy
ULSD (+ 0.0026) (+ 0.0014)

Microbial Analysis

From a previous experiment performed, it was found that the fBagiilomyces saturatugas

able to survive within the water/interface regions of 1018 steel coupons exposed in B20 fuel
water mixtures set in an anaerobic environment and sterile aerobic environment for six months.
Hence, the objective of this experiment served to correlateobiad corrosion of 1018 steel
coupons exposed to this particular fungi.

Figure 2.6.7 depicts the isolated fungus cultured on specialized fungi media sab dex agar. A
BLAST database search revealed a 99% match identity to the Ramgilomyces saturatus
According to literaturePaecilomyces variottiwhich closely resembld3aecilomyces saturatus

is the most commonly occuring species within this genus and is often found in foods, soil, indoor
air, and wood[20]. Paecilomycesstrains are also often heat resistant and may produce
mycotoxins in contaminatedapteurisedoods[21].
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Figure2.6.7. Fungi culture, 18S rRNA sequencing yields a 99% match to the Raggiilomyces
saturatus

Discussion

The 1018 steel coupons actively corroded in the inoculated (with the Remggilomyces
saturatu3 B100 (0.0091 mpy) and B20 (0.0141 mpy) fuelter mixtures but passivated in the
norrinoculated B100 (0.0010 mpy) and B20 (0.0007 mpy)-fuatier mixtures. fie 1018 steel

can remain in the passive state when immersed in ultrapure water iffitsna@d oxide film is

not breached. When the d@rmed oxide film is breached, corrosion initiates at the breach and
then propagates over the surface. If the watertains ions such as chlorides, the 1018 steel
does not remain in the passive state and actively corrodes. Hence, the presence of the fungi
Paecilomyces saturatyzevented the 1018 steel from remaining in the passive state, increasing
corrosion activity In the ULSD, the 1018 steel actively corroded at the same rate (0.0176 mpy)
in both the inoculated and namoculated ULSDBwater mixtures. The results indicate that the
filtered B100 biodiesel in its pure form or blended form (i.e., B20) does noterzhreosion of

the 1018 steel in fuelater mixtures. However, in the presence of fuRgiecilomyces
saturatus the B100 and B20 fuelater mixtures lead to breakdown of the-faimed passive

film on 1018 steel resulting in active corrosion. The UkB&er mixtures also lead to
breakdown of the aiformed passive film on 1018 steel whether or not the fixagicilomyces
saturatuswas present. The presence of the biodiesel appeared to have a beneficial effect on
corrosion even in the presence of the fuPgecilomyces saturatuas corrosion rates decreased

as the biofuel content in the fuehter mixtures increased: ULSD (0.0176 mpy) > B20 (0.0141
mpy) > B100 (0.0091 mpy). For all cases where the steel actively corroded, the thick layer of
iron corrosim product lepidocrocitevas detected using XRD or Raman spectroscopy.
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Conclusions

In the absence of microorganisms, steaézobic B100 and B20 fuglater mixtures were much

less corrosive towards 1018 steel compared to ULSDwaedr mixtures. Inhreemonth
exposures, the 1018 steel coupons remained in the passive state (due to the presence of the air
formed oxide film) in the B100 and B20 fuekter mixtures; whereas, the 1018 steel coupons
corroded actively in the ULSD fuebater mixture. Wen tle sterileaerobic B100 and B20 fuel

water mixtures, however, were inoculation with the fuRgecilomyces saturatupreviously
isolated from B26wvater fuel mixtures) the 1018 steel coupons did not remain in the passive state
and corroded actively. The ioolation of the ULSBwater mixtures appeared to have no effect,
since the 1018 steel coupons corroded actively and at the same rate as initloeulated case.

The presence of the biodiesel appeared to have a beneficial effect on corrosion even in the
presence of the fundtaecilomyces saturatusCorrosion rates decreased as the biodiesel content

in the fuelwater mixtures increased: ULSD (0.0176 mpy) > B20 (0.0141 mpy) > B100 (0.0091
mpy). For all cases where the steel actively corroded, the thjek &d iron corrosion product

was identified as lepidocrocitesing XRD or Raman spectroscopy.
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2.7 Waste Management Using the Flash-Carbonization ™ Process

Past efforts under thidEET task studied the Flash Carbonizatibprocess applied to various
waste products and the characterization and use of the resulting biocarbons for downstream
applications including carbon fuel cells. The present study continued this work and reports o
fundamental measurements of carbon yield as a function of conversion technology and process
parameters using corn cobs as a model fuel.

Elevated pressure secures the highest foathon yields of charcoal from corncob. Operating at

a pressure of 0.8 MR a flashcarbonization reactor realizes fixedrbon yields that range from

70 to 85% of the theoretical thermochemical equilibrium value from Waimanalo corncob. The
fixed-carbon yield is reduced to a range from 68 to 75% of the theoretical value whén wh
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Waimanalo corncobs are carbonized under nitrogen at atmospheric pressure in an electrically
heated muffle furnace. The lowest fixedrbon yields are obtained by the standard proximate
analysis procedure for biomass feedstocks; this yield falls imgeréfom 49 to 54% of the
theoretical value. A rountbbin study of corncob charcoal and fixearbon yields involving

three different thermogravimetric analyzers (TGAS) revealed the impact ofphpse reactions

on the formation of charcoal. Deep crdesbthat limit the egress of volatiles from the pyrolyzing
solid greatly enhance charcoal and fieadbon yields. Likewise, capped crucibles with pinholes
increase the charcoal and fixedrbon yields compared to values obtained from open crucibles.
Largecorncob particles offer much higher yields than small particles. These findings show that
secondary reactions involving vapoinase species (or nascent vapbase species) are at least

as influential as primary reactions in the formation of charcoal.

Our results offer considerable guidance to industry for its development of efficient biomass
carbonization technologies. Size reduction handling of biomass (e.g., tub grinders and chippers),
which can be a necessity in the field, significantly reducesixiee-€arbon yield of charcoal.
Fluidizedbed and transport reactors, which require small particles and minimize the interaction
of pyrolytic volatiles with solid charcoal, cannot realize high yields of charcoal from biomass.
When a high yield of corncob atcoal is desired, whole corncobs should be carbonized at
elevated pressure. Under these circumstances, carbonization is both efficient and quick.

Complete details of this subtaslearesented in the publication:

Wang, L., M. Trninic, O. Skreiberg, MGronli, R. Considine, and M.J. Antal, Jr. 2011, Is
elevated pressure required to achieve a high foeetion yield of charcoal from biomass?
Part 1: Roundobin results for three different corncob materials. Energy & Fuels. 25, pp.
3251-3265.

The ful manuscript is available at:
http://pubs.acs.org/doi/abs/10.1021/ef400041h
or

http://[dx.doi.org/10.1021/ef200450h

Task 3. METHANE HYDRATES

Methane hydrates are crystalline compoundsnsisting ofpolyhedral cavities formed from
networks of hydrogetonded water moleculegn which methanenoleculesreside Methane
hydrates in ocean sediments constitute an enormous emsgyoir that is estimated to exceed

the energy content of all known coal, oil, and conventional natural gas resources. Located on
continental margins throughout the world, methane hydrates offer unique opportunities as an
onsite source of fuel for vais marine applications and are believed to play a major role in
seafloor stability and global climate.

The HEET Methane Hydrates activities comprised four subtasdigdrateEnergy,Environmental
Impacts of Methane Release from Seafloor Hydratgslrate Engineering Applicationsand
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International Collaborative R&D
Objectives

National R&D programs on methane hydrates were initiated in Japan and India in the mid
19906s with the goal of commer ci al gas produ
established its own program in May 2000. The Methane Hydrate Research and Development
Act of 2000 (Public Law 104.93) included seven technical areas of focus: (1) identification,
exploration, assessment, and development of methane hydrate as a soercagyf (2)
technology development for efficient and 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) sassas and mitigation of
environmental impacts 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 projects. The objectives of theMethane Hydrates Taskf the HEET
initiative, which was initiatedn 2001, reflect most of the priorities of P.L. 1083, but
emphasize those areas of particular relevance to the Office of Naval Research (ONR) and which
are consignt to the overall goalsf HEET. Specifically, the development of hydrates and
related sources of seafloor methane as logistical fuels for Naval applications and related marine
environmental issues, have been the principal areas of interest; exploratory drilling projects and
sedloor stability/safety have received limited attentiohork also has been initiated to explore
engineering applications of hydrates such as desalination and hydrogen si@askj@bjectives

were devised to leverage fully hydrate R&D exerand infratructure that haleen developed

at HNEI during previous research programs on 6¢@an sequestration and deep oil spills.

During the preent reporting perigdhe goals of the HEET Methane Hydrates Task were:

1 Pursue development of methddsrecover métane gas from hydrates.

1 Investigateenvironmental impacts of methane hydrates on the marine enviranment
1 Explore engineering applications of hydrates.
1

In cooperation with NRL an@®NR GlobaJ promote international collaborative research
on methane hydrates.

Specific technicainitiativesthat were pursued to attain the above goals included:

Conduct laboratory experiments on hydrate destabilization using chemical inhibitors.
Investigate hydrate stability in porous media

Investigate the mechanisms of mictalbinethane metabolism in ocean sediment.
Initiate experiments to assess thedigdity of hydrate storage of hydrogen fuel
Organize the 8 International Workshop of Methane Hydrate R&D

= =4 =4 -8 9

Scope of Work and Approach
Pursuant to the goals and technicajecbves identified in the preceding section, work on the

Methane Hydrates Task during the present reporting period focudedrgrimary areas which
are described below.
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Subtask 3.1HHydrate Energy

A major priority of this subtask was to elucidate thedamental 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 oil wells (such as occurred during
the 2010 Deepwater Haon incident in the Gulf of Mexico). Toward that end, we continued the
experimental studies that were initiated under HEET FYQ09 on: (1) the effects of transition metal
salts found in seawater on the stability of clathrate hydrates; and (2) phase iaquilibr
hydrates in porous media such as seafloor sediment and Arctic permafrost.

Subtask 3.ZEnvironmental Impacts of Methane Release from Seafloor Hydrates
This subtask is a continuation of activities pursued in previous years to elucidate the mechanisms
by whichmicrobes generate and consumethanen seafloor sediment.

Subtask 3.3Hydrate Engineering Applications

The major priority of this subtask was ¢onductexploratory studies of the use of gas hydrates
for various engineering applications relavao DOD interests. During the present phase of the
HEET Initiative, we initiated an investigation to assess the feasibility of employing hydrates as a
storage medium for hydrogen fuel for propulsion applications.

Subtask 3.4nternational CollaborativeResearch and Development

To promote international R&D cooperation on methane hydrate®rder to accelerate
development of this energy resour¢¢NEI has sponsored and helpedamanizea series of
workshops on methane hydrates that was started urelétBRT initiative in 2001.During the

current Ehase, the objective of this subtask was to provide logistical and organizational support
for the 8" Workshop in Sapporo, Japan.

Technical Accomplishments

The principal technical accomplishments of the HB#dthane Hydrates Task for each of the
components id#tified above are described in the following sections

3.1Hydrate Energy

During the present reporting period, the primary accomplishments of this subtask (dgre:
continued a study of hydrate fornwii and dissociation in sand matrices; and d@mpleted
experiments to investigate the effects of transition metal salts on the behavior of clathrate
hydrates The results of the study of transition metal salts were published in the journal
ChemicalEngineering SciencSylvaet al 2016).

Methane Hydrates in Porous Media

The experimental investigation of phase equilibrium of methane hydrates in porous media was
completed in 2014 with ONR funding from the HEET FY09, HEET FY10, and APRISES FY11
projects. The results constituted the M.S. research of a student who was graduated from the
Department of Ocean and Resources Engineering of UH in 2014. A summary of the results of
this Task was included in the Final Report for HEET FY09 and also igdeaelow.

112



Understanding the mechanisms of hydrate formation and dissociation in porous media is critical

in order to devise viable methane extraction and carbon sequestration methods and to assess the
associated environmental consequences. For exatdpleda et al (2004) investigated the

effects of porosity on the decomposition of methane hydrate formed in sediments and concluded:
1) that dissociation is mainly affected by intergranular pore size; and 2) that the hydrate phase
equilibrium curves in prous media may be slightly different from those found in the literature
which corresponds to simple binary methaveger samples. Their study, and other similar
previous investigations, did not measure associated energy flows (e.g., heat of fusidic; speci
heat), which are important parameters for well production and environmental models. To
investigate the mechanisms and energetics of methane hydrate formatiorcamgatgtion in

porous media, experiments werenducted employing calorimetry and Ramnspectroscopy.

Two types of sands which are representative of deep ocean methane hydrate sediments, and
which are employed as standards in the Japanese and U.S. national methane hydrates research
programs, were tested.Sandy sediments represent the meistble scenario for methane
extraction. Measured phase transition temperatures of hydrates in these sands were compared
with the phase diagram for the simple binary methaater system.

The technical objective of this studsas

1 Conduct experiments ofethane hydrate formation and disgdion in sand matrices
using ourRaman calorimeter to determine if hydrate stability is affected by the presence
of the sand.

The primary hypothesis tested was:
1 Pressurdemperature phase boundaries of methane hydnatege when formation and
dissociation occur in porous media.

Experimental Facility

Hydrate was formed as a simple tesomponent watemethane system and alsoparous media
employing the HNEExperimental facility which couples calorimetry with Ramanctescopy.

High pressure sample cells of a Setaram BT2.15 differential scanning calorimeter (DSC) have
been modified to provide access for a fiberoptic probe to perform Raman measurements of the
sample in the cell as it undergoes a wdined thermal mrcess. The calorimeter allows
samples (up to about 8 ml) to be cooled or heated, according to-selesged pycess, between
-196°C and 200°Gt pressures up to ~10 MPa. The calorimeter can detect heat transfer to or
from the sampl endaan bd used toaeternine thddmodyMami properties such
as specific heats, heats of reaction, heats of fusion, and phase boundages 3.1lis a
cutaway drawing of the DSC that shows its primary components. A photograph and schematic
drawing of theexperimental facility are shown in Figer8.2and3.3, respectively
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The DSC monitors the differenge thermal energy required to change the temperature of a
sample and a reference. The material being investigated is contained in closed cylindrical
sample cell, which is inserted into a wellithe DSC as shown in Figure 3.An identical empty
sample ell is used as the reference and is inserted into a second adjacent well. The cells are
completely surrounded by an array of thermocouples that detects the heat flow to or from each
cell as temperature is changed with a combination of an electric fuandca liquid N cooling

system.

Figure 3.4shows a photograph of the fiberoptic probe assembly that extends into the pressurized
sample cell through a compression fitting welded to its top clostine.0.125 inch (3.175 mm)

0.d. probe is inserted intoG250 inch (6.35 mm) 0.d0.18 inch (4.57 mm) i.dstainless steel

tube that attache® the compression fitting. This tube also provides access to the inside of the
sample cell to add or remove gases. Raman spectroscopy is used to confirm theeeaistenc
methane hydrates in the sample during the experiment. TharRsystem shown in Figures 3.2
and3.3 comprises a solid state laser, the fiberoptic probe, and a spectrometer. Laser radiation at
532 nm is transmitted by a 20@n core UV silica opticafiber into the cell to excite molecules

in the sample to a virtual energy state. A portion of these excited molecules relax down to
different rotation or vibrational levels than where they originally existed, with the emission of a
photon. The frequencgf the photon is shifted from the laser radiation. This Raman shift is
determined by the structure of the molecule; i.e., its particular rotational and vibrational levels.
Six 200mm core optical fibers positi@d around the transmitting fiber in the @ are used to

collect the emitted Raman shifted light and bring it into a Princeton Instruments Spe2&Bro
spectrograph equipped with a Princeton Instruments PIXIS ccd detector. The spectrograph has a
focal length of 0.750 m.

Figure 3.4 Photograph of the fiberoptic probe assembly

The sample cell can be evacuated with a vacuum pump and purged with glg.NResearch

grade methane gas is used to form hydrate in the sample cell during an experiment. A buffer
tank filled with methane i€onnected to the gas supply line to minimize changes in sample
pressure that occurs when hydrate forms or decomposes. With this system, pressure can
generally be maintained to within £ 1%. An electronic pressure transducer is employed to
continuously mottor and record sample pressure.

Two kinds of sand representative of deep ocean methane hydrate sediment were investigated:
Toyoura sand, which has been adopted as the i
hydrate R&D program (Hyodet al, 2005) and Ottawa sand, which is the standard sand of the

U.S. national program (Waitet al, 2004). The properties of these sands, including
composition, grain size distribution, void ratio and fraction, water saturation, and grain porosity,
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were determiad to characterize the samples tested with the calorimeter. The general procedures
that were employed are discussed below.

Procedures

Properties of Porous &tlia Natural water content, specific gravity, and grain size distribution

of the porous media employed in this investigation were determined following the respective
standard procedures: ASTM D2216, ASTM D 854, and ASTM D 422. Scanning Electron
Microscopy (&£M), mercury intrusion porosimetry, and gas sorption analysis were used to
characterize sand particle surfaces.

Calorimeter ExperimentsSandwater samples were prepared which have the desired porosity
and specific water saturation for a particularexpent. The amount of sand needed to attain

the target porosity was calculated based on the results of the specific gravity test. Next, distilled
and deionized water was added to the sand. The amount of water was calculated considering the
measured natal water content of the sand. The sand and water were mixed well and loaded

into the calorimeter sample cell.

The cell was closed and inserted into the calorimeter well

before being purged with dry,Mind vacuum evacuated. Methane gas was then aoldeel ¢ell

to achieve the desired pressure. The sample was then subjected tgelacted thermal cycle

to form and decompose hydrate and the thermal transfers indicative of phase transitions were
monitored and recorded. Raman spectra were takemeatezskpoints during the experiment to
confirm the presence of methane hydrate.

Results

SAND PROPERTIES.The results of the natural water content test (ASTM D2216), the specific
gravity test (ASTM D 854), and the grain size distribution test (ASTM D ##2ZJoyoura and
Ottawa sands are shown in TaBld. A portion of the Ottawa sand was sieved to remove fine

particles and is identified as Ottawa* in the table.

For comparison, the specific gravity of

laboratory silica sand also is provided. The cutndaparticle size distribution curves for the
Toyoura, Ottawa, and Ottawaands are plotted in Figure 3.5

Table 3.1 Sand Properties

Matural Grain size distribution by
Specific weieht (H)
water .
Erawity
content (§) : 140-425 < 75
(Efom™): G,
oy Cpm) Cpm)
Toyoura 03267 2656 09.25 0.0
Ottawa 02010 2em 21.21 354
Ottamat 02277 2aT: a4.81 1]
Silica - = 2700 - -
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Figure 3.5 Cumulative particle size distributions for Toyoura @itawa sands.

The water content tests for all sands were conducted on the same day in order to ensure similar
ambient conditions. Both Ottawa sand and Ottawa* sand have slightly lower water content than
Toyoura sand. This is may be related to their &igdilt content. Fine silt particles reduce the

void space between particles where moisture collects. The specific gravity of Taywalra
Ottawa sandare given in Table 3.hppear reasonable, since they are silicates whose specific
gravity is typically @ound 2.700 g/cth The small differenceis specific gravities may again be

due to fine particles that fill voids between the larger partioléise Ottawa and Ottawa* sands.

Figures 3.6 and 3.@re representative SEM images of, extjvely, the Ottawaand Toyoura
sands at different magnifications. A Hitachi4800 field emission SEM operated by the
Biological Electron Microscope Facility located at the University of Hawaii at Manoa was
employed to document the topographical features of the sandgmartithis instrument is also
equipped with arOxford INCA Energy 250 energgispersive Xray spectroscopgystem for
elemental analysis.

e o £
. o L
‘ .
...........

50KV 15,7mm x150 SE(M) 300um 5.0 .T:mm % 00k SE(Y i C AR
Figure 3.6 SEM images of Ottawa sand at two magnifications (see scale).
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Figure 3.7 SEM images of Toyoura sd at two magnifications (see scale).

Both sands have relatively smooth surfaaed are primarily composed of aluminum silicates
which is typical of silicate sand. As seen in the SENMa}X spectroscopy images (Figures 3.8
and 3.9),Toyoura sand@ppeargo have more iron than Ottawa sanith thesedfigures, silicate is
colored green, aluminum is blue, and iromed. These three are the most prominent element

detectedn the analysis.

. S0pm ¥ Electron image 1 : 50pum

Figure 3.8 SEM image of Ottawa sand and overlay viewhoée elements.
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S0um ' Electron image 1 50um

Figure 3.9 SEM image of Toyoura sand and overlay view of three elements.

In order to determine void fraction and grain porosity, Particle Technology Labs (Downers
Grove, IL) performed mercury intrusion porosimetry on replicatqualis of the sand. The
primary results of these ana@gsare summarized in Table 3.Zhese data only consider surface
pores< 6 nm. Additional information on sand grain porosity was obtained with a gas adsorption
instrument (Micromeritics TriStar 3000Yhose data are summarized in Table 3.3

Table3.2 Mercury intrusion porosimetry results for Toyoura and Ottawa sands

Total Total Pore | Volume Bulk Apparent | Percent
Sample Intrusion | Area MedianPore | Density | Density Porosity
Volume | [m%g] Diameter [g/cm?] | [g/cm’] Nint[ 6]
[cm/g] [rm]
Toyoura #1 | 0.0082 0.38 0.32 1.41 1.43 1.15
Toyoura #2 | 0.0060 0.11 0.51 1.47 1.49 0.88
Ottawa #1 | 0.0032 0.25 1.60 1.49 1.49 0.47
Ottawa #2 | 0.0005 0.003 0.88 1.56 1.56 0.07

Table 3.3 Gas sorption analysis dbyoura and Ottawa sands.

Sand specific surface area (m°/g)
Ottawa 0.11
Toyoura 0.74

The results of the mercury intrusion porosimetry and gas sorption analyses of the two sands
indicate that they have very low grain porosity. The mercury porosimetry data exhibit
significant variations between sampledttd same sand because of the extremelyn@asured
intrusion volumes that result from the low porosity of the materidhe gas sorption data
indicate that the specific surface area of the Toyoura sand is larger than that of Ottawa sand;
however, both ofthe sands have very low specific surface areas, indicating that they are
essentially nofporous.

CALORIMETRY.A series of calorimetry experiments were performed at different pressures
between about 450 psig (3.2 MPa) and 1100 psig (7.7 MPa), whiclspongto ocean depths
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between approximately 300 m and 750 m. The primary outcome of these experiments was the
measured phase change temperatures for the hydrate at these pressures.

Figures3.10 and 3.1lare representative thermograms from a calorimetpgeement using
Ottawa sand. The pressure was set at P = 1000 psi (7.00 MPa) and held constant (x1%)
throughout the test. Figure 3.5Dows the portion of the process where temperature is slowly
reduced over a period of about 5 hours froQ8&oom temprature in the lab) to 1°C. The

blue line in the figure is heat flow to or from the sample (mW) as a function of time, the red line

is sample temperature (°C), and the purple line is the temperature of the furnace (°C) that is used
to supply or remove heaHeat flow is positive when energy is transferred from the sample cell
towards the reference cell, indicating an exothermic process, and negative during aeremcloth
process.The steep positive peak in the heat flow cwsgen in Figure 3.16ccurs a a result of
hydrate formation. Note that sample temperature is above the ice point.

Figure 3.11shows the portion of the process where sample temperature is very slowly raised
from 1°C to 12C over 16 hours. The large negative (endothermic) heatgbak that begins at
around the 12 hour mark is due to dissociation of the hydrate in the Thaadeat flow peaks in

the thermograms at temperatures above the freezing point of water provided substantial evidence
of hydrae formation and dissociation.
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Figure 3.10Calorimetry thermogram of methane hydrate formation in Ottawa sand
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Figure 3.11 Calorimetry thermogram of methane hydrate dissociation in Ottawa sand

The presence of hydrate in the sample was confimsgt) Raman spectroscopy. An example
of the Raman spectra obtained during the experiments with the fiberopticgysibm is shown

in Figure 3.12 The spectrum exhibits two peaks: the smaller peak to the left (683190
corresponds tonethane hydratand larger peak (634.3in)to methane gasverlying the sample in

the calorimeter cell
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Figure 3.12Raman spectra of the sample in the calorimeter.
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Hydrate formation is a crystallization process and therefore involves nucleatiogr@mth.
Subcooling frequently is observed and phase transition data can exhibit significant scatter.
Dissociation, on the other hand, is less sensitive to random experimental factors, so the phase
transition temperatures were determined from the hydietemposition data. The process that

was employed to identify melting point temperatures from the calorimetry thermograms is

described blew by reference to Figure 3.13

Extend the baselines of heat flow before and after the hydrate dissociationnoesthsi

temperature ramping rate is constant.
Calculate the average value of the heat flow at the two points of intersection of the curve
with these baselines, shown in the figure as green dots, and find the time that corresponds

to this average value.
iii.  Determine the sample temperature at the time identified in step ii
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Figure 3.13Determination of the hydrate dissociation temperature.

Table 3.4summarizes the calorimeter experiments that were performed in this investigation.
Figure 3.14presents the results for the Ottawa and sieved Ottawa* sands. The solid line is the
phase boundary for bulk hydrate (no porous media). Although there is significant scatter in the
data, measured dissociation temperatures were consistently lower thaalube for bulk
hydrate at the same pressure. Differenceisajly fell between 1 and 2°C.
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Table 3.4 Measured dissociation temperatures for different sands and pressures.

Sand Mass of sand (g) | Mass of water (g) | Porosity n(%) [ 5r (%) |Presssure(psi) | Dissociation temperature (°C)

109 217 1001.24 9.5

Ottaws 109 217 9oo9.12 9.29
1.95 0.39 63147 5.00
195 0.39 628.16 41580
10.91 217 1012.36 9.75
10.91 217 1011.01 9.68

Ottawa 10.91 217 1010.00 9.40
5.B4 116 40 B0 1042 00 9.08
243 D48 40485 9.75
243 D48 BE4.B3 10.50
1084 217 1006.11 96
10.86 217 1013.71 9.25

Toyoura 242 0.48 44274 0.79
242 D48 840.25 7.85
448 0.97 1055.53 10.00
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Figure 3.14Measured dissociation temperatures for Ottawa sand.

From a different perspective, at a given temperature, the data suggest that methane hydrate in
sand dissociates at pressures 15 to 200 psi lower than expected, which is greater than the
uncertainty inthe pressure data. Figure 3.4¥0 includes a trend linaalkculated from all the
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data points. Finally, the results for the Ottawa and sieved Ottawa* sands do not exhibit any
significant differences

Figure 3.15shows the results for Toyoura sand. With the exception of the single data point at P
= 440 psi(3.14 MPa) measured dissociation temperatures were again consistently lower than the
values for bulk hydrate at the same pressure. The differences also typically fell between 1 and
2°C (although there is one data point where the difference is significartigr).
corresponding pressure offsets were > 100 psi. The plotted trend line appears to confirm the

shift in the phase boundary. All the experimental data are plotted in Bgire
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Figure 3.15Measured dissociation temperatures for Toyoura sand.
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Figure 3.16 Measured dissociation temperatures for all experiments.

Strategies to recover methane from marine hydrate deposits by thermal stimulation or
depressurization, estimates of the volumehef hydrate stability zone in marine sediments to
assess reservoir inventories, and assessments of the sensitivity to these reservoirs to changes in
deep water temperature typically employ the phase diagram for simple metai@nesystems.

The results b Uchida et al. (2004) and the present investigation suggest this may not be
appropriate since methane hydrates appear to form and dissociate at lower temperatures in sand

than bulk hydrate.
Conclusions

Calorimetric experiments were performed to test liipothesis that theressureiemperature

phase boundaries of methane hydrate change when formation and dissociation occur in porous
media Two Astandardod sands selected by the nat
and the U.S. were employed ihese 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 consistent. For both sands, and over a range of
pressuregelevant to deep ocean sediments, the phase boundary for a simplenetiane

binary system tends to overpredict hydrate melting temperature.

Lower melting temperatures imply that natural hydrate deposits in seafloor sediment are more
vulnerable tqurposeful 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 warrantedctmfirm this
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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 Destabilization of Methane Hydrates

The mechanism underlying thafluence of salts on hydrate stability has not been clearly
identified and warrants additional study, insofar as this has relevance to a host of engineering and
scientific issues including the development of new reagents for flow assurance in natural gas
pipelines and the formation and dissociation of hydrates in the seafloor and in permafrost.
Toward this end, we conducted experiments to explore the dissociation behavior of methane
hydrates in the presence of transition metal salts, which are pressdavilater and sediment.
Information about this study was included in the HEET FYQ09 Final Report. These experiments
were completed during the present project period and the results have been published recently in
the archival literature (Sylvet al, 201§. A summary of that paper is provided below.

Formation of clathrate hydratescan be preventedusing thermodynamic inhibitors such as
alcoholsand salts. These inhibitors shift the equilibrium between the three phases, hydrate (H),
liquid water (Lw),and guest molecular vapor (Y9 lower 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 and glycolsqRihalu

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 side reactions (sudrrasion) is low relative to

salts; howeveramountsneeded may reach 50 wt%aq), leading to high costs and disposal
problems (Kelland, 1994Dholabhaiet al, 1997). In addition to alcohols and salts, other
inhibitors include knetic inhibitors, like plyvinyl caprolactam (PVCap) or polyvinylpyrrolidone
(PVP) and ionic liquids, e.g., dialkylimidazolium halide compounds, which have been studied
more recently (Sloaret al, 1996; Xiao & Adidharma, 2009). Kinetic inhibitors ageite
effective in delayindhe crystallization of gas hydrates (Slagral, 1996) whereas ionic liquids
exhibit both thermodynamic and kinetic inhibition features (Xiao & Adidharma, 2009).

Studies have been conducted to investigate the roles played by cations and anions in the
inhibition of hydrate formatior{Lu et al, 2001; Sabilet al, 2010). Lu et al (2001)compared

the effects of salts with different cations and anions on hydrate phase equil®@g, &H,, and

CsHg hydrates. In particular, they compared GEONa versus CHCO,H at different
concentrations and found that the stability of ,@@drate was affected by the concentration of
CHsCO, and CHCO,H butnot N&. In addition, it was observed that there was a larger shift in
the equilibrium temperature of meti@hydrate with MgS©versus MgCJ, but not a very large
difference between NaCl versus KCI and GaCThey concluded that the anion has a greater
influence on hydrate stability than the cation, and posited that difference was due to interactions
betweeniquid water molecules andns.

In electrolyte solutions, hydrate formation may be hindered by disruption of the ambient water

network that is driven by hydrogen bondindgwu et al (2001) argued that, based on studies
performed by Mizunoet al (1997) e hydrogen bonds in aqueous solution of halogenated
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alcohols, anions exert a greater influence on hydrogen bonding of water molecules than cations
and are, therefore, more important in inhibiting hydrate crystallization.

Sabil et al (2010) compared theffects of salts with different cations and anions on hydrate
phase equilibria of mixed GZIHF hydrates using a Cailletet apparatus. Their observations did
not support the assertion by lat al (2001) that anions are more important than cations in
suppresing hydrate formation. They found that the inhibiting effect increased in the following
order: NaF < KBr < NaCl < NaBr < CagL& MgCl, and concluded that the inhibition of the
hydrate increased with the charge of the cation, and the radius of the &hey proposed that
this trend was the result of the strength of thehgdrogen bonds which either disrupts or
reinforces the ambient water networkihe authors noted that the electrolyte concentrations that
were investigated (0.5 and 1 mol%) weréatigely low and that higher concentrations might
yield different results.

It is important to understand tineechanism underlying the influence of salts on hydrate stability
since methane recovery and transport from marine hydrates or conventionaliresenvadake

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 present in seawater with the highest
molality (moles/kg of solvent) are TNa', Mg**, SO;*, and C4&". Transition metals, such as

iron, manganese, copper, cobalt and nickel, are also commonly found in seawater at trace
concentrations. The source and biogeochemical 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 of the metal etyan@012) examined

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

In the present investigation, a Differential Scanning Calorimeter (DSC) was employed to
determine the effects of some transition metal salts and other salts on the behavior of methane
hydrate decomposition. Specifically, a DSC was employed to deterhenenset temperature

for methane hydrate decomposition in the presence feofic chloride hexahydrate,
[FeCh(H20)s] C | ®qLihd 1967), anhydrous ferric chloride, FeOMnSQ,, FeSQ, CuSQ,

and AgNQ and to compare the inhibiting properties of these transition metal salts with NaCl and
CaCl, two wellknown salt inhibitors. These transition metals salts were chosen because they
are soluble in water and each transition metal represents metals withgvelnarges (+1, +2,

+3), which are commonly found in the ocean. We attempted to determine whether the inhibiting
properties of these salts on methane hydrates follow the trends observed ley 8atiD10).

Decomposition temperature was studiedeathan formation temperature since the formation of
non-stoichiometric gas hydrates may be influenced by a host of factors such as nucleation,
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 fixed compositions, then decomposition processes
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may be investigated using DSC, and the measured dissociation temperature can bedctwrela
the temperature of hydrate formation of those fixed compositional phases.

DSC is commonlyusedto determine twephase equilibrium data; however, the application of
DSC to study hydrate phenomena has only occurred recem§C has been successyull
employedto investigateequilibrium phase transitions, dissociation enthalpies and heat capacities
of various gas hydrateKlgarrat & Dalmazzone, 2(8) Koh et al, 2009; Jageet al, 2002
Guptaet al 2008; Lafoncet al, 2013.

Experimental Materialand Methods

Shown in Figure 3.17 is a schematic diagram of the system used to perform the experiments.
The primary component of the system is a TA Instruments Md@li uDSC. This DSC has the
capability of testing three samples simultaneously and fietestion limit of 0.2 pW over an
operating temperature range of about 233K to 433K.0 °C to 160.0 °C) and pressures up to

40 MPa. The Hastelloy sample cells have a volume of 0.5 ml.
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Figure 3.17 Schematic diagram of the Mul@iell Differential Scanning Calorimeter system.

The sample cells are pressurized through capillary tubing attached to the cell closures. The
capillary tubing is connected to the gas supply system which provides either Grade 4.0 (99.99%
purity) methane or nitrogen (fguurging). Gas pressure in the cells can be adjusted with a
manuallyoperated, piston screw pump pressure generator and is monitored using a pressure
transducer with an accuracy of 0.0345 MPa. To prevent significant pressure swings from
occurring during kidrate formation and decomposition, a small gas reservoir is integrated into
the supply system to act as a buffer tank.
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Prior to running experiments, the calorimeter temperature was calibrated against the freezing
point of pure water at atmospheric press(0.10 MPa). Aqueous solutions of the salts were
then prepared gravimetrically using an analytical balance (accuracy 0.0001 g). Salts used
include sodium chloride (99.8% assay) anhydrous ferric chloride (laboratory grade), manganese
sulfate heptahydrat(98%+ assay), cupric sulfate pentahydrate (99.3% assay), ferrous sulfate
heptahydrate (101.3% assay), silver nitrate (99.7%+ assay), and calcium chloride (95% assay).
Each salt was weighed then mixed with distilled and deionized water to the appromiate
concentrations. Due to the hygroscopic nature of anhydrous ferric chloride, the ferric chloride
samples were prepared in a nitrog#led glove bag. The solutions were then transferred into

the high pressure sample cells, and the cells weredlacthe calorimeter. A vacuum pump

was employed to evacuate the gas lines which were then purged with nitrogen, vacuum
evacuated again, and pressurized with methane. The cells were cooled from 298K to 243K
(25°C t0-30°C) at a rate of 2K/minute and hedtl 243K for 30 minutes to ensure complete
crystallization. The cells were then slowly warmed from 243K to 298K at a rate of
0.25K/minute. This temperature cycle was repeated at least two times for each test.

Figure3.18shows representative thermograofsvater and methane at different pressures as the
samples were slowly heated from about 248K to 293Ke large negative (endothermic) peak
corresponds to the melting of ice. The smaller peaks that occur at higher temperatures are due to
the dissociatio of the methane hydrate. As depicted in the inset, the onset temperature of
dissociation of the methane hydrate is determined by the intersection of the local (horizontal)
baseline of the thermogram and a Hésline whose slope matches the rate ofaded of the
thermogram. This approach was employed to compare the methane hydrate dissociation
temperature shifts induced by the different salts employed in this investigation.
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Figure 3.18 Thermograms of water and methane at different pressures semntiptes were slowly heated
from about 248K to 293K. The insert magnifies the section of the thermogram during dissociation at 9.3
MPa and graphically depicts the process employed to determine the onset temperature.

Results

In order to assess the abilythe DSC method accurately to measure hydrate phase transitions,
the dissociation temperatures of methane hydrate determined in replicate experiments conducted
with our DSC are compared with the data of Sloan and Koh (2008) in Figure 3.19. The DSC
resuts appear to agree reasonably well with those data.
temperatures is estimated to be +0.5 K based on the standard deviation of replicate runs.

The uncertainty in dissociation
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Figure 3.19Dissociation temperatures of methane hydrate. Estimated emagasured dissociation
temperatures, based on replicates, is +0.5K.

Table 3.4summarizes the measured onset temperatures of methane hydrate dissociation at 5.51,
6.89, 8.27, and 9.65 MPa for solutions containing different concentrations of the inhibitors
examined in this study. The NaCl results are shown in Figure 3.20, alongheitfublished

data from Rocet al (1983). Here again, a reasonable degree of agreement is observed for 3.94
mol% NacCl.
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Table 3.4Temperature of Dissociation of Methane Hydrate in the Presence of Metal Salts

CH,
Pressure 5.51 6.89 8.27 9.65
(MPa)
- Inhibitor
Inhibitor (Mol%) Taiss (K) PT | Taiss(K) PT | Tass(K) | PT | Taiss(K) T
None 0 280.7 - 282.6 - 284.3 - 286 -
NaCl 0.5 279.8 0.9 282.2 0.4 283.7 0.6 285 1
1 279.1 1.6 281.4 1.2 283.2 0.9 284.5 15
2 277 3.7 279.4 3.2 281.2 3.2 282.6 3.8
3.94 275.8 4.9 276.8 5.8 278.6 5.7 - -
FeCl 0.5 - - 281.9 0.7 283.5 0.8 284.8 1.2
1 277.3 34 279 3.6 281.1 3.2 283.4 3.9
2 273.1 7.6 273.1 9.5 275.1 9.3 275.4 10.6
3.94 - - - - - - - -
MNnSGO, 0.5 281.0 -0.3 283.0 -04 284.5 -0.2 286.2 -0.2
1 280.2 0.5 282.3 0.3 283.6 0.7 285.3 0.7
2 279.2 15 281.5 1.1 283.2 1.1 284.1 19
FeSQ 0.5 281.2 -0.5 283.3 -0.7 285.2 -0.9 286.0 0.0
1 280.4 0.3 282.6 0 284.5 -0.2 285.5 0.5
2 280.3 0.4 282.2 0.4 284.3 0 285.3 0.7
CuSQ 0.5 280.7 0 283.4 -0.8 285.0 -0.7 286.5 -0.5
1 280.7 0 282.8 -0.2 284.6 -0.3 286.0 0
2 280.4 0.3 282.5 0.1 284.2 0.1 285.4 0.6
CaCb 0.5 280.6 0.1 283 -04 284.6 -0.3 - -
1 279.5 1.2 281.9 0.7 283.6 0.7 - -
2 279.3 14 281.6 1 283.3 1 - -
AgNO; 0.5 279.9 0.8 283.1 -0.5 284.7 -0.3 286.0 0
1 279.2 14 282.6 0 284.4 -0.1 285.7 0.3
2 279.3 1.3 281.5 1.1 283.0 1.3 284.5 1.5
Notes: QI = Tgiss (N0 inhibitor)T Ty (inhibitor)

= Not available
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Figure 3.20DSC temperature and pressure data for the dissociation of methane hydrate in the presence of
sodium chloride (NaCl). Representative error bars are included for the 3.94 mole% NaCl data for
comparison with the earlier work by de Reioal. (1983).

Figure 3.21 compares shifts in the methane hydrat€ phase boundary arising from the
presence of sodium chloride and ferric chloride salt. The data indicate that, at a given pressure
and inhibitor concentration, dissociation of methane hydrate occurs at temperatures for

ferric chloride compared to sodium chloride. This effect increases with increasing
concentrations. Dissociation onset temperatures were measured for concentrations ranging from
0.5 mol% to 3.94 mol% of inhibitor. No hydrate was deteeie8.94 mol% FeGJ but hydrate
formation does occur in the presence of 3.94 mol% NaCl. Scatter in the dissociation temperature
data for FeGlwas observed to increase significantly between the 1 mol% and 2 mol% cases, as
the apparent hydrate suppresdiamit was approached.
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Figure 3.21DSC temperature and pressure data for the dissociation of methane hydrate in the presence of
sodium chloride (NaCl) and ferric chloride (FeCIThe curve is from de Roes al. (1983). Estimated
uncertainty of theneasured dissociation temperatures is +0.5K.

The effect of other metal salts investigated in this study (Ee®MOSQ,, CuSQ, andAgNOs.)

on methane hydrate stability is shown in Figure 3.22. That figure also includes data for NaCl,
FeCk, and CaGl The concentrations of the salts was 2 mol%. With the exception og,FeCl
none of the tested salts were able to induce a reduction of the hydrate dissociation temperature to
the extent demonstrated by NaCl.
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Figure 3.22DSC temperature and pressure datanethane hydrate in the presence of 2 mole% NacCl,
CaCl, FeCk, MnSQ, FeSQ, CuSQ, and AgNQ. Solid line is the phase boundary for methane hydrate
with no inhibitor. Estimated uncertainty of the measured dissociation temperatures is +0.5K.

Discussion and Conclusions

Most of the transition metal salts investigated 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 concentratins up to 2 mol% were observed to have minimal
impact on hydrate stability. At lower concentrations (0.5 mol %), some of the salts, (FeCl
FeSQ, and MnSQ), appeared to promote hydrate formation, i.e., dissociation temperature
increased slightly as indict e d b y ThireTglalet 3i4vTais effect has not been observed
with other chloride salts, but has been observed with other water solublewwtspsuch as
alcohols (Abay & Svartaas, 2010).

The present results appear to confirm Sabibl 60 s (agsétib® that the inhibitor effect
increases with increasing charge on the catidime chloride salt of the higher charged®Fe
exhibits greater inhibition of methane hydrate formation in comparison tobNathe iron salt

of the larger polyatomic anm sulfate, exhibits less inhibition than the ferric chloride s@ihe
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 moleculdse stronger intaction
between water with salt ions (versus hydrate guest molecules) interferes with the organization of
the water lattice around the clathrate hydrate guest molecule, and thus inhibits hydrate formation.
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The strength of the salt iesipole bond betweerthe metal ion and water molecules may
correlate with the degree of inhibition of hydrate formatidime 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 #s radius, r, increases (Petruetial, 2007). Therefore, higher charged metal
ions, such as Gaand F&" would be expected to have a greater attraction to the water molecules
and thus more effectively impede hydrate formation. Furthermore, larger polyatomic anions,
such as S@ would have a weaker attraction to the water molecules and would be lesveffecti
inhibitors. Table 3.5summarizes the ionic radii for the monoatomic cations and anions for the
salts included in this study.

Table 3.5:1onic Radii

lon lonic radii (U)
Na' 1.02
Mg** 0.72
Ca’ 1.0

cu’ 0.73
MnZ* 0.83
Fet 0.63
Fe' 0.49

Ag’ 1.15

cr 1.81

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 saiteases in the following order: FeS® Cuy$ O
MnSO, & A gl O Ca<NaCl < FeG. A smaller decrease in the dissociation temperature
was observed with salts that contained the larger sulfate anion when compared to salts that
contained the smaller [dride anion. A smaller decrease in the dissociation temperature was
observed with salts that contained smaller cations liké Réen compared to salts that
contained larger cations such as'&md Mrf*. Therefore, consideration 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 almve t
explain this behavior (Table 3.5 Several other water soluble metaltsare available and
additional inhibitor activity on methane hydrates provided by these salts should be investigated
to confirm this trend.

3.2 Environmental Impacts of Methane Release from Seafloor Hydrates

The longterm goal of this subtask is to déme a robust thredimensional numerical model of
methane in the ocean. Methane is a potent greenhouse gas with a significantly higher Global
Warming Potential than GObut much lower levels of emissions into the atmosphere. Whereas
the oceans currentlgre a net sink for atmospheric gQ@hey represent a net source of CH
Moreover, the historical record contains evidence of massive methane outgassing from marine
and permafrost hydrate reservoirs that may have greatly exacerbated earlier episodleal of gl
warming. Methane models have also become a subject of intense R&D interest in the wake of
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the 2010 Macondo Prospect oil spill in the Gulf of Mexico which releasedtimated 2.5 x 0
standard rhof natural gas from the broken wellhead at a depth of about 1,500 m.

The target model will need to consider the production, oxidation, and transport, @n@Hivill

require an understanding of processes that affect the exchange of methane between the
atmosphere, ocean, and seafloor sedimé&niring the present reporting periaglork focused on
laboratory experimental investigations of the role of microbes in methane production and
consumption

Methane Microbiology

Investigation of methane cycling sediments and the water colunsnongoing. Theediment

work has focused on understanding biological formation and the anaerobic oxidation of methane.
Anaerobic oxidation of methane (AOM) occurs through an undefined process and is potentially
the largestsink for methane in sediments. Biological AOM is thought to be mediated by a
consortium of micreorganisms composed of sulfate reducing bacteria and methanogenic
Archaea Geochemical data suggests that the majority of methane produced in sediments is
oxidized anaerobically within a narrow depth range called the sulfate methane interface (SMI).
The sediment depth of the SMI is influenced by the rates of methane flux. Stronger methane flux
results in shallower SMIs, and the possibility of methane redese the water column.n
terrestrial environments, biological methane oxidation typically occurs as an obligate aerobic
process mediated by methanotrophic bacteria. This suggests that a methane sink could also exist
at the sedimenwvater interface ithe ocean where there is dissolved oxygencolmsideration of

this, weexpanded our research scajuging the present reporting peritminvestigate aerobic as

well as anaerobic methane oxidation at this interface, as well as the associated prokaryotic
methanotrophic populations.

Molecularanalysess typically used to characterizgicrobial assemblages sedimentsandare
often employed in combination with geochemical analysis to destr@ieane levels and fluxes
(Tavorminaet al. 2008, Yoshiokaet d. 2010). Our investigations have used similar techniques
and have provided evidender the presence odssemblage microorganism<Cultivation of
Archaeaand Bacteria from these methargch environments havéeen problematic. Slow
metabolism and smapopulations relative to other microorganisms make isolationcditfin
spite of significanenrichmenbf the gas headspace in incubation vessels.

DNA extraction and PCR procesg of sediment and porewater samples collected during
previousoceanographic research cruises was attempted multiple times, but results suffered from
poor reproducibility. Microscopy has helped to provide an explanation for this problem
Sediment particle were examined usingransmission Electron MicroscogyEM). As can be

seen in Figure 3.23TEM indicates the presence of numerous nanometer to micrometer sized
particles found in the sedimewater suspensions. These small particles in the collected samples
result in very high surface areas where DNA can be Iseadisorbed. This significantly
complicates the DNA extraction methods that we have been employing to characterize the
microbial assemblages.
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Figure 3.23Beaufort sea sediment; Hitachi HT700 transmission electron microscope image from the
emulsion layer formed when sediments arsugpended in distilled and deionized water.

In order b increase targemicroorganism density, a géght bioreactor was constructed
comprising a Plexiglas tube witteldin end caps.The reactor was designed &llow for the
introduction of gast aboveatmospheric pressure into both the sediment and liquid phakes.
bioreactor includes provision®r mechanical agitatiorfi.e., stirring). Figure 3.24 presents
photographs of the bioreactoincreases in neroorganism density will be verified in subsequent
phases of the projeasing fluorescenn situ hybridization andnicroscopy(Dedyshet al.2001;
Jupraputtasret al. 2005).

As discussed in the HEET FY09 Final Report, the previously described miceoieghments
depended upon intrinsic substrates, rather than the introduced -cartaming gas atmosphere.

The negative results obtained with Micro DSC calorimetry suggest that the sediment does not
have sufficient substrate to enhance metabolic ratespite of increased carbon source
availability. To increase the concentrations of methanogens,,a@@sphere having medium
supplemented with formate will batilized in the upcoming experiments CO, reducing
methanogenesipreviously has beerdescribed as the dominant metabolism (Whitietral.

1999). These earlier experiments did not utilize formate substrates (Miguldal. 2003).
Enrichment media instead of seawater or minimal medium will also be employed for aerobic
methanotroph isolatio(Kimuraet al. 1999).
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Figure 3.24Novel bioreactor for investigating methane generation and consumption in sediments and
seawater. A) Photograph of plexiglass reactor; B) Bottom delrin cap showing gas ports; C) Top delrin
cap showing mixer and gasrt.

3.3 Hydrate Engineering Applications

During the present reporting period, we initiated an investigation to assess the feasibility
employing hydrates as a storage medium for hydrogen fuel for propulsion applications. A M.S.
graduate student frone Department of Mechanical Engineering was engaged to conduct the
research and was supported with HEET FY10 funds.

Hydrogen Hydrates

Historically, it was believed that hydrogen molecules were too small and entwbiform
hydrates, buDyadinet al. (199) confirmed the existence of,Hydrate at pressures of 3@00
MPa and temperatures around 293 K. Further experiments performed betN&o2007)
reveal that H gas generates-I hydrates at 200 MPa and 250K, with two, IFholecules
occupying small cages and fous Molecules occupying larger cages.

Previous Work

There is interest in employing pure Hydrate as an energy storage medium for transportation
applications; however, the very high pressures required to forrmamdain these hydrates pose

a problem. A major breakthrough to significantly reduce the equilibrium pressure of hydrogen
hydrate has been to add a reagent such asntétngylammonium bromide (TBABC,gH36NBr)

to water. Hashimotet al. (2008) demonsated that adding small amounts of TBAB reduced
hydrogen hydrate formation pressure from 350 MPa to ~1MPa at 280K. TBAB is a salt that

forms a semtlathrate hydrate crystalg ;H,,N* >Br- x38H,0) under atmospheric pressure and

near room temperature with a unéll composedf 16 Scages (small) and 8-tages (large).

The bromide anion constructs cage structures with water molecules while the cation occupies
empty L-cagegShimadaet al.,2005) At moderate pressures and temperatures (e.g., 1 MPa and
280K), hydrogen moledes can be stabilized and trapped within available emyuiggeqLeeet

al., 2005)

Tetrahydrofuran (THF; g€HgO) has also been reported to reduce hydrogen hydrate formation
pressures (Leet al, 2005). THF is a water miscible organic liquid compounattigenerates
structure 1l hydatres at 278K at 0.1 MPa (Hawkins & Davidson, 1986%ording to Leeet al.
(2005), THF hydrate can store about 4 wt.% & 12 MPa and 270K; however, recent
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experiments by Ogatet al. (2008) suggest that, at similar condlits, stoichiometric THF
hydrate can store only 0.26 wt.%.H

Motivation

Hydrogen can be produced domestically from natural gas, reducing our dependence on imported
fossil fuels. Employing hydrogen hydrate as an energy carrier has attracted interest due t
several advantages (Florusse, 2004). éample, unlike methane, pure hydrodemns clean,
producing no greenhouse gas carbon emissions, making this a favorable clean alternative fuel.
addition, PEM fuel cells, which are major candidates for partation applications, use;H

The primary advantage of,tstorage in hydrates is that, unlike metal hydrides, which must
undergo a chemical reaction (often having slow kinetics and requiring heating up to 473K) to
release hydrogen fuel, hydrates undeegoapid phase transformation (i.e., melting), making
them ideal for onboard use in fuel cell vehicles and other specialized applications.

The greatest uncertainty related to onboard hydrogen hydrate storage for transportation
applications is energy deingi Currently, the U.S. Department of Energy has set a 2015 target of
5.5 wt. % hydrogen storage in hydrates (M&@l, 2007). Theoretical studies performed to date

by Willow and Xantheas (2012) suggest that hydrates may be able to store up to %3 wt.
hydrogen; however, no experimental data exist to validate these results.

Since binary hydrates, such as those employing TBAB and THF, can statecbinsiderably

lower pressure than pure, Hydrate, their use in transportation applications appears to warrant
investigation. Previous studies of the hydrogen storage capacity of bjnaygrates have
produced conflicting results. The present study was undertaken to accurately quantify this
important parameter.

Technical Objectives

The oveall goal of the present investigationtis explore the feasibility of employing binary
hydrates as a medium for btorage. Candidate protocols to form binary hydrogen hydrates with
the potential for highH, storage capacity (at relatively low formation pressure and high
formations temperatures)ilhwbe identified via a series of exploratory experiments that employ a
Differential Scanning Calorimeter (DS@nd Raman spectroscopy systersince H, wt.%
probaly camot be accurately determined in smatlale DSC testghese formation protocols

will need to bescaled up to produce samples large enough to measure the hydrogen content (gm
H./gm hydrate) bthe selected binary hydrates.

The primary hypothesithat will betested is: binary hydrates can storeHjas at acceptable
energy densities at moderate pressures and temperatures for transportation applications.

Facilities

Funding provided by the HEET FY10 grant was used to develop the laboratoryesaiid
protocols employed in this investigation. This is the principal product of the present reporting
period. Experiment results will be included in the reports of the subsequent phases of this
program.
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Calorimeter System

A TA Instrumens Multi-Cell Differential Scanning Calorimeter (MCDS®as employedo

identify candidate protocols to form binary hydrogen hydrates at moderate temperatures and
pressures. A photograph ofthe MCDSC facility is shown in Figure 3.23ollowed by a
schematic diagrarof the system in Figure 3.26
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Figure 3.25Photograph of the MCDSC facility.
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