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EXECUTIVE SUMMARY

This reportsummarizes work conducted under Grant Award Number NGQ61140028 the Asia
Pacific Research Initiative for Sustainable Energy Systems 2014 (APRISES14), funded by the
Office of Naval Research (ONR) to the Hawaii Natural Energy Institute (HNEI) of theetsity

of Hawaii at Manoa (UH). Theverall objective oAPRISES14vas to develop, test, and evaluate
distributed energy systems, emerging technologies and power grid integration using Hawaii as a
model for applicability throughout the Pacific RegiolAPRISES14encompassed fuel cell
research, contaminant mitigation and evaluatiseafloor methane hydratetestabilization,
microbial degradation and reservoir mappirsynthetic fuels processing and production to
accelerate the use of biofuels for Navy deealternative energy systems for electric power
generation and integration into smart microgrids, and energy efficient building platforms. Testing
and evaluation of alternative energy systems included Ocean Thermal Energy Conversion
(OTEC), developmenbf several microgrid test projectsnd wind energy generation

Under Task 1, Program Management and Outreach, HNEI provided overall program management
and coordination, developed and monitored partner and subcontract agreements, and developed
outreach marials for both technical and ndechnical audiences. Additionally, HNEI continued

to collaborate closely with ONR and NRL to identify highority areas requiring further detailed
evaluation and analysi

Under Task 2Fuel Cell Testing HNEI continued to develop and apply fuel cell diagnostics,
contributed to the development of fuel cell contamination mechanisms and mitigation strategies
and applied this knowledge to design novel water purification technologiealsaolsynthesize

lower cost fel cell catalysts.Contaminant Mitigation focused on developmensyitheses and
characterization techniques of advanced metallo ionic liquids and molten salts air purification
materials to enable efficient use of fuel cells in harsh environmental iwmsditHydrogen
Refueling Supportinvolved the commissioning of hydrogen production and compression
equipment, recertification of Hydrogen Transport Trailers (HTT), and the installation of improved
design Thermal Pressure Relief Devices on hydrogen cytindeow-Cost Material for Solar
Fuels Productioncontinued to dvelop novel thin film materials for lowost photovoltaic
applicatonssi ng scal able .iprintingod0 processing



Efforts under Task 3Biofuels, focused on the development, testing and evaluafiatternative
fuels and technologies, and included activities in the ared&ioeihergySystemsHigh-Rate
Anaerobic DigestionLiquid Fuels from SyngasBio-contamination of Fuelsand Oxygen
enhanced Flas@arbonization For Bioenergy Systes) yields and fatty acid profiles of oils
derived from theMilletia pinnata seed were determined to support development of alternative
fuels and higher value product# final system desigmas completedor demonstration scale
High-Rate Anaerobic Digestioreactors with an initial mixing tank followed by raup-flow
packedbed anaerobic digester filled with biocHzased biofilm supportsvith optional fdlow-on
reactors Liquid Fuels from Synthesis Gassearchrevealed the reaction routes of catalytic
reforming a polymer into hydrocarbon oil and demonstrated -bib formation from residual
microbial biomass.To control biofuel contamination, a eukaryotic metabolic pathway for biofuel
degradation has been proposed based on proteome and gengraeditadlogicalinhibition has
also been examined.The effects ofConstartvolume carbonizatioprocessing conditions on
product yields and properties were determined to support the development of novel materials.

Methane Hydrates Task grimary accomplishments were: ising 3D seismic profiles and
borehole datavas used t@alculate volumetric gaim-place estimates for hydrate reservoirs in the
Kumano Basin offshore of the Kii Peninsula, Japan; 2) laboratory experimergsompletedo
evaluate the effectiveness efhvironmentallybenign glycerol solutions to destabilize methane
hydrate; and 3xontinued theinvestigation of microbial degradation of methane and heavier
hydrocarbons in marine environmenterough benchtop experiments and metagenomics
techniques.

Secue Microgrids, Task 5 included a range of projects to develop, test and integrate secure
microgrid technology including distributed energy resources. The Molokai Load Bank project
analyzed performance and of a controllable load bank as an energy shiety\aovide a near

term solution for interconnection and a longerm grid management asset for this small island
grid and other microgrid applicationsThe Coconut Island DC Microgrid project progressed
efforts to demonstrate the performance andieesie of a DC microgrid designed to serve loads
within two buildings on the island, including reliable power to critical loads during interruptions
of grid supplied power, and to provide the island with clean electrified transportation options
powered pmnarily by the sun. The Load and PV Synthesjwoject focused on validating
synthesized load and PV data by injecting it along with field measurements into a simulated
electrical model of the Maui Meadows feeder, with the overall objective to synthesaedRdad

data from a limited number of field measurements in order to enable realistic distribution feeder
modeling with high distributed PV penetration. UnderRwosver Grid Monitoring and Controls
project, a lowcost, fully integrated and highly fleXd device and systemvere developed for
distributed electrical measurement, reale analysis, and controls to help solve grid operational
issues with high penetrations of distributed energy resources.



Under theConservation Voltage Reduction (CVR) menstrationproject, a distribution circuit

was selected for thdemonstration. This circugupplies the Plaza Housing complex at USMC
Camp Foster in Okinawa, Japan. Hardwiaréheloop testing was performed to validate the
proposed CVR control algorith and the associated communications between the field meters and
the CVR controller. A usenterface was also developed to provide USMC Okinawa personnel
with information regarding the status of theltage and HNEt}controller. Under lie Solar
Forecastig project HNEI significantly expanded the leteym database to study regional
irradiance patterns and variability, and utilized the observations within the database to calibrate
and validate several components of the solar forecasting system, gemenateegional turbidity
product for clear sky irradiance modeling, and evaluate the effects of the new turbidity product on
the accuracy of satellite image derived irradiandeder the Advanced Power Systems Laboratory
project, a conceptual design was eleped and HNEI collaborated with a local electrical
engineering firm to produce design drawings necessary for laboratoryoomildased on a highly
flexible architecture incorporating stadéthe-art grid test and simulation equipment.

Task 6,0cean Errgyfocused ordevelopment of advanced heat exchangers for Ocean Thermal
Energy Conversion (OTEQhrougha subaward to Makai Ocean Engineerirda k ai 6 s wor k
continueddevelopnent fabricaton, and testing Thitoil Heat Exchangers (TFHXin addition

to corrosion testing and biofouling preventiolm order to compare the TFHXs to the previously

tested heat exchangers, twelve-th2ong TFHX plates were fabricatednd @ch configuration

was tested as both a condenser and an evaporator. When evalueteadsi of heat exchanger

operating pressure, at 2MW duty, the TFHXs hbeth a better operating pressure at the same
seawater pumping powemnd a higher energy density compared to the previously tested heat
exchangers.Funding for the Wave Energy Tedgliplanned for Task 6 was reallocated to other

areas of the program as approved by ONR.

Under Energy Efficiency Task 7, HNEI resumed monitoring the three first generation Project Frog
buildings, (constructed and instrumented under previous ONR fundir@)tpare performance

to second generation FROGs constructed at UH Manoa. Secondly, HNEI contracted with a
manufacturer, HEWS Technology, Inc., to install, test, and report on performance of their novel
AHIi gh Wind Energy Generatoro.

This report describes ¢hwork that has been accomplished under each of these tasks, along with
summaries of task efforts that are detailed in journal and other publications, including reports,
conference proceedings, presentationseguatent applicationPublications producedthrough

t hese efforts ar e l i sted and avail abl e,
https://www.hnei.hawaii.edu/publications/projectreports#APRISES 14
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TASK 1: PROGRAMIANAGEMENT AND OUTREACH

This programwide task provided management and coordination of all research, test, development
and evaluation efforts und&PRISESH. Partner and subcontract agreements were developed
and monitored, and outreach materials for bmthnical and notechnical audiences were
developed. In close collaboration with ONR, hjgiority needsrequiring further detailed
evaluation and analysis were identifieat application of emerging energy technologies, with a
focus on Hawaii and thésia-Pacific region Additional detail for partner, subcontract and
outreach activitieare included in the following task summaries

TASK 2: FUEL CELL & HYDROGEN RESEARCH

Under Task 2HNEI conductedresearchtesting and evaluatioto advance fuel cekystems
develoged air filtration materialso mitigateair contaminarg in harsh environmentsuppored
hydrogenrefueling infrastructuren the Big Island of Hawaianddeveloped newnaterialsand
devicedfor solar fuels production.

2.1 Fuel Cell Testing

Fuel cell testing activities includegihgle celltestingin supportof the Naval Research Laboratory
(NRL) efforts to develop fuel cedlfor unmanned aerial vehiclggsting to validatemewmethod

to measure and separate mass transfer coetfcieto fundamental contributions for the design
of high powerfuel cells synthesis ofpotentiallylow cost and durable transitionetal carbide
(TMC) catalysts applicable to a variety of technologies including fuel eedier electrolyzers for
hydrogen production, and @w batteries; continued contaminant characterization to support
developof recovery strategies for fuel cells expds$o sulfur and halogen specipgesent in air
exploratory experiments tassess the potential of fuel cell materialsi@ter desalination and
wastewater treatmenand development of a newiagnostis methodology to characterize Ron
uniform current density distribution

Key accomplishment ancethilsof the work conducted in each of these areas are described below
Publications and presentatioasereferenced at the end of this section.



Support to NRL

UnderAPRISES14HNEI continued its collaboration with NRL, evaluatiNdR L dse of additive
manufacturingo tune PEMFC electrode structurésbricated usingltrasonicspray deposition to

create graded electrodes with stacked layers of different properties. Theponastty of catalyst

layers has been shown to play a significant role on water managgm&htHowever, a clear
understanding of the preferred spatistigbution of meseand micrepores does not exist and is
needed to optimize gas and water transport and achieve maximum performance. NRL investigated
the impact of ionomer, carbon support materials, and various graded catalyst layers on PEMFC
performanceusing several diagnostic techniques. HNEI supported this work by performing
experiments to establish the dependence of the oxygen mass transfer coefficient on catalyst layer
properties using an original procedure developed at HNEI, which was recenthgexktand
deconvolutes the overall oxygen mass transport coefficient into several fundamental contributions.

The average limiting current densitywe (A m'?) was first measured with low oxygen
concentrations to obtain an overall oxygen mass transféfiateet k (m s 1) [3].

N Qp Q 7 [2.11]

with ie the inlet reactant flow rate equivalent current density (A, the number of electrons
exchanged in the electrochemical reactiérihe Faraday constant (96,500 C Mplp: the diy
inlet reactant stream pressure (FRihe ideal gas constant (8.3143 J'rhKl'Y), T the temperature
(K), andf the inert gas to reactant fraction in the dry inlet reactant stream. EqRdtibaccounts
for the uneven current density distribution ating at low stoichiometries. The overall mass
transfer coefficienk is subsequently separated into molecular diffusiai), Knudsen diffusion
(k) and ionomer permeabilitkd) contributions with changes in gas diluent molecular nvass
and oxygen concérationc [3].

- —[2.12]

Recent in situ PEMFC data obtained from another project has shown that the catalyst layer ionomer
mass transfer resistance depends on the oxittaahs oxygen concentration. This aspect is novel,
expands the method that was previously devel¢pgdand will be reported under APRISES15.
Figure 2.1.1illustrates exemplarfzquation2.11 plots whereaBigure 2.1.5hows the sequential
mass transfer @fficient separation process basedsgation2.12. Average current density data
is first fitted to Equation2.11 to extract the overall mass transfer coefficieRig(re 2.1.}1
Subsequently, the overall mass transfer coefficient is plotted as aofumdtithe gas diluent
molecular massHigure 2.1.2left). An extrapolation to aeromolecular mass yields a lumped
mass transfer coefficient, which includes Knudsen diffusion and ionomer permeability
contributions Figure 2.1.2 left). The following useof Equation2.12 leads to the molecular
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diffusion mass transfer coefficierfEigure 2.1.2right). The lumped mass transfer coefficient is
graphed as a function of the oxygen concentratiigufe 2.1.2 center), which provides an
estimate of the Knudsettiffusion at azerooxygen concentration. The-tese ofEquation2.12
finally gives the ionomer permeability mass transfer coefficient.
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Figure2.11. Plots of the average limiting current as a function of the inlet reactant flow rate
equivalent cuent density for different oxygen concentratiamsl gas diluents
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Figure 21.2 Overall oxygen mass transfer resistance (the inverse of the mass transfer coefficient)
as a function of the gas diluent molecular mass for different oxygen concentratfong e

lumped mass transfer resistance (gas phase Knudsen diffusion, solid phase ionomer permeability)
as a function of the oxygen concentration (center). Gas phase molecular diffusion resistance as a
function of the oxygen concentration for differens glluent molecular masses (right).

The mass transfer separation method embodié&gjbgtions2.11 and2.12 is different than other
methods. For instance, operation at high stoichiometries and low oxygen concentrations is
generally used to avoid localnations in current densities but likely overemphasizes the forced
convection contribution in porous gas diffusion electrddé¢sAs a result, parameter values do
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not necessarily apply to practical operating conditions. Subsequently, the overall msfes tran
coefficient is separated, for example, using diluent molecular mass and temperature vitjations

In this work HNEI evaluated 8 different cathode catalyst layer formulations produced by NRL.
Each formulation was tested in a single cell and sudjeict 60 different combinations of diluent

gas (GFs, COy, N2, He), gas flow rates, and oxygen concentrations ¥d). Each test series of 60
different combinations was repeated at least 6 times to increase the statistical accuracy. Data were
analyzed usig Equations2.11 and2.12 (Figures2.11 and2.12). As results have not been
approved for public release, they are not presented in this report. For more information contact
Karen SwideiLyonskaren.lyons@r.navy.mil.

FutureNRL supportat HNEI will focus on expanding the database detailing oxygen mass transfer
contributions using a commercially relevant range of platinum catalyst loading. This activity will
assist validation of the overall mass transfeefficient separation method and the existence of a
dependence between the ionomer permeability mass transfer coefficient and oxygen concentration,
particularly for low platinum loadings, which impacts the catalyst loading selection tradeoff. In
addition,the expanded database will serve as a basis for comparison to other oxygen mass transport
coefficient measurement and separation methods. For the next phase of the study, state of the art
membrane/electrode assemblies with a commercially relevant raptgimum cathode catalyst

loading will be provided by General Motors (3 different catalyst loadings covering the 0.05 to 0.15
mg Pt cn? range). The future work will also support one international graduate student.

Mass Transfer Analysis

Thisobjective d this activity was to develoglocal impedance model (LIM) to validad® overall

cell impedance moddlCIM) created under APRISES13][that provideslocal information,
including impedancesand kinetic and transport parameteihe CIM bringslocal diagnostic
capabilities toanyone without access to a segmented cell system. This work is also important to
validatea HNEI diagnostic methotb determire and separateass trarfer coefficiens, valuable

for optimization of electrode structures for high powaperation. This work was completéd
collaboration withtheInstitute of Energy and Climate Research, Julich, Gerraadyssuppored

by other federal funds provided by the Army Research Office.

Figure 2.1.3 presentcamparisorbetweerkinetic and tansport parameters derived fréme LIM

fitted to segmented cell dagadthe CIM fitted to the overall cell data. Generally, both parameter
sets are fairly consistent. However, several apparent irregularities were noted. For instance, both
LIM and CIM derived parameters show a decrease ot#tbode catalyst layer proton conductivity
along the flow field length focurrent densiésof 0.4 and0.6 A cm'2. This is a counteintuitive
observation because the accumulation of product water at this locagapdsted to increase
ionomer conductivity. It was hypothesized that thedation of acidic species attached to the

8
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carbon surface at lower cell potentiad i hindered bytheaccumulation of liquid waterear the
cathode outletAdditionally, bothpamameter set demonstratan unexplainethrgeincrease othe
cathode oxygen diffusivityalong the channel length fdyoth current densies Again, the
accumulation of product water is expected to prevent such an occurfémcerigin of these
effects regires supplementaryinvestigations. More details are provided in the published
manuscript (itemi in the Publications anpresentations section).
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Transition Metal Carbide Catalysts

This new activity focusion the synthesis of low cost and durable transition metal carbide (TMC)
catalystsaapplicable tdechnologies such as fuel cells, water electrolyzers for hydrogen production,
and flow batteriesin comparison, statef-the-art platinum catalysts for fuel cell and water
electrolysis are expensive. TMCs are attractive because they possess an electronic structure similar
to platinum that promotes high catalyst activities and outstanding thermethamical stabilities.

The novel TMC catalyst morphology this workwas designed to have a large active area that
decreases kinetic voltage losses and a stronger bond between catalysts particles and support to
delay aging. The composition of TMC catalyistalso tunable by varying the carbon concentration

and transition metal, which is an advantage to improve activity.

Catalyst synthesis equipment was identified, procured and commissioned (rotary evaporator, tube
furnace, vacuum filtration system, vacnwven). Subsequently, TMC catalysts were synthesized
using two different carbons; graphite (a baseline material) and a carbon derived from coconut husk
decomposed in an argon atmosphere at high temperature. For each carbon, TMC catalysts were
synthesizedn two sequential steps, which brings into contact a carbon or a carbon containing
material and a vanadium species at high temperatures under an argon atmosphere to avoid
oxidation. Key synthesis and catalyst structure details are avoided to protectetlestiral

property.

Catalysts were first characterized byray diffraction to ensure that the synthesis was successful
and TMCs were obtaineérigure 2.1.4shows Xray diffraction patterns (signal intensity versus
X-ray reflection angle) of the vanadiucarbides using coconut husk (TMgsny and graphite
(TMCyraphitg as carbon sources. The peaks represent distinct signatures that enables species
identification with a library of Xray diffraction patterns for reference materials. As shown in
Figure 2.143 the carbon obtained from coconut husk carburization (Cayaan is amorphous
(peaks are relatively wide in comparison to crystalline materials). The dominating phase for
TMCecoconugr) Obtained after the first step iss®. That material contains small amount of
vanadium oxide %Oz, which is removed by a sulfuric acid leaching step (tdd§aue)-acid). After

the second synthesis stepMCcoconut2), the amount of YOz is larger than after the first step.
TMCecoconuteyWasleactedin sulfuricacid to remove the oxide and anray diffraction pattern is
planned to confirm its composition.

For graphite, similar results were obtained with the exception of graphite Feplié 2.1.4ln
Graphite, a crystalline material, is characterized by sigmfiganarrower peaks than the
amorphous carbon derived from coconut huskyre 2.1.4a Otherwise, the TMgaphit¢1) alSO
shows the presence ofg® and a small amount of X0z that is removed by sulfuric acid
(TMCyraphit¢r)-acid). After the second syrehis step, ¥Os is still present in the catalyst
(TMCgyraphite(2). TMCgyraphite2) Was exposed tagulfuric acid to remove the oxide and anrray
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diffraction pattern is planned to confirm its composition. The average sizeGafcvystals for

TMCcoconu(]_), TMCcoconut(Z) TMCgraphits{l), andTMCgraphite(Z)iS appl‘OXimately 50, 42, 46, and 59
nm, respectively.
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Figure 2.1.4 X-ray diffraction patterns of vanadium carbides obtained from carburization of (a)
coconut husk and (b) graphite as carbon sources.

After the catalyst composition was confirmed, the catalytic activity of vanadium carbides for fuel
cell, water electrolyzer and vanadium flow battery reactions was meadteedfits were

observed onlyor the vanadium reactiondRkeactions involving vanadiumns in their 5+ and 4+

oxidation states (V& and V&) were evaluated by cyclic voltammetry and are showFigare

2.1.5 Electrochemical parameters are giveiable 2.1.1The carbon samples were also leached

withsulfuricaci d and -acidb éloed caspf@r i son

Wi

t h

t he

carb

and catalytic activity towardO2"/VO?* redox reactions is evaluated on the basis of the potential
separation between peal’dt(), the peak currents ratiadll,c) and peak currents. Values 0089
V for DEp and 1 for pdlpc correspond to a reversible eakectron process (ideal ca$é). Smaller
DE, and higher peak current values indicate a relatively better reversibility and catalytic activity
toward VQ*'/VO?* redox reactions. As shown Figure 2.1.5andTable 2.1.1the TMGoconufi)-
acid sample has marginally better reversibility and catalytic activity tha@ah®onoconuracid
sample (carbon is the common catalyst for vanadium flow batteries). However, for the graphite

samplesKigure2.1.50, an improvement is not observed for the T§Mguit¢1)-acid sample (larger

DEp and smaller peak current values). For TMC samples obtained after the second synthesis step
(TMCecoconutz) and TMGyraphite2), the catalyst performance is lowered in @amson to TMC
samples that resulted from the first synthesis SECcoconury and TMCgraphit¢r)). This

12



observation partly led to a planned change for the second synthesis step to avoid this issue as

discussed below.
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Figure 2.1.5V0,"/VO?* redox eactions on various electrodes recorded at 10 mM\nsN;
saturated 3 M 5Oy + 1 M VOSQ at 25°C. (a) coconut husk and (b) graphite as carbon sources.

Table 2.1.1 Electrochemical data obtained from the cyclic voltammograms recordédtire

2.1.5

Sanple

CarboRoconut
TMCcoconuty)
TMCecoconut(2)
Graphite
TMCygraphitg1)
TMCyraphite(2)

NV

1.29
1.25
1.41
1.21
1.27
1.41

v

1.01
1.01
1.01
1.04
1.04
1.03

/mA cnt?2

29.07
28.78
27.75
34.67
29.98
26.19

Ipc

/mA cnt?

27.79
29.96
25.21
34.64
30.31
28.14

DEp
v

0.28
0.24
0.40
0.17
0.23
0.38

|pa/|Pc

1.05
0.96
1.10
1.00
0.99
0.93

Figure 2.1.6shows similar information akigure 2.1.5for redox reactions involving vanadium
ions in their 3+ and 2+ oxidation states’{\and \#*). The TMGeoconugry-acid and TMGyraphite1)-
acid show higher redox current densities tRambono.conuracid andGraphiteacid, respectively,
indicating that vanadium carbide exhibitdbatter reversibility and &igher catalytic activity
toward \A*/V?* redox reactions with smali®E, and higher peak current values.
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Figure2.1.6 V3*/V?* redox reactions on various electrodes recorded at 10 kil N saturated
3 M H;SQu + 1 M (V3+V2") at 25°C. (a) coconut husk and (b) graphite as carbon sources.

Future activities will inclde modifications to the catalyst synthesis approach be€ayse 2.1.5

results indicate that the second step diminish the catalyst activity. Furthermore, a small amount of
oxide was detected after each synthesis $tgue 2.1.4. A small amount of hyagen will be

added to the gas circulating during the synthesis to maintain reducing conditions and minimize the
formation of oxides. This change also has the advantage of decreasing the synthesis temperature,
which will minimize particle coalescence anavér the formation of small particles that are
desirable for a high exposed surface area. Subsequently, the activity of the catalysts will be re
evaluated for reactions relevant to fuel cells, water electrolyzers and flow batteries, which may
include changs in compositions to increase activity by tuning the catalyst particle structure,
morphology and size. Additional characterization methods will also be used with the objective to
create predictive correlations between catalyst activity and particle tdréstes (energy
dispersive Xray spectroscopy, scanning electron microscopy, transmission electron microscopy,
X-ray photoelectron spectroscopy). A few of these characterization activities will be jointly carried
out with Kyushu University.

Fuel Cell Contamination M echanisms

UnderAPRISES14a fuel cell contaminated with sulfur dioxid80,) was characterized wita
segmented cell systeamda mechanism anthathematical modetere developed to facilitate the
development of performance loss mitigation amdovery strategies. Sulfur dioxide is a
particulaty importart contaminant de to its variousinthropogenicf¢ssil fuel combustionand
natural yolcanic eruptior) sourcesand persistent voltage losses after exposure is interrupted [8
13]. This work wascompletedin collaboration with Technische UnivegitBraunschweig,
Germany.
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Figure 2.1.7 depicts local fuel cell voltage and normalized current density transients before, during
and after exposure to 2 ppm sulfur dioxide, which demonstrate a signifmage loss {0 and

295 mV at steady state for respectivédy2 and 1 A crif). Although differences in local cell
voltage are minimal (Figure 2.1.7a and c), local current densities are significantly and differentially
affected (Figure 2.1.7b and djloreover,the local current density redistribution is dependent on
the overall current density and is more complex for thecin'? case
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Figure 2.1.7 Cell voltage(a, c)and normalized current densifb, d) transientsesulting from a
segmented fuel delemporarily contaminated &/ ppm SQ in air for overallcurrent densities of
0.2 (a, b) and 1 A clf(c, d).

Figure 2.1.7 data arattributed to electrochemicaulfur dioxide reactionsthat are athode
potentialdependentora low currentlensityof 0.2 A cni?, thecell voltageremains in a relatively
narrow rangeof 0.72 t00.78 V (Figure 2.1.7), values that are close to the oxidgtimtential of
SO on platinum Adsorptionand possible slow oxidatioof SO [14-16] progresses from the
cathode inlg forming various strongly and weakly bondedxS&peciesblockingthe Pt surface
which impacted segments 1 to 4 with concurrent decreases in current dewsitellvoltage
(Figure 2.1.7a and)bAt 1.0 A cm?, a similarpatternis initially observed buwith a larger
decrease in cell voltagéfter the cellvoltagereached 0.50 0.55 V, an inflection point in the
voltagetransients is observed (not visible in Figure 2.1.7c)aaddhsticchange ircurrent density
redistributionoccurs(Figure 2.1.d). These observations and the appearafi@geow frequency
inductance in impedancepectra (not shown) indicated the presence of an additional
electrochemical process invahg anelectron transfeiSulfur dioxidereduction to SO begsata
potential 0f0.45 V versus the hydrogen reference electrode 18y, which is consistent with an
uncorrected 0.5 to 0.55 V cell voltage
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After the contaminant injection was interrupted, the cell voltagetisastorel to itsinitial value
due to strongly adsorbéeftover species on the catalyst surfa8€& species for 0.2 A chhand

S° for 1 A cmi? The formation of 8 was detected by Xay photoelectron spectroscopy (not
shown) not only orthe cathode electrodaut also on theathode gas diffusion layeffuel cell
performancecan only be restored bgmovnng these leftovesulfur species from the Pt surface,
which can be achieved Wyinging the cathodeotential to avaluegreater than 1 \Wersus the
hydrogen reference electrod&@om a practical point of view, amgcovery procedurs restricted
to the use of systemwomponens includng the fuel cell stackthelimited gas supply (hydrogen
and air), pumps, humidifierand power electronics.

All fuel cell diagnostic results provided theformation needed todevelg a contamination
mechanismand mathematicainode| which accouns for oxygen reductiorand sulfur dioxide
electrochemical and chemical reacti@swell as species adsorption and desorption processes
Figure 2.1.8ashows a good agreement betweeodel simulation resultsand experimentakell
voltage data during both contamination and recovery perioBgyure 2.1.8b details species
coverages on the catalyst surfagkare details are provided in the published manuscript (em

in the Publications anpresemations section).
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Figure 2.1.8 Cell voltage (aand surface coveragéb) as a function of time before, during, and
after contamination bg ppm SQat a currentiensityof 1 A cmi?2,

Performance Recovery for Contaminated Fuel Cells

Under APRISES$1 and 13, recovergtrategiesusing 2 oxidant gasgsitrous oxide, NO and
ozone, Q) were evaluaed at HNEI to restorePEMFCspoisoned by traces cfulfur dioxide
(emitted by volcanoes), bromomethane (emitted by oceans), and hydrogen chloride (gmitted b
volcanoes and oceang)air. Both oxidants were expected to bring the cathode potential above 1.6
V versus the hydrogen reference electraglejaluethat is sufficiently high to oxidize sulfur
dioxide, bromomethane and hydrogen chloride products (resggec sulfur, bromide and
chloride) and produce speci@gespectively, sulfate, bromine and chloritiedt are more easily
entrained and eliminated by the gas stream and liquid watéortunately, experimental results
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indicated that O is inefficientto oxidize adsorbates due to the low open circuit voltage (OCV
of ~0.75 V versushe hydrogenreference electrodeith pure NO. In contrast, ®is too potent
(theOCV reached..51 Vversus the hydrogen reference electnodl 1000 ppm @in air), causes
permanent damagde the catalyst layerandaddscell voltagelosses

Under APRISES14new methods were conceived that are based on changes in operating
conditions to recovecell performancdosses resultindrom sulfur dioxide bromomethane and
hydrogen chlorideexposure These insitu methods were effective for single cell®r example,
Figures 2.1.9and2.1.10illustrate cell performanciansients and polarization curves, including
degradation and recovephasedrom a temporarjppromomethan@nd sulfur dioxide exposure.
Figure 2.1.9a&hows thathe cell voltagehat is initially constant before the introduction of 50 ppm
bromomethane at approximately 7 h, is graduatiucedoy approximately 586 over a period of

20 h. At approximately 26 Jmeatair circulation is restored, which leads to a small cell voltage
recovery after 6 h obperation However, #er the recovery operation (period marked as
A r e c o \theinitil@dll yoltage was mestablishd to its initial valueFigure 2.1.9tpolarizaton
curvesalsoindicate that the cell performance completely recovéedll current densitiesThe
situation for 10 ppm sulfur dioxide contaminationis qualitatively identical.Figure 2.1.10a
successively depicts a steady cell voltage (up to ~8 hpgaessive cell voltageedudion of ~45

% (from ~8 to ~16 h), and an increase in cell voltage with neat air to a value ed0#ldof the
initial cell performancd&from ~16 to ~24 h)Subsequently, recovery operations for the cathode
and anode (periodsa r k e d a s ), Whicle lroughtethre gell voltage to respectiveéyand
99 % of its initial value.Cell polarization curves ifrigure 2.1a.10lshowa similar stepwise and
almost completeecoveryfor all current densitiegp to ~1.6 A crit. Key recovey methoddetails

are avoided to protect the intellectual property.
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Figure 2.1.10Cell voltage respongblack curvéto a temporargulfur dioxideexposure followed
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HFR: high freuency resistance, An/Ca: anode/cathode, stoich: stoichiometry, RH: relative
humidity.

Under a future APRISES awarthe contamination recovery work will resume to evaluate the
met hods 6 ef fcemnterciallgateeantgsuel aeil statks arfdrtherassess the need to
protect that intellectual propert§itack compatible, in situ recovery methods are preferable to
increase system robustness (the air intake filter may fail) and avoid the need for electrical
connections to each cell for electrode potdrdontrol (contaminant oxidation or reductioAn

18



inventiondisclosure willbe filedif single cell results are successfully duplicated with fuel cell
stacks forsulfur dioxide, bromomethane and hydrogen chloride

Novel Water Purification Process

Underthis new activityPEMFC materials and designgre adapted to evaluate their potential as

a low energy technology fawater desalination and wastewagerrification. PEMFCs produce
water, which is managed in part by taking advantage of the membrane ramaspott properties

to avoid floodingwithin the cells.Membrane water treatment processe® of the leading market
segments, share similarities with PEMFC materials and designs, including separated
compartments with a water permeable membrane. The water is introduced in one
compartment. The selective membrane subject to a specific driving force (pressure gradient,
temperature gradiengtc) lets the water permeate to the other compartment as the clean water
stream (the permeate). The water that@ms undesirable contaminants bypasses the membrane
and flows out as a waste stream (the retentate or concentrate).

Under APRISES14, BEMFC was modified and operated as a membrane water treatment process
to assess the prospects of PEMFC materials asigrdeOperating conditions were selected to
exploit membrane water transport properties and minimize the energy consumption associated
with the water transport driving force.

Seawater desalination and wastewater treatment westsconductedwith a modifed 50 cnd

active area PEMFCThe seawater was locally obtained from a nearby beach and a wastewater
sample was acquired from a municipal Oahu water treatment plantedwaterandwastewater
werefed tothe cellata 2.1 g min! flow rate The other sid of the cell was swept by.Mta 0.3
standard L mit! flow rateto push the permeate water out of the.cElle permeate flow rate
through thenembranestructure was measuregsulting in values 0d.72 and 0.81 qin'*for the
seawater and wastewategspectively.These values represent water recoveries of 34 and 39 %
and water productivities of 7.8 and &§nm h'! m'2 kPd?, respectively. Seawater, wastewater,
permeate, and concentrate water samples were analyzed by several methods: total dsganic car
total organic nitrogen, ion chromatography, and inductively coupled plasma. Results are given in
Figure 2.1.11The following 7 ions, C| Na, SQ#, Br', K*, Mg?*, C&", have a concentration

that is typical of seawateFigure 2.1.11, top The conentration of all seawater components in

the permeate was reduced by a factor of at least 100 (>99 % ion rejection) with the exception of
total organic carbon and nitrogen which have low concentration levels in seavatethe
wastewater Kigure 2.1.11 bottom), the concentration of all components in the permeate was
reduced by a factor of at least 10 (>90 % ion rejection) with the exception of total organic nitrogen,
fluoride, and ammonium. The larger decrease in species concentration for seawattdy is par
attributed to the lower concentration driving force for wastewater (more dilute strBath).
permeate water qualify as freshwater on a salt content basis (<500)nibhiese results obtained
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with a suboptimal cell favorably compare towater produtivity of 4.6kg mm h'* m'? kP4d? for

a vacuum multeffect membrane distillation with enhanced heat recowaitgr desalinatiopilot

plant (an increase of 70 %) with otherwise simidar rejectionof 99.98 % andvaterrecovery of

36 % [19. The energy ensumption for the HNEI water treatment process, another key
comparative metric, was not accessible with the experimental setup used.
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Figure 2.1.11 Concentrationof dissolved sawater(top) and wastewatefbottom) speciesfor
unalteredconcentraterad permeatsamples

An invention disclosure was filed and proposals were submitted to the Department of the Interior
and the Department of Energy to accelerate developafehe HNEI water treatment process
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Additionally, under a future APRISES awartthe energy consumption for water pumping will be
estimated to more clearly define benefits. Furthermore, modifications will be introduced to further
improve water productivity and recovery, species selectivity eaedgyconsumption

Current Density Distrib ution Analysis

UnderAPRISES14, a fuel cell mathematical model was constructed to predict the current density
distribution using polarization curve parameters and ohmic resistances that areasitye
measuredand that do not require a complex segmentdisystem. The model is of interest to
designers because an uneven current distribution may locally accelerate material degradation. This
work was completeth collaboration withthe Institute of Energy and Climate Research, Julich,
Germany.

An analyticd solutionwas derivedor the case o relativelysmall cell resisince by modifying a
previously published frameworl0]. The unmodified framework was also used to create a
numericalalgorithm for validation of the analytical solutioA Python code fothe analytical
solution can be downloaded from https://github.com/akulikovsky/Local
current/blob/master/Local_current_solver.pfFigure 2.1.18 indicates tha the first order
analytical solution matches the numerical solution as long as the ohmic resistance is relatively
small, which occurs for overall current densities equal or below 0.2 'A dfore details are
provided in the published manuscript (it&m the Publications anpresentations section).
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2.2 Contamination Mitigation : Air Filtration Materials Development

Under this taskadvanced metallo ionic liquids and molten saltspurification materialswere
synthesized and characterizéal enable efficien use of fuel cellsin harsh environmental
conditions.

The key accomplishments of this subtasuded synthe®s ofadvancednanganese (Mnjron
(Fe)andzinc (Zn)based acetafthiocyanatemetallo ionicliquids andmolten salts; development
of fundamatal understanding of the structural aspects ofritneel materials usingalternate
funding in collaboration with Dr. Dera from HIGP; preliminary £f@s absorptiostudiesof the
Mn compound with FT-ATR analysesndicatinginteraction of thesO, with theMn compound
[Mn4(OAC)10[EMIM] 2]n; successful developent syntheses techniquer MOFs in our
laboratory toenabledevelopment of high surface area hybrid Mxaletivated carbon sorbents
specific for fuel cell air purification.

Our pevious laboratory experiments and complimentary density functional theoretical
calculationshave shown the acetate anion asit@al to the absorption of SQ by supported
[EMIM][Ac] ionic liquid. [1, 2] Thesestudies indicated thahe gas contaminants preferentially
interact with the oxygen atoms of the acetate anion of the ionic liquid compared to the imidazole
cation Consequently,n APRISES 4 we focused on designing a class of advanced acetate and
thiocyanate based metallo ioniquids and molten salts with a high content of the small, highly
charged basic anions as wealcontainingalkaline earth or transitional metal ions with expandable
coordinative environment, with the aim of increasing acidic gas air purification breadgithand
saturation capacitgompared to the state of tag. Our approach of combining ionic liquids and
ionic solids presesbpportunities to tailor the physiaghemical properties of the resulting metallo
ionic liquids and molten salts. This approaeah plausibly enhance or create new liquid salts with
optimized properties for other applications such badtery electrolytes and thermally or
magnetically responsive, high flux draw solutes for forward osmosis water purification.

Generally, an ionic liqui is a salt in the liquid state, however, liquid salts have been divided into
two separate categories by virtue of their melting temperatores liquids are designated salts
whose melting poinis below 100 °C whilst molten salts are salts with altng temperature
above 100°C. This differentiation isrbitrary, and does not reflect any fundameditiérences
between théwo classes of materialdonic liquids have recently received considerable attention
in numerous applications due to theegtigible volatility, large liquidus range, and tunable
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chemical propertieg3-7] [5-11] Traditional ionic liquids contain large asymmetric organic
cations and small inganic anions with shotived ion pairsUnder APRISES14 we successfully
designed and synthesized novel metallo ionic liquids and molten salt materials and confirmed their
syntheses utilizing ay diffraction, infrared vibrational spectroscopy and theranradlyses
techniques as discussed in detail below for the novel manganese compounds.

The Xray studies of the synthesized materials were performed utilizing alternate funding in
collaboration with Dr. Dera at HIGP. Figure 2.2.1. shows the crystal steustthe metallo ionic
liquid compound EMIM][Fe]2[Ac]sH20 with onset melting point of ~9%C and a molten salt,
[Mn4(OAC)1[EMIM] 2]n. with onset melting point of about 12G.

Ac Ac
Fo =
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& >:: T bt g aN
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Figure 2.2.1. Crystal structure of metallo ionic liquid, Fe compd&hiM ][Fe].[Ac]sH20 and
molten salt Mn compound IMn4(OAC)1o[EMIM] 2]n.

Figure 2.2.2. showghe topology of the anhydrous and hydratg®in4(OAc)io Comim]z]n
materials The[EMIM] cationmoietiesdo not participag in the coordination of the Mions, but
are hydrogen bonded to the acetaldgee manuscripts are under preparatiarthe synthesis,
crystal structure and properties of tievel crystalline Mn, FeSc andZn compounds.
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Figure 2.2.2Differenttopology andstereochemistrpbsened cepending onwatercontentin Mn
materials; ahydrous compoundl ([Mna(OAc)1o[ Comim]z]n) is monoclinic whilst the hydrous
compound! [Mn4(OACc)1EMIM] 2RH20]n is triclinic.

Thermal Analyses of Novel Manganese Compounds

Thermogravimetric (TGA) andifferential ScanningCalorimetry (DSC) of the reactants and
synthesizednaterialsvas performed using a TA Instruments Q600 SDT employtegh@erature
ramp of10 °C/min and argon flow of 100 mL/min up to 600°C. Comparison of the 8iaADSC
spectra oMn compounds with that akactants (Mn(OAg)and[EMIM][OAC] ) clearlyconfirms
formation ofthe new products. The TGA spectratbk [EMIM][OACc] is observed tohave mass
loss of abouB6 % around 250C corresponding to the decomposition of the ionic liquid, whilst
the manganese acetate is seen to decompose in a single stefCat 320
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Figure 2.2.3Thermogravimetric analyses aBifferential Scanning Calorintey of compound |
and Il at 10°C/min under Argon flow ofEMIM][OAc] (red), Mn(OAc} (black), Compound!:
[Mn4(OAC)1g[ C2mim]2]n (green) and @mpound l: [Mna(OAC)1d EMIM] 2RH2O]n (blue).
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The Mn compounds ¢ompoundsl and II) have a higher thermal stahilitompared to the
[EMIM][OACc] , decompomg around 306820 °C with a total weight loss of 669 %. The
similarity in the TGA/DSC decomposition profile of both compounds confirms their structural
resemblanceThe higher thermal stability can be attributedte increased ionic bonding and
lattice orderingn the novel materialsompared to [EMIM][OAC]. It can be anticipated that further
altering of the metal ion charge, size or type; and functional groups on the EMIM, cataomon
will result in further aning of the physical and chemical properties of themesl compounds
resultingin materials with unique properties forultiple applications. Th&SC spectra shows
endothermic peakbelowl30°C whichareattributed to meltingnd water lossThe solido liquid
transformation of compounds | and Il was visually confirmed using an SRS Digimalafyg
which shows both compounds melting in the temperature range 3. The endothermic
peaks at 301 and 32C are attributable to thaulti-stepdecomposition othe materials

Vibrational Spectroscopy of the Novel Manganese Compounds

IR spectra were recorded with a spectral resolution of' 2, emth 300r 64scans in the range 600
i 4000 cmt. The spectra were either recorded af@5n our lab vith a Nicolet iIS10 FTATR or
with our collaborators at University of Geneva uswayiable temperatur&iorad Excalibur
Instrument equipped with a portable Specac Golden Gate heataRlseAdp whichallowed us

to prepare samples in the glovebdhe IR fequency modes of [EMIM][OAc] have been assigned
from the literature. Particularly, the interaction between the anion and the cation is shown by the
following frequencies: 630 cth( OCO bending + CC stretching), 896 ¢fOCO bending + CC
stretching), 99 and 1035 cnh ( CHs bending), 1322 crh( symmetric CO stretching), 1373 and
1425 cmt ( CHs bending), 1567 (br) crh( antisymmetric CO stretching), 702 €riin plane ring
deformation + &N stretching + @eN stretching), 1171 crh( In plane GnH bendng). The room
temperature IR of Mn(OAg)has two strong carboxylate modes at 1388 and 1566venich
suggests a bridging connection in the solid state-®OWC(CHs)-O-Mn (i.e. the acetate connects
2  Mn** ions)[1215] The  [Mm(OAc)idEMIM]2]n  (red  spectrum)  and
[Mn4(OAC)1[EMIM] 2PH20], (black spectrum) show a similar behavioslime with the XRD
results. The presence of [EMIMjation is displayed by the peaks at 1170 and 101& chwo
new sharp bands at 844 and 761*@ppear. According to the theoretical decompositioh®iR
spectrum of EMIM][ OAc], most of the spectral intensities below 1000'@rise from the acetate
ion. It is therefore possible that these two sharp bands are characteristic for thesemate s
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[Mn,(OAC)1o[EMIML],

[EMIM][OAC]
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Figure 2.2.4Comparéive FTIR spectra of th¢EMIM][OACc] (green line), the [MNOACc] (blue
line), the [My(OAC)10[EMIM] 2]n ( red line), and the [Mi{OAC)1o[EMIM] 2 RPHO]n (black line).

Variable temperature FTIRereperformed by heating compounds | and Il from 30°C to 280°C
with a step of 10°C. Then, the samples were cooled down to 30°C intordellect the IR
spectrum. The [Mi{OAC)1JEMIM] 2]» sample shows soe phase transitions while heating. At
120°C, the doublet at 671 ¢nis convoluted in one peakhe two signals at 763 and 844 tm
disappear at60°C.The two peaks at 925 and 957 tlrecome one peak at 160°C, which is still
present after cooling thersgle. Interestingly, the frequency at 1174 %im shifted at 1158 crh
when the temperature is 120°C. The latter is shifted at 1166ath60°C. The signals at 1336,
1405, 1558 cm are broader at 160°C. Further, the peak at 16Iidisappears at 16Q°
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(@) Compound I: [MR(OAC)1o[EMIM] 2]n

7 (b) Compound II: [MR(OAC)1o[EMIM] 2PH20]

n
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Figure 2.2.5.In situ High temperatur€TIR of compound |, [M&OACc)io[EMIM]2]n and
compound Il, [Ma(OAc)i1oEMIM] 2 RH2Q0]n.

The [Mny(OAC)1o[EMIM] 2RPH20]n ¢ 0 mp o wveak O stretching of water around 3500 ém

is observed talisappear while heatinthe sample at 100°C. Besides this signal the FTIR spectra
are similar to that of thevater free sample eluding to the similarity in structure of the two
compounds that is observed by XRD.

Preliminary SO2 and H2S Gas Absorption

Preliminary @s sorption reasurements of the interaction of S@th the novelMn compounds
were performed using a Paar Inc. reactor system. The acidiogd®n reactionwereperformed
at 25170 °C. Initial activation ofthe Mn absorbents by heat treatmeat170°C, to open p
coordination sites for acidic gas in the absorhesntsilar totheactivation of MOFs was explored.
The HATR analyses indicate the sorption of SOy the novel Mn compound
[Mn4(OAC)1[EMIM] 2]n as seen in Figure 2.2.Blew vibrational peaksare observ@ in FTATR
spectra 06O, reacted sample in 860000 cm' region, which arattributed tesulfur oxidespecies
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Figure 2.26. Comparéive FTIR spectra gf(a) pure[Mn4(OAc)1o[EMIM] 2] at 25°C, (b) pure
[Mn4(OAC)1[EMIM] 2]n heat treated at 17T and(c) [Mn4(OAC)io[EMIM] 2] treated with S@
between 25.70°C.

Under APRISESL6 we will naneconfinethe novel acetatand thiocyanatenetallo ionic liquid
and molten salhaterials in granulated nanoporous activated caabdrdetermine their acidic ga
sorption performancender simulatetiarsh air environment®ue to the high chemical tunability,
surface area and gas capture potential of M@tesLDHs derived mixed metal compoundse
will perform syntheses and testing of acid gas sorption perfoenahdybrid MOFA.DH-
nanoconfined activated carbor@omplimentary,TheoreticalDensity Functional Theory (DFT)
calculations using dispersion corrected B3LYPd functifit@il9] and a 6311(d,p) basis s¢20,
21] will be performed with the GAMESR2] software packagm collaboration with Department
of Chemisry to gainan understanding of the thermodynamic propertiestlaadavored binding
interactions betweeacidic gaxcontaminais and the metallo ionic liquids and molten saltsVe
will also begin research airaw solutes with potenti&br forward osmos seawater desalination
for drinkingwaterand agriculturend explore the potential of the novel metallo ionic liquids and
molten salts as high flux, reversible energy efficient draw solutes.

Publications and Presentations
Contributed Presentations

1. Godwin Severa, John Head, Keith Bethp8eott Higgins and Richard Rochele&udvances
in Gas Filtration Materials Research: Fuel Cell Air Purification Challendefierican
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Filtration & Separations Society FiltCon Conference, Cherry Hill, New Jersey, ABril 1
2019
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2.3 Hydrogen Refueling Support

Hydrogen refuelingctivitiesarefocused on two locations: the hydrogen productionfasting
station located at the Natural Energy Laboratory Hawaii Authority (NELHA) in Kédloea, and

the hydrogen fueling dispenser station located at Hawaii Volcanoes National Park (H#D)

on the Island of Hawaii (Figure 2.3.1)APRISES4 funding sipported the commissioning of
hydrogen production and compression equipment at the NELHA site, repairs to the high tensile
steel frame of one of our three Hydrogen Transport Trailers (HTT), and the installation of
improved design Thermal Pressure Relie¥ibes on all HTT hydrogen composite cylinders. This
was a recertification requirement specified by the cylinder manufacturer. The first HTT trailer
was delivered to the NELHA facility in December 2018 and was purged with nitrogen. The
County of Hawaii ltle-On bus was delivered in December 2018 to the US Hybrid facility on Oahu
where it commenced final commissioning and testing.
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Figure2.3.1Central Site Production/Distributed Dispensing

As illustrated in Figur@.31, the overall hydrogen fueling cosptwas todeliver hydrogen from

the hydrogen production facility in Kona BAVO to support the operation of two (B)AVO

Fuel Cell Electric Buses (FCEBIllustrated in Figure 3.2 The HTT(Figure 2.3.3) filledwith

105 kg ofhydrogen at 450 bawould bedropped off and used to cascade fill the buses. The empty
HTT would be picked up and delivered back to the Kona site to be rgfligdre 2.3.4).

Figure2.3.2HAVO Fuel Cell Electric Bus.
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Figure2.34: NELHA HydrogenProduction and Dispensing Station

HNEI worked with HAVO to design the site improvements for the installation of a hydrogen
dispensing station to support fueling the two (2) HAVO hydrogen buses. ptijidred a contract

with an architeaire and engineering firm to prepare the detailed design and site drawings. A
rendering of the site conceptual design is provided in Fig@#.&.2.Unfortunately, the Kilauea
volcano erupted on the very day the contract was to be signed and the condract wigned.
Subsequently after a prolonged eruption event, it was determined that the damage to HAVO
infrastructure was very severe and the HAVO installation effort was stopped.
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Figure 2.3.5: HAVO 350 Bar dispensing station

The Hydrogen Transport rfhilers purchased for thisork hadnot been shipped to Hawaii and
were approaching their fivgear certification expiration dateSince here is no capability in
Hawaii to recertify composite cylinders of the size used in these tratilees decidedd recertify
the trailersoeforedeliveringthem to Hawaii.

Thetrailers were disassembled by Powertech andhyldeogen storage cylindevgere shipped to
Luxfer, the cylinder manufacturer located in Calgaiperta. Luxfer tested and recertified the
cylinders To meet new safety requirements, the Thermal Pressure Relief Device (TPRD) valves
installed inside the cylindekgere replaceavith an upgraded valve.

Figure 23.6 Composite Cylinder with TPRD Removed
36



During the inspection of the traileraimes, a crack caused by water freezing inside one of the
structural steel tubing components was discovered. This required the frame to be repaired and
recertified. The frame repair was complesad the HTTs were reassemblgdPowertech (Figure

2.3.7.

Figure2.3.7 HTT Frame and Cylinder

Relocation of the HAVO Buses and Hydrogen Fueling Equipment

Based on the decision to cancel the HAVO bus project due to the eruption, the County of Hawaii
Mass Transit Agency requested the National Park Serviangtelthe HAVO buses to the county.

The HAVO park superintendent approved the request and the buses were transferred to the County.

It is planned to relocate the HAVO hydrogen fueling equipment to a site that will support the
operation ofthe HAVO busésy t he count y. The most | ikely |
new maintenance facility in Hilo.

Publications and Presentations
Conference Presentations

1. J.M. Ewan,Supporting a Hawaii Hydrogen Econopy' Costa Rica International Hydrogen
Conferene, August 13, 2018, San Jose, Costa Rica.

2. J.M. Ewan,Hydrogeni What will it take in Hawaii?,GermanyHawaii Clean Energy
Symposium, 30 October, 2018, Honolulu, HI.
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3. J.M. Ewan,Hydrogen Energy Systems as a Grid Management, P0dl8 NELHA Energy
Storage CoferenceNatural Energy Laboratory Hawaii Authority, December 6, 2018 Kailua
Kona, Hl
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1. J.M. Ewan,HNEI Big Island Hydrogen Projects CTE Brief Natural Energy Laboratory
Hawaii Authority, July 26, 2018, KailuKona, HI.

2. J.M. Ewan,MCBH HydrogenPresentation Marine Corps Base Hawaii Elementary School,
November 29, 2018, Kaneohe Bay, HI.

3. J.M. Ewan, MTA Hydrogen Bus BriefNatural Energy Laboratory Hawaii Authority,
December 4, 2018, Kaild&ona, Hl.

4. J.M. Ewan,The Magic of HydrogenYoung Professinals in Energy Monthly Meeting, UH
Manoa, January 28, 2019, Honolulu, HI.

5. J.M. Ewan,Hele-On Zero Emission Bu£ounty of Hawaii Transportation Hui, February 1,
2019, Hilo, HI.

6. J.M. EwanASU Hydrogen BriefHNEI, February 4, 2019, Honolulu, HI.

2.4 Materials for Solar Fuels

The task continues previous ONihded efforts APRISES.1-13) to develop novel thin film
materials primarily CeZnSn(S,Se)andCZTSSe for solar energy conversion usiagotentially
low-costand scalable liguithased process. Withis approach, printable inks containing all the
necessary components to form the solar absorbers can be easily coated on various substrates using
high-throughput techniques, including spin coating and inkjet printing. Under past ONR funding,

our group fist developed a technology to form CZTSSe thin films usingswanoy st al | i ne 0
made of CZTS (sulfide) nanopatrticles with controlled composition, sizenanghology. Printed

inks were subsequently heated with elemental selenium to form polycrystalllii&Se absorbers

with power conversion efficiency (PCE) of approximately 2.3% (as measured with fully integrated
CZTSSebased solar cells). Although promising, this technique was not reproducible, as
nanoparticles teratlto agglomerate quickly itheinks dter initial dispersion, making the printing

step difficult.In subsequent work, theanoparticlebased inksvere replaceevith ones containing

only molecular complexes of copper, zinc and tin (SnCUCI and ZnGJ)) and thiourea (sulfur

source) dissolveth methanol (Figur@.4.1a). The resulting CZTS solutions are very stable and

easy to process. After heating under selenium atmosphere, CZTS ink is converted into CZTSSe
absorbers with exceptional crystaitinand voidfree (Figure 2.41). Fully integragéd CZTSSe

solar cells made with this new techniquectesd PCE up to 7% (Figure 2.4)1
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Figure 2.41 (a) Picture of a stable molecular ink containing metal chlorides, thiourea and
methanol. (b) Scanning electron microscopy ciEsdgional view and (c) ucrentvoltage

characteristic of a printed CZTSSe solar cell.

The effort nderAPRISES.4, focusedn the posprinting heating step to further understand how
CZTS molecular inks are converted into crystalline CZTSSe thin films. In a typical CZTSSe thin
film synthesis protocol, 10 layers of ink are successively coated onto a substrate with a short 3
minute heating treatment on a hot plate in air at@3fetween each layer. The newly formed
precursor is then placed in a vacuum furnace with elemental selanmifmeated at 580 for 30
minutes to form the absorber. Raman spectroscopy measurements were first performed on
precursors and after either a-20nute or a 3@minute long heating stage under selenium
atmosphere (Figur2.4.2a). We can observe that thaRan spectrum measured on the precursors
(black curve) reach a maximum at 340%5monsistent with the value reported for.ZuSns.

Thus, we conclude that then3inute long hot plate treatment performed after each printing step is
sufficient to induce @hemical reaction between the metal chlorides and thiourea to form CZTS.
Although Raman spectroscopy is usually used for qualitative analysis (i.e. phase identification),
studies have shown direct correlations between broadening of Raman peaks and atystaber
quality, concludingthat he mor e fAdef ecti ve o Ramarpeakarhus,wé al ,

concl ude t hat t he br oad Ra man

peak

observed

crystallographic ordering. This conclusion is supported bysttening electron microscopy
(SEM) crosssectional view irFigure2.4.2 showing a precursor made of small grains 50 nm in
diameter or less. The Raman spectra measured aftemanB@ long heating step at 38Din
presence of selenium vapor evidencekearacchange in microstructugeigure2.4 2a, blue curve)

A significant reduction in the CZTS peak intensity is observed, along with the presence of a small,
yet sharp CZTSe signal at 1681 . As the heating dwell time is increased to 30 min(fégure

2.42a, red curve)the intensity of the CZTS peak at 340 tim further reduced, while that of
CZTSe at 198 crhincreased. We therefor conclude that the resulting thin film is predominantly
CZTSe. Further analysis, including energy dispersivieyXspetroscopy, revealed indeed that

CZTSSe films contains on average about 95% selenium and 5% sulfur.
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Figure2.42. (a) Raman shift measured on printed CZTS molecular ink before (black curve) and
after heating under selenium atmosphere (blue curve: 20 B&YE, red curve: 30 min at 530).
Scanning electron microscopy cresectional views of (b) an ateposited CZTS precursor and

(c) a CZTSSe film with ZnSe segregated phase.

It should be noted that single phase CZTSSe absorbers are not always acliteved process.

In fact, SEM crossectional analyses have evidenced the presence of undesirable ZnSe phase near
the top part of some of our thin films (Figuitel.Z). We have not identified whioexperimental
conditions are responsible for such phaggegmation, yet we have found it to be responsible for
significant reduction in PCE, fromB% on average down to 2%. Future work undlieRISES5

will be focused on further analyzing the exact chemical composition of these isolated phases and
pinpoint whichof the temperature, dwell time or selenium vapor pressure is responsible for this
phenomena.

TASK 3 BIOFUELS

Task 3continual researctsupporting the development tefchnologiegor the production and use
of synthetic fuels.Fuel properties dPongamiaseeds and pods grown in Hawaii were determined
anaerobic digestioandtechnologywas advancetb produce liquid fuel from syngas, aresearch
was conductedtprevent fuel degradatidrom bio-contamination

3.1 Bioenergy Systems

Pongamia Nlilletia pinnata), a nitrogen fixing tree, is a potential resource for renewable fuel
production. The present work utilizes reproductive material (seeds and pods) from pongamia trees
growing under different environments on the Island of Oahu, Hawaii, USA. Proxandte
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ultimate analysis, heating value, and elemental composition of the seeds, podspéed sked

cake were determined. The oil content of the seeds and the properties of the oil were determined
using the ASTM and AOCS methods. Seed oil contents wesesuned in a range from 19 to 25

%wit. Oleic was the fatty acid present in greatest abundance (47 to 52 %wt) and unsaturated fatty
acids accounted for 77 to 82 %wt of the oil. Pongamia oil was found to have similar characteristics
as jatropha oil. Completietails can be found in the publication submitted to the journal Fuel and
currently under review.

Publications and Presentations
Peer Reviewed Publications

Fu, J., Morgan, T., Summers, S., Turn, Z19. Fuel properties oMilletia pinnataseeds and
pods grown in Hawaii. Fuel. Submitted and in review.

3.2 High-Rate Anaerobic Digestion

The objective of this activity wa® design and evaluate novel biofilm support media for use in
high-rate anaerobic digestion systetostreat high strength wastewatas rapidly agpossible.

Under past fundingthe efficacy of these systems to treat high strength wastewater were
investigated anédvanced. These systems utilized biochar as a medium to support growth of
methanogenic microbial biofilm communities. Thegstems proved successful at demonstration
scale. However, biochar is a material that is rather bulky and can occupy much of the reactor bulk
volume. This leads to lower reactor efficiency. To improve efficiency, biofilm support materials
that providemore active catalytic surface area is needed.

To that end various biofilm support materials (novel chitdsbiochar supports, novel biochar

PVC supports) were developed and evaluated under this funding. In addition, an aerobic tricking
filter was addd as a downstream unit operation to improve treatment efficiency. The efficacy of

this biofilm based anaerobaerobic treatment process was then tested for its ability to remove
chemical contaminants of emer gi ng rbamazepiger n ( C|
(CBZ2), and three estrogens) as well as key pathogen indicator organisms (Escherichia-coli (CN

13) and F+ specific coliphage (M5 bact eri ophage)) from wastewat
synthetic reactor feed to overall concentrations of 5§Q pnd the system showed no observable
reduction in CBZ over a 5day evaluation period, while after 74 days, CAE showed an 11.09%
reduction in effluent from the anaerobic digester (AD) stage and a 91.90% reduction in the effluent
from the trickling fite  ( TF) . Esttmrage md -elhilistradmlnEE2) Wérd)

spiked and their concentrations (including the E2 degradation bypéodstione E1) were
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monitored. After 9alays of observation, combined concentrations of E1 and E2 showedyirtual

no reduction in the AD but a 99.67% reduction in the TF; while EE2 showed a 1.62% reduction in

the AD stage and 20.36% after the TF stage. These results suggest the combined -@ssiebibic
biofilm-based reactor system is capable of treating wastesa@tghly concentrated with caffeine,
estroneestaanaddildb but | ess so wit hethinhlestadiol.c ont ar
Indicating pathogens E. coli G\N3 and F+ specific coliphage (MSbacteriophage) were spiked

in the feed to overall caentrations of 1 x 108 MPN/L and 1 x 106 PFU/L, respectively. Across

the overall reactor system, E. coli (€i8) achieved an average ofd®) reductions and F+ Specific

Coliphage (MS2 bacteriophage) achieved an averagelolreduction.

Under this andpast funding cycles, long term testing of novel chitosdsochar supports at
laboratory scale was completed. While the results were positive in terms of achieving biofilm
supports that hosted thfitlm biofilm communities of methanogenic microbial comnities, the
chitosan biopolymer absorbed excess water and as a consequence filled void volumes and
contributed to gas holdup. This led to the alternate design of thin filamentous thin ribbon carbon
supports where in biochar bits were embedded onto tfecsiof a thin strip of polyynyl chloride

film. The testing of these materials was a key work product of this funding cycle.

The reactor system is presented in FigBu2l. The system consists of an upflow anaerobic
packed bed biofilm reactor (UANBR) followed by a trickling filter (TF). Additional tertiary

unit operations were added to mimic units used in industry to meet extremely stringent effluent
requirements. The biofilm support materials tested were biochar embedded on PVC strips.

42



| 14
13
MNPy
r~ ¥ 77D
VT

Figure3.21. High rate anaerobigerobic digestion (HRAAD) reactor system. Legend: 1) chilled
feed tank; 2) feed dosing pump; 3) UANPBB, 4) biogas; 5) UAnNPBBR recycle; 6, 8, 12) solids
discharge line; 7) TF; 9) inlet air stream; 10) TF recycle; 11) settling 1&8)keticulated sponge
foam filters; 14) final holding tank with submerged UV light lamp pump system.
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In trials using straight biochar in the anaerobic column the combined anaaeobic system

treated high strength wastewater feed successfully. sf$tem achieved total chemical oxygen
demand (TCOD) and total suspended solids (TSS) reductions of 97.8 and 97.5%, respectively and
produced a pH neutral effluent. The system also produced methane rich biogas gas at a yield of
0.3105 m3 methane per #gTCOD reduced. In trials using biochar imbedded on PVC strips
(Figure3.21) in the anaerobic column, the designed biofilm based anaerelmbic treatment
process, the efficacy to reduce the liquid phase concentrations of contaminants of concern as well
as key pathogen indicator organisms from wastewater was investigated. Results showed this
treatment process duplicated state of the art literature findings for the reduction of CAE (91.90%)
and CBZ. The removal of E1 and E2 (99.67%) from the liquid phaseever, showed higher
efficiency than previously reported findings (Luo et al. 2014, Falas et al. 2016, Joss et. al 2004,
GonzalezGil et al. 2016). In addition, the biofikinased reactor system demonstrated a strong
ability to buffer a ondime spike irnthe concentration of a CEC that was found difficult to degrade
(EE2), suggesting biofilabased reactors possess an ability to absorb and buffer against periodic
surges in CEC, even when they are not readily degraded in the reactor. While the systesn appear
to be effective in removing bacterial pathogens such as tested E. coli, persistence of F+ coliphages
to the treatment signals the need to add additional tertiary treatment unit operations.
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In total, this work led to a final system design decision femdnstration scale reactors for
fabrication and installation. It comprises an initial mixing tank followedyp-flow packed

bed anaerobic digester filled with biocHzased biofilm supports. Follow on reactors can be
additional anaerobic uffow packel bed anaerobic digesters or deflew trickling filters. In

future funding cycles this design will be developed to support full fabrication and installation at
commercial scale.

Detailed method and results are published in the journal articles |sit®a.b
Publications
Peer Reviewed Publications

1. Lamichhane, K., Furukawa, D., and M. J. Cooney. 2017diGestion of glycerol with
municipal wastewater. Journal of Chemical Engineering & Process Technology. 3(1): 1034.

2. Lamichhane, K, Lewis, K., Rong, KBabcock, R., and M. J. Cooney. 2017. Treatment of high
strength acidic wastewater using passive pH control. Journal of Water Process Engineering.
18:198201.

3. Cooney, M. J., Lamichhane, K. and K. Ro2§.19.Cross comparative analysis of liquid phase
anaerobic digesters. Journal of Water Process Engineering. Journal of Water Process
Engineering. Volume 29, June, 100765.

3.3 Liquid Fuels from Syngas

The aim of this subtask was to develop a technology for production of liquid fuels from syngas
(H2, CO, and CQ). The process included two steps: (a) formation of polyhydroxybutyrate (PHB)
by using a chemoautotrophic bacterium from the gas substrates, and (b) conversion of PHB into
liquid fuels. In this work, we investigated the reaction routes of catalgtorming of PHB into
hydrocarbon oil and formation of bml from the residual microbial biomas&s a result, we
demonstrated new conversion routes to producednigtie hydrocarbon oil as well as {wid. The
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full details areprovided inpeerreviewe publications [1, 2] and the major results and discoveries
are summarized as follows.

Crotonic acid (CA, CBCH=CHCQH) and 3hydroxybutyric acid (3HBCH3CHOHCHCO:H)

were two major monomeric intermediates of PHB degradation. Under pyrolysis condtiitiBs,
was primarily dec-emmnatisnsikmembertring sttuéture/[3].&Jndar adidic
hydrolysis conditions, both 3HB and CA were formed [4]. The molar ratio of 3HB to CA reflects
the relative extent of hydrolysis versus pyrolysis of PHB Flgure 33.1A & B show the same
hydrocarbon compounds formed from PHB and CA, respectively. It was also found that 3HB was
first converted into CA and then into the hydrocarbon compounds [1]. CA was therefore the key
monomeric intermediate in PHB refomg. Four representative compounds in the hydrocarbon
oil were identified with GEMS analysis as shown in Figure33A. They were 1,2,3;4
tetramethy5-(1-methylethyl}benzene Qompound 1 thereafter), 1,2,3;fetramethylbenzene
(Compound 2 thereafter), 1,8,5tetramethylbenzene Compound 3 thereafter), and -1
indanone,3,3,4,5;pentamethybenzene Compound 4 thereafter). Compound 1 was the
predominant compound and had a similar chemical structu@owipound and 3, probably
involving the same reactiontermediate and route.

(A) "1PHB reaction B8)

o

4)) 2

CA reaction

) @ .

1
r~rr~—r 11 -1 - 1& T *- 7 *© 7> 1 1T 71T ™1
15 13 20 22 24 26 238 30 32 34 36 38 40 42 16 18 20 22 24 2§ 28 30 32 34 36 38 40 42

Retention time {min) Retention time (min)

Figure 3.31. (A) GGMS spectrum of hydrocarbon oil from PHB reforming and the chemical
structures of representative compounds; (B}@& spectrum of hydrocarbon oil from CA under
the same reaction conditions.
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CO2 and propigne (C3H6) were the major gaseous products formed in PHB or CA reforming.
Little CO was detected in the gas phase, indicating negligible decarbonylation of PHB or CA.
According to the stoichiometry of CA decar box
concentrations of C3H6 and CO2 were expected, but the actual molar ratio of CO2 to C3H6 ranged
from 5.5 to 17.1, depending on the reaction conditions [1]. It was attributed to further conversion
of propylene into hydrocarbon compounds since propylene wasctare reagent under the
reaction conditions. In a controlled experiment with propylene as the initial reagent, propylene was
oligomerized to C&12 alkenes as determined with S analysis (Figure 3.3.2B), but no
aromatic compounds were formed. The alkefrom propylene were quite similar to those formed

(a, b, ¢) in PHB reaction as shown in Figure 3.3.2A. This fact indicated that alkenes in hydrocarbon
oil were formed from propylene oligomerization. In addition, when propylene and toluene were
reactedunder the same reaction conditions, propylene participated in alkylation of toluene to form
several substituted aromatic compounds [1]. However, propylene alone did not form aromatics.
Compounds # must be formed via other reaction routes, so decarbaxylatt CA into propylene

was not the only reaction route of PHB deoxygenation.

M) .. ®

i Akenes | : e
a: /J\[/\/\ PHE reaction E Alkenes a/

Propylene reaction

| L L L L L L L L L B L B B
8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 & 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
Retention time (min)

Retention time(min)

Figure 3.3. (A) GGMS spectrum of hydrocarbon oil from PHB reaction and the chen
structures of represitative alkenes; (B) GBS spectrum of hydrocarbon oil from propylel
under the same reaction conditions.

In previous work, we found that water, in addition to xC@as also formed from CA
deoxygenation [5]. Ketonization of CA was a possible reaction, in which two molecules of
carloxylic acids (CA) were converted into one ketone, one,@@d one water [6]. According to

the theory of unsaturation degree of reagents and products, two CAs with total four unsaturation
degrees may be ketonized into on&1GO compound (three unsaturatidegrees), one GQone
unsaturation degree) and ongdHzero unsaturation degree). We checked the compounds formed
in the early stage of PHB and CA reforming, respectively, and found two unsaturatedadan
compounds: 2;8limethyl2-cyclopentenl-one (GH100, Compound thereafter) an@-methyt
2-cyclohexenone G7H100, Compound6 thereafter) as shown in Figure33A. They were
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confirmed with pure chemicals obtained from a supplier (Sigidaich). Compound$ and 6

were quite reactive and quicklyomverted into stable aromatic compounds (benzenes and
naphthalenes) as revealed by-GIS analysis (Figure 3.3B). Although the detailed mechanism

of Compound$ and6 from CA was not clear yet, the presence of these compounds confirmed the
ketonization raction of CA. Importantly, the CA ketonization provided a route to formation of
aromatic compounds.
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Figure 3.33. (A) GGMS spectrum of hydrocarbon oil formed in the early stage of
reforming andCompound$® and6; (B) GGMS spectrum of ammatic compounds formed fror
Compound 5

Compound was an unsaturated ketone and a key intermediate in the formation of the aromatics
from PHB or CA. WherCompounds was used as an imt reagent under the typical reaction
conditions, the products were much dependent on propylene. In the absence of propylene,
naphthalenesGompoundsa-e in Figure 33.3B) were the main products. In the presence of
propylene, howevelCompoundd-3 were brmed as shown in Figure334. Some naphthalenes
(Compounds-€), however, were also formed in the reactio@ompound with propyleneThis

was attributed to poor contact betweggompound (in a liquid solution) and propylene (in gas
phase). The sepation of two reagents favored the formation of naphthalenes. To check this
hypothesiswe replaced propylene with@@opanol in the reaction with compouBdconsidering

that 2propanol was dissolved in the liquid solution and could be quickly convettegropylene

in the acid catalytic conditions [7]. Interestingly, naphthalenes were significantly reduced while
compoundsl-3 were increased. The aromatics distribution in FiguBsA& was quite similar to

those of aromatics formed from CA or PHB (Figi#8.1). These results indicated that both
Compoundb and propylene were the key intermediates in the formation of main alkyl benzenes
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(Compoundd-3). Aromatic compounds were also formed fr@ompounds, but none of them
were the mairCompoundd4-4.
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Figure 33.4. (C) GGMS spectrum of hydrocarbons from reaction @dmpound5 and
propylene; (C') GEMS spectrum of hydrocarbons from reaction@mpound5 and 2
propanol.

It was concluded that both decarboxylation and ketonization of CA occurred under the reaction
conditions, the former generated propylene and the latter pro@ideghounds and other active
ketones. The competition of decarboxylation and ketonizationmlieted the final composition of
hydrocarbon oil, which was affected by the reaction condit@ompound! was a representative
oxygencontaining aromatic compound in the hydrocarbon oil, but was not formed in the reactions
of ketones with propylene. It ntigbe formed from acylation of the aromatic compounds with CA
[8]. In a controlled experiment, we found that toluene was acylated with CA to fander1-
one,2,3dihydro-3,-3-dimethyl as a main product [1], an evidence of acylation of aromatic
compoundsvith CA.

Based on the results above, the reaction routes of PHB reforming into hydrocarbon oil are
summarized in Figure 35. The main sequential reactions are divided into three stages: (1)
degradation of PHB to crotonic acid (CA), (2) deoxygenatiocratonic acid into propylene and
unsaturated ketones, and (3) combination of the deoxygenated small molecules into final
hydrocarbons. In the first stagesR@u is an effective catalyst in PHB hydrolysis and degradation
(steps 13) and CA is the key ietmediate. Deoxygenation of CA occurs in the second stage,
including decarboxylation of CA into propylene and ketonization of CA into unsaturated ketones
such as compourkl(steps 4 and 5). In the third stage, multiple reactions occur among propylene
and letones, including oligomerization of propylene into alkenes (step 6), aromatic cyclization of
propylene withCompound to form Compound® and3 (steps 7and 8), alkylation of propylene

with Compound to form CompoundL (step 9), and acylation @ompounl 3 with CA to form
Compoundi (step 10). In addition, deoxygenation of th&@nhtaining ketonesJompound$ and
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6) leads to naphthalenes (step 11). Crotonic acid, propyleneCantpound5 are the key
intermediates that determine the final compositiohyafrocarbon oil.
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Figure 33.5. Proposed reaction routes of catalytic PHB reforming into hydroca
compounds

In addition to PHB, the new process also generated residual microbial biomass that contained C
(45.1% wiw), H (5.6% wiw), O (27.8% w/w) and N (12.9% w/w). The high heating value (HHV)

of the bacterial biomass was c.a. 20 M3, kgjmilarto those of microalgal and cellulosic biomass
(17-22 MJ k@) [2]. A bio-oil was generated through a simple thermal liquefaction of the biomass

in hot water (300°C). The bieoil contained various hydrophobic compounds, including
hydrocarbons (benzene andng chain alkane), nitrogetontaining compounds (pyridines,
pyrroles and indoles), and oxygeantaining compounds (esters and ketones) [2]. TaBl& 3.
compares the bioil with those derived from cellulosic biomass and microalgae through
hydrothermalliquefaction. Compared with the elemental composition of the original microbial
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biomass, the C and H contents of-bibwere significantly increased while O and N reduced. The
bio-oil has a quite high HHV (34.6 MJ Ryand is a good oil for biodieselqatuction.

Table 33.1. Bic-oils generated from different biomass through hydrothermal liquefaction

Biomass | Species Temp | Elemental content (% w/w) | HHV Reference
C H O N (MJ kg?h

Type (°C)

Bacteria | C. necator | 300 709 |94 11.8 | 7.9 34.6 This work

Microalgae| Spirulina | 350 68.3 |8.3 16.4 | 6.2 31.5 [9]

Cellulosic | Corncob | 280 63 6.9 28.8 | 0.4 25.4 [10]
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3.4 Bio-Contamination of Fuels

Evidence suggests that all fuels are susceptlé-contamination resulting in microbial induced
corrosion of fuel system components and fuel degradation. These problems are often associated
with the presence of water. Furthermore, tactical fuels often have specific purity requirements,
subjectingthem to higher standards. For this reason, comparisons of tactical fuels with other
blends of fuels are not universally applicable. Also, the recent trend toward blending of fuels from
renewable resources has the potential to introduce contaminati@s iset previously seen,
ranging from biological contamination to chemical stability. Under this task, research was
performed that is applicable toward the further development of (1) rapid detection methodologies
for the presence of microbial populations fuels, especially those associated with fuel
degradation, and (2) designing inhibitors to combat fuel degradation.

The first part of this subtask utilized the previously isolated biofuel contamMantliella
wahieum(ATCC MYA-4962) as a model organis This fungi has the demonstrated capacity to
metabolize biodiesel as a carbon source for gro@hlaracterization of the eukaryotic degradation
pathways will be used to expand the database of genetic information that will serve as the
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fundamental basisof rapiddetection methodologies and also to provide useful considerations
related with biofuel degradation.

To determine this metabolic pathway, we performed a comprehensive genome analysis for
wahieum,its gene annotation, and a proteomic analy¥ifhile ONR support for this project is
ending, a differential mMRNA analysis will be completed through a collaborative effort with
Kyongpook University, Korea.

While the biodegradation of petroleum and other hydrocarbons have been previously studied, the
microorganisms described were from environments other than from contaminated bioddgsel [1

M. wahieumis a model organism for studying biodiesel degradation metabolism since it was
isolated from an kuse and contaminated storage tank.

The M. wahieumgenane was characterized by single molecule -timaé sequencing and
proteomics. Genome assembling and-oadatomandt i on
the citric acid cycleM. wahieumcan uptake and metabolize biodiesel as a carbon source, which

is consistent with previous observations from cell culture. A biodiesel degradation pathwhy for
wahieumhas been is proposed based upon the genome annotation results, further analysis will look
at RNA expression profiles. Furthermore, 22 stresponsaenes from exposure to starvation,
hypoxia, and acidity were found from the genome annotation and proteome analysis. These genes
promote the survival dfl. wahieumn the harsh biodiesel environment.

Table 3.4.1 ®@nome asseminly and annotation results frdvh wahieumMYA -4962.

Genome sequencing Genome annotation
Total output (bp) 5,179,292,893 No. of MRNA 16,579
Preassembled base (bp) 1,913,435,278 No. of coding sequence 49,296
No. of contigs 223 No. of exon 51,007
Total length of contigs 69,496,977 No. of tRNA 1,189
Coverage 73.594 No. of rRNA 1,650
N50 (bp) 620,520 No. of UTR region 118
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The isolated genomic DNA was first sent to the Dukat@efor Genomic and Computational
Biology and sequenced using a Pacbhio Sequel platform and two SMRT cells (Pacific Biosciences,
MenloPark, CA). The longead sequences were assembled using FALCON open source software
[5, 6]. Statistics from the genome asshly were also calculated using FALCON. The MAKER
genome annotation pipeline program, was used and analysis was done with gene prediction
methodology [7]. The reference genome used for annotation was from the Basidiomycota phylum,
and BLASTX used for genprediction [8]. A KOG analysis was performed with the WebMGA
program using the genome annotation results for the classification of orthologous proteins [9].

The proteome analysis was previously performed and has been briefly describésia tacific
Research Initiative for Sustainable Energy SystehRISESR013) The translated proteins that
were specifically expressed and identified during biodiesel metabolism were used along with the
genome data to identify the degradation pathway.

The KEGG Automatic Annotation Server (KAAS) was used to develop a proposed catabolic
pathway for biodiesel metabolism [10]. The genomes from Cryptococcus, Ustilago, and
Moniliophthora are the model organisms used for the catabolic pathway determination. These
results wee then compared with the proteome data.

Total genome sequence and annotatiav.ofvahieumATCC MYA-4962 was determined to have

a genome having approximately 69.4 Mb. The sequencing resulted in the generation of 223 contigs
having 73.6 times of coverag€he sequence data has been deposited into the NCBI database
(Accession No. RSEE0O0000000). A total of 16,579 genes and 49,296 genes were annotated from
MRNA and DNA coding sequences, respectively (Table 3.4.1).
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Figure 3.4.1.KOG analysis of all proteins frorivl. wahieumATCC MYA-4962. A, RNA

processing and modification; B, Chromatin structure and dynamics; C, Energy producti
conversion; D, Cell cycle control, cell division, chromosome partitioning; E, Amino

transportand metabolism; F, Nucleotide transport and metabolism; G, Carbohydrate tra
and metabolism; H, Coenzyme transport and metabolism; I, Lipid transport and metabo
Translation, ribosomal structure and biogenesis; K, Transcription; L, Replic
recombination and repair; M, Cell wall/membrane/envelope biogenesis; N, Cell motilit
Posttranslational modification, protein turnover, chaperones; P, Inorganic ion transpc
metabolism; Q, Secondary metabolites biosynthesis, transport and lisatald®, General
function prediction only; S, Function unknown; T, Signal transduction mechanism
Intracellular trafficking, secretion, and vesicular transport; V, Defense mechanism
Extracellular structures; Y, Nuclear structure; Z, Cytoskeleton.

EuKaryotic Orthologous Groups (KOG) toohe/used to determine approximately 5,800 proteins
that were mostly categorized by general functional prediction. Coding genes having been classified
with lipid (180 proteins) or carbohydrate (159 proteins) metabolisms were determined (Figure

3.4.1).

Genes nv o | v eaxidation &nld thébTCA cycle were determined from the annotation results
and the KOG analysis. Proteins thought to be associated with the metabolism of biodiesel that
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were both found in the annotated genome and in the protein analysiswareisffable 3.4.2. The
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A catabolic pathway for the metabolism of biodiesel Kbr wahieumATCC MYA-4962 is
proposed in Figure 3.4.2. Biodiesel is principally composed from fatty acid mstey$eDuring
catabolic degradation, the methyl group is first transferred from the ester, and is mediated by a S
adenosyl-methionine dependent methyltransferase. The resultant fatty acids are transported to
the interior of the mitochondria by membrarssaciated long chain fatty acid transporters. In the

mitochondri a,

t he

f at t y-oxidation greducang AcetyCobAethat isme t a b o
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further met abol i z exxidatoy has been prevasly foynd felated tdbthe
decomposition ofatty acid methyl ester (FAMES) [112].

Table 3.4.2 e list of detected gendisat are related with biodiesel degradation based L
the genome annotation fbt. wahieum.

Function Enzyme E-value*

Hydrolysis of methyl s-Adenosy}-methioninedependent

esters to fatty acids methyltransferase 1.10E109
_Transp.ort of fatty acics Long chain fatty acid transporter 8.30E146
into mitochondria
Long chain acylCoA Synthetase 1.80E159
Acyl-CoA oxidase 5.24E75
Acyl-CoA dehydrogenase 7.94E21
b-oxidation
EnoylCoA hydratase 2.10E82
3-hydroxylCoA dehydrogenase 7.59E114
3-ketocay-CoA thiolase 2.69E160
Citrate synthase 0
Aconitase 0
Isocitrate dehydrogenase 0
TCA cycle Uketoglutarate dehydrogenase 0
SuccinytCoA synthetase 8.51E148
Succinate dehydrogenase 0
Fumarase 0
Malate dehydrogenase 5.08E112

The biodiesel environment is biologically stressful, and many stetested proteins were found

to be expressed. A total of 22 genes that are related tostsgmEmse were differentially expressed
between diférent carbon sources (Figure 3.4.3). A total of 15 genes related to nutrition starvation,

4 genes associated with hypoxia, and 2 genes expressed in response to an acidic environment
(Table 3.4.3). During hyperosmotic stress, a signal protein was actstatedating a mitogen
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activated kinase. The mitogeaativated kinase is a transcription factor that causes apoptosis under
stress including osmotic pressure and heat shock, influencing the expression of -@hycerol
phosphate dehydrogenase. The glyc8rphosphate dehydrogenase stimulates the synthesis of
glycerolipids facilitating glycerol accumulation [Fi3%]. The heat shock protein, HSP70, was
selectively expressed when grown using biodiesel. HSP70 is a housekeeping protein, minimizing
structural and cowfmation damage to other proteins [18].

[ .
-2.0 0 2.0

— -0.5
— 0.25
Dextrose
Biodiesel

Aldehyde dehydrogenase [NAD(P)]

Carbonic anhydrase

Zinc finger transcription factor

= Heat shock transcription factor

— Chitin synthase

Serine/Threonine specific phosphatase
—-: NPR2-nitrogen permease regulator

Fumarate reductase

— Molecular chaperone

— Regulation of carbohydrate metabolism-related protein
— Serine riched DNA binding transcription factor

— NADPH oxidase

— Mitogen activated kinase

—— | |Histidine kinase osmosensor

— Glucose regulated stress HSP70 heat shock protein
Glycerol-3-phosphate signaling dehydrogenase

— | |High osmolarity signaling protein

— Vacuolar membrane

| Sterol regulartory element binding protein
— Translation activator GCN1

Figure 34.3. Stressesponse proteins (genesn wahieumATCC MYA-4962.Three protein
clusters were generated by hierarchical clustering with the Pearson correlation. A value
-2, 0, and 2 indicate fold change. From up to down, the three clusters argexmf highly
expressed proteins in glucose, similarly expressed proteins, and highly expressed prc
biodiesel.

Although there were no significant differences betweg&pressionsof vacuolar membrane
associated proteins, they are typically selectively expressed during times of nutrient deficiency
[18]. Sterol regulatgrbinding proteins are transcriptional factors expressed during hypoxia. Fungi
such aCryptococcusAspergillusare known to have adaptation mechanisms related with hypoxia
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[19]. Proteins that are related to primary metabolism including aldehyde dehyadsegearbonic
anhydrase, zinc finger transcription factor, NPR2ogen permease regulator, and fumarate
reductase are differentially expressed when grown in YM media. These results are expected,
considering the availability of an easily metabolized carsource.

This genome sequence is currently the most comprehensive for the genus. Furthermore, while the
proposed biodiesel degradation pathway requires additional validation from RNA expression, it is
the most relevant to date information that describesatabolism of biodiesel.

The second part of this subtask utilized again the previously isolated biofuel contaminant
wahieumas a model organism to experiment with different nanoparticle inhibitors. Broad spectrum
antimicrobial activity was determed by comparing the effects of synthesized nanoparticles with
the prokaryoticE. coli. The activities of the nanoparticles were found by characterization of the
physical damage that occurred to the cell membrane, and metabolic effects. These resdts and t
information provided here are applicable towardintubitor development for use in fuels.

There have been numerous antimicrobial investigations performed using metal and metal oxide
nanoparticles that have described toxicity against both gram goainy grasmegative bacteria
[20-25]. Iron oxide nanoparticles (§&4) and copper oxide (CuO) have been previously used for
the elimination of biological contaminants, and in industry as catalyst2@27]. Silver (Ag)
nanoparticles are known to gernteréree ions and have radical activities making them efficient
antimicrobial agents. However, the production of pure silver particle is challenging. Therefore, the
use of silvetbased nanoparticles, such as A§&0s, AgO-FesOs-graphene oxide, AgBe04-
cdlulose has been investigated [28]. Lanthanum oxide (L.®3), has a strong ionic charge, and
was found to be effective against fungi [30]. The antimicrobial activity of the nanoparticle is
determined by its chemical composition and surface charaatsrigil]. Nanoparticles can
damage the cell membrane and impact metabolic activity [32]. Understanding the effects of
nanoparticle concentration, cell membrane disruption, and transport into the intracellular
environment are critical for toxicity determirats. Nanoparticles composed from silver, copper,
iron and graphene or their binary mixtures were examined as inhibitors against the Nungus
wahieumATCC MYA-4962.
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Table 3.4.3 Stressesponse genes differentially expressedvbywahieumwhen grown using
biodiesel as a carbon source.

Stress Protein E-value
Mitogen activated kinase 2.24E60
Histidine kinase osmosensor 1.25E101
Aldehyde dehydrogenase [NAD(P)] 3.13E77
Carbonic anhydrase 9.48E59
Zinc finger transcription factor 1.91E20
Heat shock transcription factor 6.96E31
Nutrition Glucose regulated stress HSP70 Heat shock protein  2.00E173
starvation Chitin synthase 1.80E126
Glycerol3-phosphate dehydrogenase 2.29E43
Serine/Threonine specific phosphatase 7.41E24
High osmolarity signaling protein 4.85E32
Regulation ofcarbohydrate metabolisnelated protein 9.89E14
NPR2nitrogen permease regulator 5.44E81
Vacuolar membrane 1.07E83
Hypoxia Sterol regulatory element binding protein 7.05E41
Serine riched DNA binding transcription factor 8.74E13
(oxygen Fumarate reductase 9.98E156
deficiency) Molecular chaperone 8.73E88
Acidic NADPH oxidase 8.63E18
environment  Translation activator GCN1 3.90E112

The nanoparticles that were synthesized for this experiment (AgO;Fe&30s, La,O3z andCuO)
were determined to be crystalline and spherical, having a diameter respectively in Ag® (10
nm),AgO-Fe304 (10-50 nm),La>03 (60-80 nm), CuO (440 nm) (Figure 3.4.4). The smaller AgO
nanoparticles have approximately 2.4, and 1.9 times greateresarf@@ in comparison with the
LaxOs and CuO nanopatrticles.

Aggregates are intuitively larger than the nominal particle and many studies emphasize the
importance of a weltlispersed suspension. Inhibition Bf coli and M. wahieumY12" after
exposure to vying doses of nanopatrticles were determined (Table 3.4.4).
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E. coliandM. wahieumY 12" were inhibited by low concentrations of silver (from 0.01 to 0.05
mg mL?) [30]. The EGovalue of LaOsz onE. coliwas 379 times greater when compared WMth
wahieumY12'. While the AgO was the most effective at eliminatfgcoli and M. wahieum

Y12', followed by AgGFe;04, AgO-graphene and CuO nanoparticles. Silver nanoparticles and
other silver compounds are known to have toxic effects on both bacteria and #i84i.[3g0-

Fes04 and CuO have been previously shown to inhibit sef@ctoorganisms [35]. Exposure to
LaxOs nanoparticles inhibited the growth bf. wahieumY12' [30], whereas no obvious effects

on E. coliwere observed at high concentration (1 mginThe LaOs has been reported to be
inhibitory to grampositive bacteria that results from interactions with the peptidoglycan cell wall.
SincekE. coli lacks a prominent cell wall, this might be a reason for its ineffectiveness against
coli. Reduced effiacy of the LaO3 might also result from aggregation at higher concentrations.
Aggregates greatly reduce the amount of surface area and can impact inhibit its passing through
the cell membrang0]. In comparison, the positively charged AgF&Os exhibitedenhanced
antimicrobial activity that are the direct result of ionic interactions between the negatively charged
cell surfaceq427]. Relative to the AgO nanoparticles, the next highest toxicity was observed with
CuO and AgGFes04 on an equal mass basis (TaB.4.5).

Figure 3.4.4. Transmission Electron Microscope images of the nanoparticld&ga (A),
LaxOs (B), CuO(C) and AgO (D). A Hitachi 8400 N TEM was used.

60



The changes in FDA activity after exposure to the nanopatrticles are shown in Figures 3.4.5 and 6.
The AgO nanoparticles are still more effective at inhibiting the metabolism ofMhotrahieum

Y12" andE. coli (Zhanget al. 2018) and was mereffective at doing so relative to the other
examined silver containing compounds. At a concentration of 0.5 m§ @uO minimally
reduced FDA activity. Compared with. coli, M. wahieumY12" was more susceptible to
inhibition from AgO-Fes04 and GOCu-AgO nanoparticles. Exposirg. wahieumy12' to 0.01

mg mL?! of AgO-Fe;Os resulted in a 75% reduction in growth rate, and inhibited growth 4 times
more when compared with. coli at that concentration. The EfGvas also 15 times lower (0.02

mg mL?).

Table 3.4.4. Median effective concentrations {gChalf maximal inhibitory concentrations
(ICs0), no-observeeeffect concentrations (NOEC), lowesibserveeeffect concentrations
(LOEC), and susceptibiii constants (Z) foE. coil andM. wahieumY 12" exposed to the metal
oxide nanoparticles on LB and MS for 24 h. Unit is mg/mL.

Microbe Nanoparticle EC,, 1Cs, NOEC LOEC Z

E. coil La,0, 190 1.62 <0.75 1.00 0.058
AgO 0.005 0.027 <0.05 0.05 263
CuO 0.050 0.121 <0.50 0.50 7.41
AgO-Fe;0, 0.006 0.008 <0.02 0.02 268
Ag-graphene 0.011 0.014 <0.01 0.05 79.7

M. wahieum Y127 La,0; 0.501 0.826 < 1.00 2.50 0.98
AgO 0.005 0.006 0.005 0.01 288
CuO 0.074 0.165 0.10 0.50 6.82
AgO-Fe;0, 0.011 0.121 <0.02 0.03 232
Ag-graphene 0.033 0.038 <0.02 0.05 30.5

Table 3.4.5. Toxicity comparisons for AgO, CuO andP&04 nanoparticles exposed E coil
andM. wahieumy 12

Ag0 CFU/mL Cu0 CFUML Ag0-  CFUML
(mgml) ~ oo Y12t (mgml) oo 12! Fe0: " p il 12!
(mg/mL)
0h 24h Oh 24h Oh M4h Oh 4h 0h 24h 0h 24h
0.00 L0t 6140° 0.0 2.5a0° 39x107 0 L4x10° 61¢10° 0.0 21x10° 1.0<107 00 30000 3040° 00 L1a0f 330
005 14107 12<10 0005 25100 21x107 01 143108 15¢10° 0.0 21x10° 3.9x10% 0.005 30410 38«08 0005 L1x10°F 19x107
0.10 L4x10P 0 001 2500 22¢10° 05 LAx108 15408 05 2000 3.3x10° 001 304108 26¢10° 001  LIx10F 17x107
015 L4x10F 0 0015 2.5¢10° 124100 10 14x10° 80¢107 10 21<0° 1.9¢10° 0015  3.0¢10° 21x10° 0015 L1x10°  16x107
0.20 14x10° 0 002 25410 §6x10° 15 14x10° 3.0¢107 15 2140° 1.5¢10° 002 3.0¢10° 38¢10° 002 11100 1.0x107
003 250 59x100 20 14105 40<107 20 2010° 49<10° 003 304100 13¢10° 003 L10F 310t
0.04 25400 0 0.04 3041080 0 004  LIx10°F 12x10°
005 2540 0 005 3.0¢10° 0 005  1.1x10° 90
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According to cell membrane stability examinations, all of the nanoparticles caused damage to both
E. coli and M. wahieumY12" (Figure 3.4.7). The AgO nanoparticles reduced cell membrane
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stability at a concentration that was 20 times lower compared with 8upositive relationship
between efficacy and dose was observed only between Age. aail
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Figure 3.4.7. Changes in the relative cell membrane stabilify. @bil (A1, B1 and C1) and\.
wahieumY 12T (B2 and C2) after exposure to different concentrations of, CuO (BJ;&i@ (C)
nanoparticles and the subsequgrowth in YM medium containing 1% SDS. Bars represent
standard deviation of the mean three replicates.

To investigate the impact that the nanoparticles have on cell surfaces, electron microscopy was
performed (Figures 3.4.8 and 9). Smaller particles have highce area to volume ratios and

have higher free energy [3B]. Dispersion and aggregation are compound dependent, therefore
those that are both small and maintain dispersion in fluid suspension have the potential for
enhanced antimicrobial activity. Aetermined by SEMV. wahieumY 12" andE. colicells are
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normally columnar and have a smooth surface, the average diameters wkre @5m. Af ter
exposure to the metal nanoparticles, the cells developed irregular pits on the membrane surface.
Damage to the cell wall and membrane from ionic and freleatackactions are facilitated by

certain nanoparticles, including those that are met@#i¢c 24, 39, 4Q] Cells that are exposed to
nanoparticles have been previously shown to developed wrinkles on the cell surface following
their internalization. Theusface chemistry of the nanoparticle governs the interfacial reactions

that occur at its surfadd1].

Figure 3.4.8. SEM images Bf coiluntreated (A) and treated with AgO nanoparticles (a. (
mg/L; b. 0.04 mg/L) and L®s nanoparticles (B. B.mg/mL; c. 2.5 mg/mL; d. 5.0 mg/mL) fo
6 h.

The electrostatic interactions that occur between the positively charged silver nanoparticle and the
negatively charged membrane can mechanically darttegmembrane and then more easily cross

into the cell[42]. After entering the cell, the nanoparticle interacts with DNA, proteins, lipids,
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pavonoids, and polysaccharides. The interaction inhibits respiration and electron transfer,
collapsing the protomotive force due to leakage, that ultimately result in gradient dysfunction
and cell death [20, 43]. The use of metallic nanoparticles having antimicrobial mechanisms similar
that also have favorable bulk characteristics have potential applicationsagdaioinhibitors in
biofuels. The manuscript containing this dia#s been submitted for publication asaurrently

under peer review.

Figure 3.4.9. SEM images ™. wahieumY12" untreated (A, B) and treated with 43 (C)
nanoparticles (5.0 mg/L) and AgE04 (D) nanoparticles (0.1 mg/mL) for 6 h.
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3.5 Oxygen-Enhanced Flash-Carbonization

Under this subtaskhe effects of processing conditions (closed versus open reactor, pressure,
temperature, soaking time, biomass loading, heating rate and fuel particle size) on product yields
and char properties frooonstartvolume carbonizatiowere studiedincreasing the pretest, inert

gas, system pressure from 0 to 2.17 MPa did not significantly affect product yields or char
proximate analysis results. Increasing the reaction time from 30 to 190 minutes antpératere

in a 300550°C range improved fixedarbon contents and reduced volatile matter while
maintaining or slightly increasing the fix@arbon yields. In contrast to flaglarbonization or
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traditional carbonization observations where larger partprieduce beneficial effects, constant
volume carbonization produced equal or higher figatbon contents and yields from smaller
biomass particles. This offers possibilities that smaller size, igvaete biomass can be used to
produce high, fixegtarbon yeld charcoal. Under certain processing conditions, the particulate
biomass underwent a transient plastic phase transition that produced a single solid piece of final
char.Complete details can be found in the publication listed ba&haWwding a discussioof the

role of processing catitions in the formation of thigansient plastic phase

Publications and Presentations
Peer Reviewed Publications

1. Legarra, M., Morgan, T., Turn, S., Wang, L., Skreiberg, O., Antal, M. 2019. Effect of
processing conditionsnahe constant volume carbonization of biomass. Energy & F@8|s.
pp 22192235.

Conference Proceedings and Posters

1. Arizaleta, M. S. Turn, T. Morgan, O. Skreiberg, L. Wang, M. Gronli. 2018. Carbonization of
Biomass in Constasfolume Reactors. Presedtat Pyro2018, 22International Symposium
on Analytical and Applied Pyrolysis. June832018. Kyoto, Japan.

2. Arizaleta, M., T. Morgan, S. Turn, O. Skreiberg, L. Wang. 2018. Manufacturing charcoal in
sealed vessels. Presented at the 26th Europeara8so@onference and Exhibition. May 14
17, 2018, Copenhagen, Denmark.

3. Arizaleta, M., T. Morgan, S. Turn, O. Skreiberg, L. Wang. 2018. Manufacturing charcoal in
sealed vessels. Presented at the 255th American Chemical Society National Meeting. March
1822, 2018, New Orleans, LA.

TASK 4: METHANE HYDRATES

The Methane Hydrates activitiesxder APRISES14omprised four areas of focuddydrate
Exploration, Hdrate Energy, Environmental ImpactsfdVethane Release froydrates and
International Collaborat&yR&D.

National R&D programs on methane hydrates were initiated in Japan and India inthe9n8id0 6 s
with the goal of commeral gas production within a 3@ar time horizofil]. The U.S. established
its own program in May 2000. The Methane Hydrate Rekeand Development Act of 2000
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(Public Law 106193) included seven technical areas of focus: (1) identification, exploration,
assessment, and development of methane hydrate as a source of energy; (2) technology
development for efficient and environmehtasound recovery of methane from hydrates; (3)
transport and storage of methane produced from methane hydrates; (4) education and training
related to methane hydrate resource R&D; (5) assessment and mitigation of environmental impacts
of natual and purpseful hydrate degasg; (6) development of technologies to reduce the risks

of drilling through methane hydrates; and (7) support of exploratory drilling projects.

The objectives of the Methane Hydrates Task ofARRISESinitiative align closely withthe
priorities of P.L. 106193, but emphasize those areas of particular relevance to the ONR and which
are consistent with the overall goals of APRISES. Specifically, the development of hydrates and
related sources of seafloor methane as logistical faelNaval applications, and related marine
environmental issues, have been the principal areas of interest; exploratory drilling projects and
seafloor stability/safetyo datehave received limited attention. Work also was performed to
explore engineeringpplications of hydrates such as hydrogen fuel storage. Task objectives were
devised to leverage fully the hydrate R&D expertise and infrastructure that had been developed at
HNEI during previous research programs orno@€ean sequestration and deepspills.

For APRISES 4, the goals of thelethane Hydrates Task were to:

1 Support development of tools to identifydrate reservoirs in seaflo@diments and
arctic permafrost.

1 Pursue development pfacticablanethods to recover methane gas from hydrates.

1 Investigate environmental impacts of methane hydrates on the marine environment.

1 Promote international collaborative research on methane hydrates.

Specific technical initiatives that were pursued to attain the above goals included:

1 Investigate methods toap seafloor methane hydrate reservoirs and estimate the volume
of gasin-place contained in these reservoirs based on 3D seismic profiles and borehole
data.

1 Continue laboratory experiments on hydrate destabilizatyarhemical inhibitors

1 Conduct benchtopxperiments to investigate microbial degradatbmethane and
heavier hydrocarbons marine and estuarine environments.

f Organize the 10International Workshop of Methane Hydrate R&D.

Technical accomplishmentsr each of the four areas of emphasesdescribed below
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Detection of Seafloor Methane Hydrate

Currently, there are no unambiguous methodsetect the location and extent of methane hydrate
deposits in the seafloor sedimenBottom simulating reflections (BSRs) appearing in sesm
surveysare considered to e best indicators of the presence of gas hydrddespte several
decades of researdhg nature of BSRs including their occurrence, distribution patterns, amplitude
strength, continuity, and phase characteristics continuespresent a challenge to seismic
interpretations.

In an effort toaddress this shortcomingie analyzed threglimensional seismic data collected
previously during surveys of thdumano Forearc Basin in the Nankai Trougtishoreof the Kii

Peninsula, Japan,hich islocated ~100 km soutvest of the Daini Atsumi Knoll. The Daini
AtsumiKnollisthes i t e of the yrst of f s[hloThesesgismscreboyddr at e
were interpreted using borehole data to map the hydrate reservoir and estenadéuthe of

methane gam-place. The results of this analysis were published in arpg@w journal [2]. A

succinct summary of these results is provided beld@omplete detds can be found ima
publication by Taladagt al [2] which is posted on }hHNEI website.

Seismic imaging is amvportant tool for identifying gas hydrate (Gbgcause both GH and free

gas alter the physical properties of marine sediments, whichmtilirn, affect the travel path and
atteruation of the seismic waveleti[3]. Concentrated hydrate depodignd to form at and just

above the basef the GH stability zone (BGHS) in the seafloor sediment. At depths below this
base, the geothermal gradient results in temperatures that melt the hydshtep dange occurs

in sedimentmechanical properties at the phasendary between GH saturated layers overlying a
zone where free gas, water, and potentiatig-cementing hydrate occupy the pore space [6]. This
discontinuity in physical properties is expressed in seismicaaBSRs, and BSRs remain our
strongest remotely sensed indicator to infer the presence of gas hydrate [7]. Constraints from wells
and pressure core samples are essential checks to confirm the presence of hydrates and to estimate
the amount of gas presanta hydrate reservoir [8].

The present study employed higdsolution, three dimensional seismic reflection data combined
with Integrated Ocean Drilling Program (IODP) borehole data collected through the Kumano
Basin offshore of the Kii Peninsula, Japin, (1) identify and map potential zones of concentrated
gas hydrate; and (2) calculate a volumetricigaglace estimate for these newly mapped reservoirs
using constraints from the borehole data. It is the first study of its kind for this region.

Gas proxieswere identifiedbeneath the main BSBbserved in the seismic records of the site,

which allowed us to infer the gas migration mechanisms in the b&m.s char ged pui
believed tomigrate into basin sediments from anticlinal features in the wadgraccretionary

prism and moved hr ough t he sedi me nahish uadg pedriedble sa@ds pui c
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sardwiched by less permeable clays. This ocagsodicaly through faults and fracturesnd
through gas hydrate recycling following perturbation to the BGHS fuptift and rapid

sedi mentation. Clear signs of byahetcurreneBSBui d a
character.Given the previouslyyblished geochemical data, and our observed seismaatods
in | ower basin sedi ments, It is likely that d

concentrated gas hydr at e de pHydrdtetrecyclinglaetietB6 y ed a'l
is also evidenced by closely stacked BSRs in the center of the Bassiitk GH layer actings a

seal for gas below provides a trap for gas to accumulate and then later be incorporated into new
GHs following perturbations to the base of hydrate stglmibnditions.

Our analysis of the seismic records and borehole data indicate that there is a high probability of
two distinct zones of concentrated gas hydvatech are 1090 m thick. We estimate that the
amount of gasn-place potentially locked up thesereservoirgs 1.9 46.3 trillion cubic feet with

a preferred estimate of 15.8 trillion cubic feet.

Hydrate Energy

Practicable and environmentaligceptable methods to destabilize hydrate reservoirs in seafloor
sediments and arctic permafrastist bedevelopedn order to release and collect the methane gas
for energy applications Hydrate destabilization strategies also are of critical importance to the
operation of natural gasansportpipelines which are vulnerable to blockage by solid hydrate
plugs. Under prior ONR awards, significant progress was magéiNEI in elucidating the
mechanisms by which various chemical reagents destabilize pure methane [Bytitdte

For APRISES14we continud our experimental studies of hydrate degization by reagent
injection. Specifically, we focused on extending the earlier work by Kinoshita [9] which
guantified the effectiveness of various alcohols and a diol in destabilizing methane hydrate. By
application of Mobile Order Thermodynamics Theory, Kintsf®] and Nihou®t al [10], webe

able to explain the observed effectiveness of these reagents based on induced changes in the
activity of water. They posited that the addition of alcohols and glycols causes hydrate
decomposition by binding to water teoules in the quadiquid layer on the solid hydrate surface.

This disrupts the dynamic equilibrium between hydrate decomposition amgstallization. It

was proposed that the activity of water decreased (which results in a reduction in hydrate
destbilization effectiveness) with increasing alkyl group size and decreasing number of hydroxyl
groups.

Experiments were performed to test Kinoshitabo
glycerol to decompose methane hydrate. Glycerol is la(itgo, has three hydroxyl groups) with

a relatively large alkyl group. It is produced industrially in large quantities and-rian This

makes it an attractive alternative to conventional hydrate inhibitors such as methanol.
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The primary accomplishent under this task wasompletion ofan experimentaktudy to
determine the effectivenes$ glycerol solutions talestabilize methane hydratét the time that
this report was written, a manuscript was being prepared for submittal for publicatiguean
review journal A summary of key findings follows.

Glycerol (Propanel,2,3triol; C3HgO3; MW = 92.02 g/mol) is produced in relatively large
guantities from plant and animal sources. It is not toxic and is used extensively in the food industry
and n medical and personal care products. Glycerol is a waste product of biodiesel production.
Overproduction of glycerol has resulted in its very low price: over the past few years, crude
glycerol price has remained well less than 1 U.S. $/kg.

Glycerolis atriol with three hydroxyl groups. The structure of glycerol is shown in Figure 4.1.

OH
HO OH

Figure 41. Glycerol structure.

On the basis of its low cost and excellent toxicity profile, glycerol presents itself as an attractive
alterndive to alcohols and diols which have been employed by the oil and gas industry to prevent
hydrate blockage of natural gas pipelines. Its effectiveness as a hydrate inhibitor, however, has
not been assessed. Toward this end, benchtop experiments wierenger following the
previouslyreported methods developed by at HNEI by Kinoshita [9], in which solutions of
glycerol were injected at elevated pressure onto methane hydrate samples in dli€alvet
calorimeter.

Figure 4.2 presents a schematic diagrath@experimental facility. Methane hydrate was formed
in the sample cell of a Setardm2.15 calorimeter a4 constant pressuaé 7.00 MPa (1000 psi).
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Figure 4.2 Schematic diagram of the experimental facility.

A typical thermogram of the hydrate slgasis process, which includes the temperature history of
the sample and measured heat flovghewn inFigure 4.3

Unlike the alcohols and diol tested previously, at ambient pressure, pure glycerol exists as a solid
at temperatures below approximatdly8 C.- Increasing pressure to keep the glycerol from
freezing at temperatures where methane hydrate is stable was not an option, since these pressures
exceeded the 10.4 MPa upper operating limit of the calorimeter. In order to be able to inject
glycerol & a liquid into the calorimeter sample cell with our HPLC (High Performance Liquid
Chromatography) pump, the only feasible alternative was to dissolve the glycerol in water. Doing
this, however, complicates interpretation of the results, since the yadtittie water component

of the aqueous glycerol solution would have to be accounted for in effectiveness calculations.

An additional problem emerged during trial tests when it was determined that, with the exception
of dilute solutions, the viscosity ohe& glycerolwater mixtures was excessively high at low
temperatures (e.g., <~1I5. The HPLC pump was unable to operate at these high levels of fluid
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viscosity. The solutions were therefore injected aC2&hich was about 20 higher than the
sampletemperature. The associated thermal energy input of the warm fluid was estimated and
subtracted from the total energy absorbed by the sample which was measured with the calorimeter
during the injection process.
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Figure 4.3.Thermogram of hydrate synthegprocess. Orange line is the calorimeter furnace
temperature; red line is the sample temperature; blue line is the measured heat flow to/from the

sample. During the hydrate synthesis process, temperature is cycled repeatedly above and below
the freezig point of water.

It was decided to emploglycerolwater mixture of 50% and 80% glycerol by mass in these
experiments The masses of reagent grade glycerol and distilled water were determined with an
analytical balance and combined in a beaker. A jragrable HPLC pump was used to inject
small volumes of these solutions onto the methane hydrate in the calorimeter sample cell. A
detailed description of the experimental methods can be found in Kinoshita [9].

Figure 4.4 shows a representative thermogrérthe reagent injection/hydrate destabilization
process. In this tesh0 w% glycerolsolutionwas injected anthe sample energy transfers were
monitored foraboutfour hours. During this period, the temperature of the sample was maintained

at a nearlhconstant value; temperature varied by less tha€@.The sharp negative peak in the

heat flow record indicates energy being absorbed by the sample in mW. The yellow area in the
figure corresponds to the total amount of energy that was absorbed.
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Figure 44. Thermogram of 50 wt% glycer@later solution injection onto methane hydrate held

at 5C.and 7.0 MPa. Orange line is the calorimeter furnace temperature; red line is the sample
temperature; blue line is the measured heat flow [mW] to/from theleaniThe yellow area
represents the total energy absorbed by the sample during this process.

The measured thermal energy absorbed by the sample comprises three primary components: 1)
heating of the sample due to nimothermal injection (i.e., energy avbed to cool the 26
glycerol solution to the sample temperature of about @)52) energy released as a result of
mixing of produced water (due to hydrate dissociation) with glycerol; and 3) energy absorbed as
solid hydrate dissociates by contacthwglycerol. The noisothermal injection component was
estimated using the following equation:

0¢ QI OBuIE £ & Qi "I & Q& QQ O BQE & Y'Y (4.1)
Where oT = 1 nj ect ilyaerol soletionp S8amplé tammperatuoef and theeheag
capacity of 50 wt% glycerelater solutiorwasestimated by extrapolating the property data [12]
shown in Figure 4.4Similar property data exist for the 80 wt% case.

The energy of mixing was estimatesing the approach employed previously by Kinoshita [9]:

0% Qi £08h Qe Q&L "0 aéaQ 0 (4.2)
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Whereh, the enthalpy of solution per mole of glycerol, is a functiomefrholar ratio of glycerol
to water and is obtained by extrapolating the data in Figure 4.5.

Heat Capacity
of 50%w GlycereWater Solution
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Figure 45. Heat capacity of 50 wt% glyceralat er s ol ut i on. Data from
Glycerin and its Solutionso [12].
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By application of equations 4.1 and 4.2, the heat flows associated wikatbarmal injection

and mixing of produced water wee estimated and subtracted from the calorimeter data. The
resulting value, hereinafter referred to as the Destabilization Energy Fraction, is assumed to be the
energy absorbed to dissociate a portion of the hydrate sample. The total number of moles of
methane hydrate that decomposed is then determined by:

0 0'Qi 6 OO QORRGEND dFXE & (4.3)

Here, MydratelS the number of moles of hydrate that dissociates due to contact with glycerol and
hdissociationiS the molar enthalpyfaissociation. In this study we employed the valueqd@dsiation
= 54,490 J/mol reported by Ogdaal [13].

Unfortunately, the relationship for the energy of mixing (Equation 4.2) requires the amount of
produced water from hydrate dissociation, s® slgstem of equations (4413) must be solved
implicitly.

Table 4.1 provides preliminary results from the glycerol injection experiments.

Table4.1 Effectivenessf Glycerol to Decompose Methane Hydrate.

Mass of Heat Mol Mol Effectiveness
Injected | Absorbed | Glycerol Hydrate
Mass of | Glycerol | by Sample| Injected | Dissociated (Nh/NQ)
Glycerol H20 in Solution J)
weight% | Sample (g) (9) Ng Nh
80% 2.000 1.581 536.9 0.0137 0.0148 1.08
80% 1.826 1.396 622.8 0.0121 0.0136 1.12
50% 2.356 1.113 478.6 0.00604 0.0103 1.70
50% 2.206 1.709 719.1 0.00928 0.0148 1.60

The data suggest that aqueous solutions of glycerobfégetive at dissociating hydrateso
provide some context, Kinoshita [9] estimated the effectiveness of ethylene glycol (diol),
methanol, ethanolral 2propanol to be approximately 0.92, 0.71, 0.58, and 0.11, respectively.

The reason for the increase in effectiveness as the concentration of glycerol decreases is not clear,
but may be related to changes in the activity of the water phase. Analfsmgoésent data using

Mobile Order Thermodynamics is ongoing. When this is completed, the results will be submitted
for publication in a peer review journal.

Environmental Impacts of Methane Release from Hydrates

The presence of hydrocarbons, includimgthane, are known to stimulate biological activity
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within the ocean water colunjh4-16]. To advance our understanding of the metabolic presess
associated witimatural and accidental hydrocarbon releagearineand estuarinenvironmen,
microbiologcal community determinations in seawatareperformedduring APRISES.4.

Sequencing of microbial communiBNA using NextGeneratiorSequencing techniques (NGS)
allow forrapid assessmesuf biodiversity. These metagenomic studies increase thsithaty of
detection and allovior the identification of species that would be overlooked using traditional
methods. Moreover, NGS can be utilizedo detect the presence &inctional genes. The
combination of functional genomics alongthvcommunity inform#éon provide insight into
biogeochemical processgs].

For this investigation, surface seawater was colleatéde Ala Wai Boat Harborin Honolulu,

Hawaii. The harbor waters are already influenced by hydrocarbons and likely have an indigenous
biological community with biedegradation capabilities. The indigenous biological communities

in the collected seawater were enriched with either-1p®biodiesel; 2) F76 diesar 3) aude

oil from the Texad. ouisiana shelf in the Gulf of Mexico that wasxed with 1.5% v/v Corexit

9500 surfactantThe enriched seawater and controls were periodically sampled, and the biological
communities were determined after DNA extraction and Illlumina NGS.

Table 4.2 presents a summary of the experimental resithise results are estimate$the total
phylogeny and represeonly a 5% subsample. Geneidisoftware was used for the phylogenic
determinations The incubation period for the experiment was 28 dayse biodiesel results are
reported on the 4day wren the maximum reduction of hydroban was observed?opulations
exhibiting an increase ipercentage compared with the controls are highlighted in yellow.

Community comparisonfocused onthe Alpha and Gammaproteobacteria clagsgebacteria.
Hydrocabon and aygendependent methane oxidation afeenassociated with microorganisms
included within these two classes of Proteobac{@Bal9]. As seen in Table 4.2, Proteobacteria
comprise greater than 93% of the total bacteria detected in the hymlvoc@ntaining samples,
compared to only 78% in the controls. Bacteroidéso were determined toonstitutea
significant portion of the community and are known to have hydrocarbon degradation
metabolismg$20]. Bacteroides levels were found to be lowethe enriched samples than in the
controls. The Alphaproteobacteria community in samples with added hydrocarbons were
significantly elevated while the Gammaproteobacterial population decreased when biodiesel was
added, but was largely unaffected by fresence of diesel fuel and crude oil.

During the2010Deepwater Horizomwil spill in the Gulf of Mexico,large quantities o€Corexit
9500dispersant was applied both on the surface and directly to the contaminant plume issuing
from the broken riser at 180m depth It subsequentlyas determined thgtopulations of
Oceanospiralles,Rhodobacterales Pseudoaltemonas, and some other species increased
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significantly over baseline values [21]. In the present study, adding crude oil and Corexit to the
Ala Wai seawater appeared to have a similatbeit less dramatieeffect: the relative percentage

of these organisms increased above levels measured in the final controls, but were only modestly
elevated over levels in the initial controls.

As mentioned previolys the Ala Wai Boat Harbor suffers from a constant presence of petroleum
hydrocarbons. The relatively high percentagesQueanospirallesRhodobacteralesand
Pseudoaltermonas found in the initial controls may reflect a biological adaptation to
hydrocabons that are chronically present in that environment. In addition to the Rhodobacterales
Oceanospiralles orders whose populations increased relative to the final (incubated) seawater
control samples, elevated levelskyphomonadaceaand theRhodospirlaceaefamilies were
detected in seawater with added crude oil. Both of these families of microbes have been associated
with crude oil degradation [2223. While Sphingomondales also may have hydrocarbon
degradation capabilities [24], they were notedétd in the crude oil seawater samples, but were
identified in the other test samples.
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Table 4.2 Dstribution of Proteobacteria in seawater after enrehinwith different hydrocarbons.

Seawater Initial Seawater Final Biodiesel Final (after 14 days) Diesel Final BP-Crude oil with Corexit

Proteobacteria i Pb&teobacteria i A8 eobacteria i 96%roteobacteria i Prdedtcteria-93%

Al phaproteobacteriAd phaPbéteobacterAbplia@@dt eobacteriaAl ph@%roteobact e Aphapoteohdstdrite 60%
Sphingomondales i SPphBMgomonadales i 3X%hingomonadales i 2%
Sphingomonadaceae- 0.6% Sphingomonadaceae i Sh%hingomonadaceae i 1%

Rhodobacterales i Rh6%obacterales iRHddobacterales i 1®RWodobacterales RhoddHaeraes-19%
Rhodobacteraceae Rhodobabteraceae 14% Rhodobacteraceae 1 RO®dobacter aceaeRhbdoldelaceas-19%

Rhodospirillales iRh&@¥Wospirillales Rhod@Wspirillales i 2Rh%dospirillales Riodospdiltes 20%
RhodospirillaceaeRlioddspirillaceaeRhod@%pirillaceae T Rhd¥ospirillacea®hodospliléctae- 20%

Caulobacteriales 18% Caulobacterales-19%
Hyphomonadaceae-17% Hyphomonadaceae-19%

GammaproteobacteriGammagpbbot eobacterGamia@ri7dt eobacteria Gammafhroteobact e Gammapiotecdadt®bia-33%
Pseudomonadales | PBe%%omondales i Bsétdomonadales i 2®Bseudomonadal es Pseliomdrifales- 2%
Pseudomonadaceae Pselondridaceae 0.6% Pseudomonadaceae i 1Pseudomonadaceae i 0.3%

Oceanospirillales Ocelad%spirillalesOce@%ospirillales T Ckc%anospirillal e®ceanospiddes- 19%

Alcanivoracaceae iOckah®%spirillaceadléadioracaceae i OARMmnivoraceae iOcdanogpbiaceae-19%
Oceanospirillaceae i 14% Oceanospirillaceae iOd&anospirillaceae i 4%
Alteromonadales | Alt%romondales i AD%eromonadales i 14A%teromonadales Aterdnbidales 11%
Alteromonadaceae iAlt@%omonadaceas Alt©9dr omonadaceae 7 6Mteromonadace a eAteiomohdidéae-6%
Pseudoalteromonadaceae-5% Pseudoalteromonadaceae-3%
Bacteroidetes Bacteroidetes Bacteroidetes Bacteroidetes Bacteroidetes

Bacteroidetes i 9%acteroidetes i 3%acteroidetes i 2% Bacteroidetes | 3Bueteroides1%




The B100 biodiesel has the most uniform composition and is tlst nsusceptible to
biodegradatiorf25]. B-100 contains linear hydrocarbgrend the fatty acid portion is easily
metabolized by many microorganism€ompared with the control seawattite percentages of
Sphingomonadales, RhodospirillgléSaulobacteri@s (vhich includes theHyphomonadaceae
family), Pesudomonadales, and Alteromondaleselevated by the addition bfodiesel. In the
diesel sample, Sphingomonadales, Rhodobacterales, and Rhodospirillales were enriched.

Diversity indices were determineds i ng t he Nati onal I nstitute of
The 16S amplicon data was analyzed with Napehele using the Mothur v1.40.5 pipeline and
standaresetting [27]. Differences and changes in biological diversity weremeded using

Shannon andChaolindices (Figure 4.6) and rarefaction (Figure ¥.7The Shannon index is
commonly used to determine bacterial diversity based upon the opaldaagonomic units

(OTUs) Rarefaction and the Chaol index are both measures of species r{@&hess

The results from the Shannon Indexygestthat the different incubations were similar in species
richness and evensg based upon the observed OTUsyéver, when comparing the results of
the Chaol index, which estimates species numbers based upon abutigadiesel and crude oil
enriched samplelsave greater biological diversity when compared with the biodiddgks may
reflect acompetitive advantage by a smaller group of microorganismsanaapidly utilize the
biodiesel hydrocarbon.Many microaganisms have the potential to metabolize the fatty acid
component of biodiesgR9]. The compsitions of diesel and crude oil, on the other hand, are
complex and contaimecalcitrant aromatityydrocarbons. The range of hydrocarbons and the
potential ned for specialized metabolisms would prompt the establishment of a diogrse
biological community.

Theobservedhangesn OTUsshown in Figure 4.@re consistent with the Chaol diversity results.
The biodiesel enriched seawater had the least amo@W@$ and was the only hydrocarbon that
reduced the diversity over the experimental period. Furthermore, the number of different OTUs
was the lowest when compared with the other hydrocacbataining seawater samples.
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Figure 4.7.Seawater diversity tglices for incubations using different hydrocarbons. The Shannon
and Chaol indices for the initial seawater were 3.3506 and 1624.9, respectively. The Shannon and
Chaol indices for the incubated seawater without hydrocarbon were 4.564 and 2178, regpectivel
after 20 days

The results of a Principal Coordinates Analysis (PCoA) using binomial distances are shown in
Figure 4.8. These results indicate that the established microbial communities in the hydrocarbon
supplemented seawater have become largelyngissiwhen compared with the initial seawater
control. Following incubation of the control, this difference persists, albeit to a lesser degree. The
distances between the different seawater communities exposed to the hydrocarbons are distinct but
more cbsely related. Among all the tested samples, the crude and diesel communities are the most
related to the other.
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Figure 4.8 .Rarefaction curves showing the changed diversity in seawater upon exposure to the
different hydrocarbons. Maximum changes inlTare shown: A) Seawatel069, 1586 OTUs
B) Biodiesel 816, 581 OTUs C) Diesel 1101, 2151 OTUs D) Crt@89, 19840TUs.

The present investigatioprovides insightinto the seawatamnicrobial communities that develop

when differenttypes ofhydrocarbonsare metabolically available Diesel consists largely of
aliphatic and aromatic hydrocarbons, while biodiesebmposeaf long-chain alkyl esters made

from fatty acids and generally includee aromaticsior sulfur. The PCoA analysis shows that

the diesel and crude oils have communities that are more closely related, likely due to the presence
of microorganisms that can also utilize aromatitbe distributions of Proteobacteria, however,
suggest distinct compositions.
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PCoA with binomial distance

Biodiesel- day 10
Crude- day 18
Seawater- day 20

Seawater- day 0
Diesel- day 14

PCo2 [34.9%]

PCol [41.6%]

Figure4.9. PCoA binomial dstance analysis. These results comfia@eseawaterontrols withthose supplementda the addition of
the different hydrocarbonslhe samples selected for the comparison are based upon the maximum observed OTUs
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The chemical composition of dieselnsore closely related to biodiestlan crude oil It was
expected thgbopulations in seawater exposedtodiesel wouldoe more similar tehose found
in diesel enriched samples than in samples with addedkeoil. The PCoA distance for the
biodieselcommunity is farther from the other hydrocarb@@snplesand appears to benore
closely relatedo communities exposed twudeoil than diesel. This result isunexpected and
warrants further study.

Additional commurity investigations that examine respensf the microbial assemblage in
seawater to other categorieshgfdrocarbonsvould contribute to our understanding rofrine
hydrocarbon degradatiorsubsequentclusion of functional genetic targets cotien allow for
clearerdefinition of the biogechemical processes involved.

International Collaborative Research and Development

Pursuant to the goal of promoting international R&D cooperation on methane hydrates, that was a
cornerstone of the methane hydrate task of the previous HEET program prepidsiadrganized

the 1@h International Fiery Ice Woshop on methane hydrates in 20Hery Ice 2016 The 10
International Workshop on Methane Hydrate Research and Development was held in Honolulu,
Hawaii, on June 18to 17" 2016 atthe Imin Conferene Center.A total of 60 registrants from

United States, Japan, China, Germany, India, New Zealand, NorwathesRdpublic of Korea
attended the workshoprhe 2.5day workshop included 7 national reports, 5 breakout sessions,
and20oraland 25 postarg s ent ati ons. The key theme of the
and Fut ur e Ithighlighted acoomptisbments and changes in hydrate science and
engineering since the first workshop in 2001, and identified directions for the flitueendional

reports described the present status of gas hydrate research in the United States, China, Korea,
Japan, Norway, New Zealand, and GermaRie breakout sessions were organizexuiad five

topics including 1) Fundamental laboratory and modelsigdies;2) Exploration and resource
assessmens) Reservoir and production modelindj) The path fovard: key areas for future R&D;

and 5) The impact of cheap fddsels on methane hydrate R&D.

Publications and Presentations
PeerReviewedPublications
Taladay, K., Boston, B. and Moore, G.E. 2017. @aplace estimate for potential gas hydrate

concentrated zone in the Kumano Basin, Nankai Trough Forearc, Japan. Enefhigs1%P.
doi: 10.3390/en10101552.
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TASK 5: SECURE MICROGRIDS

Task 5included a range of projects to develop, test and integrate secure microgrid technology
including distributed energy resources.

Molokai Load Bank

Molokai is the fourth smallest of the Hawaii Islands in the centrBhcific. Its power system is

small and isolatederving a rural population of approximately 7,300 residemizking it an

inherent micreg r i d . The i slandés system peak demand
demand as low as 2.MW. At the start of 2019, thésland had approximately 2.3 MW of
distributed solar photovoltaic (PV) generation installed and approved for installation;
predominantly behinthe-meter systems located on the rooftops of residential homes and a small
numker of commercial or public buildings esland. A 100kW hydro project is also giiéd.

In March 2015, Maui Electric Company, Ltd. informed customers that the Molokai grid had
reached its systemevel PV hosting capacity limit. Since that time, mostiobnnection requests

have been delayed pending implementation of a solution to address the grid costrairgsult,
customer applications for amlditional 665kW of distributed PV systems were hefda queue
pendinginterconnectiorapprovalby the utility. In total, there is in excess of 3 MW of distributed
generation installed, approved or in the queue on the Molokai system, which has a minimum
daytime load of only 3.7 MW.
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The systerrlevel PV hosting constraint is a function dfetlimited load , the islandbeing
inadequate at times during the dayaccommodate thenergy production from the existing and
proposed new gritied PV systemsn the queugand the minimunneliableoperating points of the
mustrun diesel generation on island.Further the high penetration of PV on the grid can
exacerbatesystem stabilitychallenges during foreseeable contingency events, suclswdan
loss of a generating unit or a power line fac#tusng the system frequency to drop below 57 Hz
in a few cycles.Sudden dropin frequencyin turn cause distributed P¥ystemgo trip offline,
with a cascade effect leading to systemde blackout

Figure5.1 illustrates the primary system level constraint of energy oversupply during periods of
low demand and high Pdutput. If the net load (load minus PV) falls below the minimum diesel
generation dispatch level of 1.3 MW, the system can no longer be operated in compliance with its
downward regulating reserve requirement, which is an operating reliability criteaiddtess

sudden load loss due to unplanned, but anticipated system contingencies such as line faults. The
dark brown line in Figur®.1 shows that the net load in 2015 was close to the minimum generation
dispatch level for the system and thus, the sydtaml PV hosting capacity had been reached.
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Figure5.1. SystemLevel Hosting Capacity on Molokai
Source: E3 Interconnection Potential Analysiolokai, October 8, 2015.

Figure5.2 illustrates an analysis using hourly system load fiata 2009 for Molokai. In 2009,

there was only a negligible amount of distributed PV tied to the electric grid on the system. With
system demand having grown little since then, the 2009 recorded system demand is a very good
proxy for the gross load ondtlisland today. The calculated 2,942 kW of distributed PV (2,144

kW installed, 133 kW PV approved and 665 kW in the queue) and 100 kW of hydro production
was subtracted from the 2009 load data to generate a prospective net load profile to be served by
thermal generation in Figurg.2. Theexcess energy periods are indicated byatteas where the

blue line (net load profiledips below the orange minimum generation line.

I Instituting a proceeding to investigate distributed energy resource polidiesket No. 2014192, Compliance
Filing 1 System Level Hamg Capacity, (December 11, 2015), Exhibit 3, Page 13 of 19.
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Figure5.2. Prospective Molokai Net Load Profile with Added PV.

Two solutions thahave been among those considered to address thiteneaconstraint are the
development of direct control capabilities alstributed generationDG) systems and the
installation of energy storage. Conceptually, both of these solutions could adéresktive
energy imbalance but both have some limitations or drawbacks, particularly in tHemear

Implementing controls on DG systems would provide grid operators a direct ability to manage the
output of distributed PV systems and balance energylysoppgheMolokai grid. However, this

option is likely to require time to implement acceptable and effective communication and control
protocols to a fleet ofustomerownedDG systems, particularly if the protocols are expected to
have a level of commeal interoperability and security commensurati¢h that ofutility-scale
renewable energy and conventional plants. Furthermore, customers will have to understand and
accept these new requirements for interconnectionggistingcustomersvould requiresystem

retrofits andikely requre compensation for curtailment pfoduction. Thusimplementing this
optionalonewas unlikely to provide an immediate integration solution to the current backlog of
interconnection requests.
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