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Final Technical Report
Asia Pacific Research Initiative for Sustainable Energy Systems
Grant Award Number N0001417-1-2206
March 1, 2017 through March 31, 202

EXECUTIVE SUMMARY

This reporsummarizes work conducted under Grant Award Number NOQ@142206 the Asia

Pacific Research Initiative for Sustainable Energy Systems 2016 (APRISES16), funded by the

Of fice of Naval Research (ONR) to theverstmwai Qi
of Hawai @i at MUnoa (UH). The work conducted
testing, and evaluation BI&E) of a variety of distributed energy systems and novel energy
technologies. APRISES16 also included significant effort dicktdward power grid integration

using Hawai Qi as a model for applicability t|
energy technologies researched under APRISES16 included merblaisseee energy systems

(primarily fuel cells), battery systems, watand air filtration technology, hydrogen refueling
technology and novel printable photovoltaicAPRISES16 also included significant work in the

area of biorenewable resources with activities in novel biocarbons, anaerobic digestion, and marine
fuels; as well as continued work in the area of methane hydrates. Significant effort was also
focused on alternative energy systems for electric power generation and integration into smart
microgrids and energy efficiency technologiddakai Ocean Engineeringnder subcontract to

the University of Hawai di, al so -pedonmianceiloved t he
cost heat exchangers. A brief summary of results by major task follows

Task 1, Outreach and Program Management, supported senior fexpltgvide overall program
management and coordination, developed and monitored partner and subcontract agreements, and
developed outreach materials for both technical andteximical audiences. All subawardees
completed the contracted work.

Task 2, Emerging Energy Technologigacluded RDT&Ein the areas duel cells air and water
purification technology, l-ion batteries, hydrogen refueling infrastructuaed the development
of new techniques farintablephotovoltaic materialsSubstantial progress was made in each of
these areas.

Under APRISES16, HNEI continued its collaboration wiitt Naval Research Laboratory (NRL)
supporing Nor t hwe st UAV ( NWUAYV) , the |l icensee of
unmanned aerial vehicles (UAV) fuel cell stack design, as they moved towards commercialization
of their first generation 1.5 kW fuel cell powsystem During this reporting period, HNEI
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continued to providéroubleshooting support as NWUAYV implementedittown production line
for in-house stack builds based e NRL fuel cell stack design

HNEI also continued efforts to complete the move from the Ha®Bastainable Energy Research
Facility on Hawaiian Electric property to individual labs the UHcampus. With limited fuel
cell test capability during thisransition efforts were focused on technology development
specifically novel transition metatarbide catalysis and potentyalower cost electrolytes for
vanadium flow batteriesDuring this riod, HNEI developed a new electrochemical reduction
method for production of highoncentration lowacidity vanadium electrolytesinitial testing
showed promising results.

In the area of Battery Energy SystetddEI, under this award, completéuke characteriation of

Generation Zommercial Liion titanate batteries undegpresentativgrid conditions evaluated

the impact on battery lifetime when electric vehicles (EV) batteries are used to support grid
operation, progressed its modelsbatttery paks lifetime performancencluding the impact of
inhomogeneitis in the batteries, and continued development ofineaisive characterization
methodologies for Lion batteries.Testing wagompletedat HNEI 6s Hawai @i Sust
Researcliacility prior to the move to campudey accomplishmestre described in this report

and in the &ublications and 13 presentatiaesulting from the work.

Under Task 2, HNEI also progressed its work on filtration materials for those contaminates unab
to be managed +mitu and for purification of water via forward osmo@€). Results include
development of regenerative air filtration materials; fabrication of a test system fafhaéncy
forward osmosis for water purification; and exploratwrsynthesis techniques for novel hybrid
materials combining ionic liquids and ionic solids for high draw forward osmosis solivieite
theresults from this study demonstratbe technical feasibility of photocatalytiegeneration of
purification maerials, results were not sufficiently promising to continue the effort under future
awards. HNEI synthesizd and characterizenovelmetallcionic liquids and molten saltssing a
syntheses strategy that combimasc liquids and ionic solids presentspaptunities to tailor the
physicachemical properties Underfuture funding,we will optimize the FO system to enable
accurate, long duration measurements and regeneration of draw solutes and evaluate commercial
and HNE}developediraw solutedor forwardosmosis seawater desalination

Task 2 also continued support for HNEI &6s Hydr
Energy Laboratory of Hawai @i Authority (NELHA
support for theeommissioning of hydrogen production and compression equipment and hydrogen
transport trailers. Finally, Task 2 also included a modest effort to continue the development of a
novel lowcost printing process for the fabrication of electronic materialsméoity
CwZnSn(S,Se) CZTSSe) for solar energy conversiowhile fully integrated solar cells made
with this new technique reached power conversion efficiency up to 7%, the open circuit voltage of
these cells was found to be approximately 250 mV lowam that typically measured on parent
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chalcopyrite solar cells (e.g., CulnGaSelGSe). Work was initiated to identify the causes of the
lower than anticipated opegircuit voltage.

Task 3, Biorenewable Resourcesontinued research supporting the depaient of novel high

carbon products exhibiting characteristics of having undergone transient plastic phase during
formationc ont i nued efforts to i dentify commerci al
technology and continuedhe investigationnto the storage and oxidation stabilities of D36,
CHCD-76, and their blends with-F6.

HNEI had previously reported thatising constant volume pyrolysismder moderate reactor
conditions the biomass feedstock is converted to a powderedfln@eng biocarbon During this
period a constanvolume reactor test bed was used to expleaetionconditions that resulted in
biocarbons exhibiting characteristics of transient plastic phase during forma&iesults from
characterization of materialsqutuced under this task resulted in a patent disclosure filed with the
UH Office of Technology Transfer.

UnderSubtask 3.2, a master design for the anaerobic system was completed to support transfer to
industry. Efforts to identify a commercial partnar fdeploymenthave not, to date, been
successful.

Under the third subtask, HNEI continuedintgestigation intdhe physicochemical properties and
storage and oxidation stability of CHEI®, SIR76, and their blends with-F6. Under this award,

two American Society of Testing and Materials (ASTM) methods, i.e. ASTM D4625 and ASTM
D5304, were used to investigates titorage stability of these fuel samples. ASTM D5304 was
also modified to determine the oxygen consumption rate of fuels. ASTM D2274 testing was
conducted to study the fuel oxidation stabilifgesults are summarized in this report.

Task 4, Methane Hydates,focused on three objectiveadvaning our understanding of the
environmental impacts of natural seeps and accidental releases of methane and other hydrocarbons
in the deep ocean; expiog the feasibility of sequestering GGn natural methane hyate
reservoirs; and contindgromotion ofinternational research collaborations on methane hydrates.

While previous research provided significant insight into the dissolution processdiubdles

in seawaterthe majority of laboratory experiments have been performed using pure water and
field studies have been conducted in seawateurthermore, laboratory experiments mainly
focused on the effects of the hydrate film formation on the dissolving bubblesnbnd very

small number of measurements have been made of the bubble dissolution rate winyelraten
forming conditions.In consideration of these deficiencie®yEIl developed a facility and methods

to measure the dissolution rate of Oblibbles outsie of the hydrate film forming regimeA
description of the facility and preliminary data are reported.



Injection of CQ into methane hydrate reservoirs in sediment has been proposed as a means to
destabilize the hydrate to release methane gas for enangly to sequester GArom the
atmosphere. While thiemited number of laboratory experimerdaggest that the exchange
proceeds too slowly to be viable at a commerstale ,new theoretical thermodynamic analyses
have indicated that gas mixtures of &d CQ may improve the kinetics of replacement of LH

with CQ; in hydratedeposits In order to assess the feasibility@D,-CH4 hydrate &changefor
simultaneous methane production and carbon sequestratparimentsvere performed. While

the methane and C@ydrate dissociation peaksreobservationally separatié,was not easy to
separate heat flows associated with each phenomenon. Further, the heat flows of methane hydrate
dissociation were very irregular compdr to previously performed methane dissociation
experimentsi possibly as a result of GChydrates forming concurrently with GHhydrate
dissociation While this remains an area of interest, HNEI is unlikely to continue these efforts
under future awards.

Task 5, Secure Microgrids, included a range of projects to develop, test, and integrate secure
microgrid technologiegto larger grid systemsActivities supportedunder this award included

t he Mol okadi Dy n a nDirectionaloB/ dChaijiagh BmonstrationBRroject;
devel opment of a Hawai @i Virtual Power Pl ant
Microgrid.

In March 2015, Maui Electric Company, Ltd. (MECO) informed customers thadthé o grid & |

had reached its systel@vel PV hosting capdty limit. In response, under previous APRISES
awards, HNEI initiatec joint HNEI andMECO project to deploya custom controlled Dynamic

Load Bank (DLB)asa practical, reliableand inexpensive means to prevent the baseload diesel
generators from opating below their minimum dispatch leyahd enabl¢he grid connection of
significantly more rooftop PV followingthe load loankr i i s
commissioning and implementation of the automated controls, the utility was able tnadd
additional 725 kW of distributed PV capacity to the systetdnder APRISES15, HNEI and

MECO conducted field tests to determine if the DkBscapable of meeting the demands of fast
frequency responseUnder APRISES16,his information wassummarized angresented to

MECO. While the capabilities of the DLEppear able to contribute mitigating the impact

severity ofunderfrequency event§ e . g . , avoid shedding a Akicke
automatic undefrequency load shedding scheme), the existing BESS was delivering adequate
grid-stabilizing dynamic response for effective system operationas determined that available
engineering resources were inadequate to meet the substantial time and effort required
coordinate and tune the controls of the DLB with the existingffaquency responsive BESS on
theisland.

To tackle the complex optimization problem and demonstrate the use of bidirectional EV chargers,
HNEI is developing and evaluating the perfamme of novel algorithms that optimize the
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charge/discharge schedules of shared fleet EVs under its EV Bidirectional Charging demonstration
project. The novel EV charger control algorithrage intended tensure that the shared vehicles

are efficiently asigned and readily available for transport neghi¢e Smultaneously, the controls
deliver ancillary power and energy services through intelligent EV charge and discharge
commands. Major project activities completed under APRISES16 included: finaliectgaal
installation drawings; developing a bid package for the final construction and field installation
work; awarding the construction contract to a contractor; installation and connection of the EV
charger system; and continued development of theatharchitecture of the proposed control
algorithm. Under future APRISES funding, the wblsed car reservation software will be
finalizedwith the testing and evaluation phases initiated

The objective of ta Virtual Power PlanDemonstration project i analyze the tradeoffs and
demonstrate the economic dispatch of numerous custameutility-side energy/power services
from multiple combined behinthemeter (BTM) battery energy storage system plus photovoltaic
(BESS + PV) units.Under APRISES14ral 15, a new electrical service was installed to connect
the BESS units to the MECO power system, permits were acquirefinahsite and equipment
inspection was completed by MECO to allow installation of four Sunverge Solar Integration
Systems. Ultimately, it was determined that the Sunverge rulesets were too limited to allow the
full, dynamic economic optimization desired for the project. For this reason, under APRISES16,
HNEI designed and implemented a wedised method to utilize the existing Sumewebsite to

allow external optimization algorithms and software to monitor and control the units. HNEI also
contracted HaleakdlSo | ar to install a metering box usi
Energy Monitor System (ARGEM3) allow tests to beginin a typical test scenaribINEI plans

to economically dispatch the four BESS + PV units according to the defined optimization problem
and the timevarying load profiles of the four HYAC systems in conjunction with PV generation.

Coconut Island (Moku O lipe )  iasre (B13,@08 m?) island a U n e Bay bofethe island of
Otahu and is home to the Hawainstitute of Marine Biology (HIMB) of the University of
Hawaid. As such, itis an ideal site for a renewable energy techndlaggd test bed, partienly
representative of an isolated location vulnerable to energy disruption yet serving critical power
needs essential to the research and educational mission of HIMB. The Coconut Island DC
Microgrid Project was initiated under previous APRISES fundinigh vihe objective of
demonstrating the performance and resilience of a DC microgrid designed ters@akloads

within two buildings on Coconut Island, including reliable power to critical loads during
interruptions of grid supplied power, and prowglithe island with clean electrified transportation
options powered primarily by the sulVith the major components procured under APRISES15,
HNEI applied APRISES16 funding to procure the balance of the microgrid system components
and infrastructure inslation, including the construction and buitdit of a control room next to

one ofthe building. HNEI also installed the major components of the system within the control



room. Under future APRISES funding, HNEI wilomplete thenstallationand commisionng
of the DC microgrid systerand initiatethe testing and evaluation phases of the research.

Task 6, Ocean Energysupported twoprojects. Under subcontract to HNEMakai Ocean
Engineeringcontinued development of itisin foil heat exchangerand in support of potential sea
water air conditioningSWAC) for Honolulu on the Island of &@hu, HNEI collaborated with the

University of Hawai @i 0t® deetopathotomgk umderstarfding®ttleea n o g

baseline oceanographic conditions at the proposed site of the Honolulu SWAC system.

Makai Ocean Engineering has been developing Thin Foil Heat Exchangers (TFHX) for use in
seawaterefrigerant, akwater, andwaterwater applications. In this report period, Makai
advanced the TFHX design and, after resolving production issues, produced several full length
plates; reduced both TFHX fabrication time and cost; and expanded TFHX pressure capacity and
channel sizeand began geometric and mechanical characterization of the thermal, hydraulic, and

structural/ mechanical performance of t hese
expertise in the fundamental principles of laser welding and furthered undergtahttie TFHX
technology. Addi t i onal det ai | i's provided in this

the HNEI website.

The objective otheseawater air conditioning monitoring project, conducted in collaboration with

t he Universibdy DépaHaweindt was to Qavelop mothoroagh hy ,
understanding of the baseline oceanographic conditions at the proposed site of the Honolulu
SWAC system.At this time, he propose@®WAC plant for Honolulu will not be constructed as
previousy planned. Sampling and data collection for this SWAC monitoring project ended in
December 2020.

Task 7, Energy Efficiencyand Transportationncluded two activities in the area of energy
efficiency and one focused on emissions from the conversion to eleetnicles. The two
activities in energy efficiency were to support an efficient rscade microgrid aka Honua
Momona (KHM) on Molokal, Hawaii, a not-for-profit organization that supports the local
Hawaiian community in Molokd, including operationof aquaponics; andesign and tesan
adaptive lighting study conducted in collaboration with@aéfornia Lighting Technology Center
at the University of California, Davis.

Under previous APRISES awards, KHM collaborated WMEI to develop an onlindashboard
providingvisualization of the energy use and renewable energy production of thgricbénergy
system for community education purposemder this award, the KHM compoumas useds a
proof-of-concept sitdo demonstrate aontrol scheme toptimize battery useeduce inverter
losses, and utilize energy thiatotherwise wasted when a battery systean no longer store
additional energy due to capacity constrairiNEIO ebjectivesfor this project were tdevelop

a load shiftingscheme to maximize utilization on a sitbose load profiles have intermittent and
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varying loads and finite battery storage capaditgrease system utility by adding load dumps
(Aopportunity | oadso) ;andtotesai IAiszmdictvalookahead ai | ab
programmingcontrol strategy to match solar generation with partitioned battery stiorageer

to minimize inverter standby losse3he projectsuccessfullydemonstrated that small effid

renewable energy systems can signifisaimbprove the utilization of the available energy sources
(specifically, solar photovoltaic enerngly eliminating unnecessary inverter standby losses and
adding opportunity loads to utilize excess available energy that may not otherwise be captured due

to limited battery capacityDetails are provided in this report atigk associated final report for

the project.

In the second energy efficiency proje¢dNEI collaborated with the California Lighting
Technology Center at the University of Californiaavis to demonstrate and test a prototype
adaptive lighting system intended to save energy and provide additional security in an outdoor
setting. Demonstrations were established at
U.S. Navy facilities ge. Significant energy efficiency gains were achieved at both sites and a
number of recommendations for incorporation of adaptive lighting intearedtl sites were put
forward. A technical report describing the project details and key findings ialdeaon the

HNEI website

The last activity under Task 7 was analysis to assess the impact on fossil fuel use and ersission
with the transitiorfrom Internal Combustion Engine (ICH) plugin Electric Vehicles (EVS)in
combination with enewable elddcity generatioron a remote, isolated power grids expected
results showdssil fuel use an€0O, emissiongdecreaseavith more clean poweon the gridand
decreasing ICEiumbers. Results specific to varying charge scenarios was not explored but is
included in other climate change related analysis being conducted by HNEI.

This final report describes the work that has been accomplished under each of these tasks, along
with summarie of task efforts that are detailed in journal and other publications, including reports,
conference proceedings, presentatiamsl patent applicatien Publications produced through

these efforts are linked below and available o n HNEI 6s website
https://www.hnei.hawaii.edu/publications/projectreports/aprises 16/.

TASK 1: OUTREACH AND PROGRAM MANAGEMENT

As the prime recipient of the agreement from ONR, HNEI condastsarchdevelopmentesting

and evaluation across a range of alternative and enabling energy technalogjisstesponsible

for development and monitoring of partner and subcontract agreements. thiad@sk, senior

HNEI staff developed andmanagd partner and subcontract agreementsd coordinated

development obutreach materials for both technical and#bechnical audiencesSenior staff
10
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also engaged directly with other DOD organizations, suclthasNavy Facilities Engineag
Command NAVFAC) to assess energy needs of bases in the Asia Pacific region in an effort to
continue to build these partnerships, with a focus on-teear opportunities for application of
emerging energy technologies into Haiivaases and elsewharetheAsia Pacificregion Details

of the variouspartner, subcontracand outreach activitieare included in theelevanttask
summarie®rganized consistent with the APRISES16 proposal, summarized below.

TASK 2: EMERGING ENERGNECHNOLOGIES

Task 2comprises five subtasks thacluded the development and testing of membizased
energy sgtems (primarily fuel cells), evaluation and modelingLofion batteries and battery
systems, the developmeand testing ofair and waterfiltration materials, support of the
developmenand operatiorof hydrogerrefueling infrastructuren the Big Island of Hawdi and

the development afovel thin film materials (primarily GZnSn(S,Se) CZTSSe) for solar energy
conversion usg inexpensiveand scalable liquitbased processing. Details for each of these
sultasks are described in more detail below.

2.1 Membrane -Based Energy Systems

Research in the area obmbranebased energy systerascompassea range ofctivities These

included supportoft he Nav al Research Labor duelecellyfors ( NRL
unmanned aerial vehicles andmmercializethe technologywith the licensee Northwest UAV

and testing toevaluate the functionality of porous materials ubdgdNRL to achieve high
performance fuel celjsesearch to develdpw costand durabldransition metal carbide catalysts
applicable tdfuel cells, water electrolyzerandvanadum redox flow batteriesand a project to

develop and demonstrate the applicabilityh@fh-concentratioriow-acidity salts to reduce the

cost ofvanadium flow battery technology

Key accomplishment and details of the work conducted in each of these areas are described below.
Associated pblications and presentations are referenced at the end of this section.

Support to NRL

Under APRISES16, HNEI continued its collaboration WNRL supporing Northwest UAV

( NWUAV) , the |Iicensee of NRLO®s satvahmlpss(dAVImet al
fuel cell stack design, as they moved towards commercialization of their first generation 1.5 kW
fuel cell powersystem1]. Under APRISES15, HNEI led a oweeek handsn training course in
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Honolulu for two engineers from Northwest UAY supporttheir effortsto developin-house
production, testing, and evaluation capabilitieNEI continued this support under APRISES16
through biweekly conference calls providing consultations regarding the design and development
of the balance of plant components into a UAV chassis compatible system layout, and more
importantly,review offuel cell stack data and troubleshooting suppoN\a8JAV implemented

their own production linéor in-house stack builds based thre NRL fuel cell stack designAs

the work towards commercialization is not approved for public releagberdata or discussion

of results isincludedin this report For more information on the commercialization efforts of
NRL and NWUAYV, pleasecontact Benjamin Gould &enjamin.gould@nrl.navy.mil

As a followronto work published undekPRISES15 2], HNEI supportedNRLO sesearclefforts

to betterundersand the role gas diffusion media (GDM) to actively control water management
and enable higipower operation. GDM are an essential compongmitaidn exchange membrane

fuel cells PEMFQ, that mediate transport prosses including electron and heat conduction,
reactant gas diffusion and distribution to areas beneath the flow channel and land, and product
water expulsion.Most PEMFCliterature on gas diffusion media to date focuses on the influence

of the cathode GDMvith less emphasis of the role of thieode GDM The goal of this effort was

to maximize current densities over a broad range of operating conditions through effective water
management implemented through GDM selectarused on both the anode and théhacde

The work demonstrated that tailored asymmetric pairings of GDMs on the anode and cathode can
ensure adequate water expulsion from the cathode, lowering oxygen transport resistance, while
maintaining adequate cell hydration leading to higher cudensities vssymmetrically paired

GDMs. Under this collaboratign NRL performed fundamental fuel cell performance
measurements, e.g. polarization and oxygen mass transport resistance experiments, along with
more detailed measurements of GDM morpholdgywugh Xray computed tomography and
scanning electron microscopyThis work was correlated with net water drag/water balance
measurements performed by HNBElet water drag (NWD) measurements [3,4] were performed
using the same test cell and materibég NRL utilized. NWD represents the net wateansport

rate per proton transport through the membrane adeffised as the number of water molecules
transported from the anode cathode pehydrogen proton The NWD can be calculateds the
differenee between the molar flow of water at the inletotglet for either the anode or the cathode
(MH20,4", NH20, 2, MH20,d" N2, &Y divided by two times the molar flow of water generateddf")

and can be derived independently from either sidf that

0 wO [Equationl]
while satisfying the overall water balance within the cell as follows.
€ 5 &€ 5 € € v € [Equation2]

12


mailto:benjamin.gould@nrl.navy.mil

Positive values indicate a net watlerx from the cell cathod® the anodewhile negatie values
indicate net water flux from the cell anodé\s water transport within the cell is a complex
interplay of diffusion processes and eleatmmotic drag, practically speakirthe net water drag
coefficient represents an indicator of the directond fate of water generated in the célbr all

NWD results in this investigation, the percent difference in the water balance as described in
Equation 2 were on averag8.2% with a standard deviation of 1.2% validating the high fidelity

of measurementperformed at HNEI. NWD data was acquired during constant current
experiments at 0.6 A/ctrand 1.5 A/cm, 8C°C cell temperature, 150 kRRaoutlet pressure, 2
stoich, and 25% and 50% RH on both the anode and the cathifemleawing conditioning
protocok, the current was stepwise ramped to the desired current density and allowed to stabilize
for 2 hours prior to resetting theutletwater collection systemDue to the low water production

rate of 10 cricellsused in the experimentaatercollection tmes at each point were no less than

16 hours to minimize errors in the water collection systeffigure 2.1.1presentsanexample of
results obtained at 50% and 25% relative humidity for select GDM material combinations, both
symmetric and asymmetric.The data presented shows that the asymmetric combination of
Freudenberg H23C3/H23C2 resulted inigher net water drag from the anode todhthodevs.

the three symmetric pairs under all conditions with higher differences under wet condftiens.
asymmetric combinatioalso resulted in higher performanc@ne intriguing finding from this

work was that the best performing cathode GDMs had variatioimsthe pore morphologgnd

shape of the porewhile the bulk porosity and average pore diameters did not chakgether
details of this work will beeportedin a peerreviewedpublication which is being finalized for
submission to the Advanced Fuioctal Materials Wiley journal

(A) SODC, 50% RI_!ME( ( B ) wﬂC, 25% HF'mlel
10{ A H23C3| H23C2 (Asynm) A 10
g | H23C3| H23C3 ] g
< B H23C2| H23C2 A <
€ 5] P SGL29BC|29BC ] £t 5]
0] [ ] 2
(+] ] ] I
E 0 A > E 0 e_
] X g ]
g -5 -5 >
o] 1 o}
E -10 § -10 8
3 3 >
151 ] 151
0.0 05 10 15 0.0 05 10 15
Current Density (mA/cr) Current Density (mA/cm’)

Figure 2.1.1Exemplary net water drag coefficient measurements of selected anode and cathode GDM
pairings at (A) 50% RHRe: and (B) 25% Rt Positive values indicate a net water flux from the cell
anode to the cathodehile negative values indicate net water flux from the cell cathode. Figure legend in
(A) lists the anode and cathode GDM, respectively.
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Under future APRISES awards, as describetié@dune 202 APRISES17 progress reporNEI

intends to supporN R L @eswvestfuel cell developmentocused onproducing new fuel cell
architectures aimed at reducing overall system ¢osgpport he Navyds gr owi ng i
development of attritable technologiesdditionally, HNEI will continue work towards resung

full operation in the relocated arampus laboratories.

Transition Metal Carbide Catalysts

Currently,Pt-group metaldased catalysts are used in most commercially available fuel cells and
water electrolyzersUnfortunately, they have the shortcomirg$igh cost, low earth abundance,
and limited lifetime.The objective of this activityvasthe developmendf potentiallylow cost,
active and durabldransition metal carbide catalysts fastential application téuel cells, water
electrolyzers,and vanadiun redox flow batteries (VRFBs)While a variety of carborbased
materials have been widely investigated as electrodes for VR#Bsoften show limited activity

and reversibility. Transition metal carbides are attractive candidates betiaeggossess good
electronic conductivity, low cost, high abundance, and outstanding thermal and chemical
stabilities Themorphology of thesé&ransition metal carbide catalgstas designed to have a large
active aredo reducekinetic voltage losses aral stronger bond between catalysts particles and
support to delaglegradation due taging.

Vanadium carbide is of interest and investigated as catalysts for VRFBs because it possesses the
same element, vanadium, as VRFBs, which woettlicepotential cotamination due to catalyst
degradation. This work explored a simple and environmentally friendly synthesis process that
involved in situ carburization of a metal precursor and a carbon matéaahdium carbides was
obtainedfrom graphite (denoted Vizpnite) and Vulcan XC72 (denoted WEr2) as carbon sources

and supportsFigure 2.12 shows the TEM images and the corresponding histograms of the particle
size distribution of VGaphite and VCxc72. The vanadium carbides have a wide particle size
distribution and a large particle size on the graphite supportontrast, the vanadiumarbide

particles distributed on the XC72 support are smaller in sTdese results show that W&pnite

seems to agglomerate more thanx¥f.
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Figure 2.12. TEM images of (a) VGaphieand (b) VGcr2.

Figure 2.13 shows the baseline cyclic voltammetry curves forgMfeieand VG2, Graphite,

the incumbent catalyst for VRFBs, was also included to benchmark the results obtained in this
work. XC72 was also added because both carbon substrates are quite dhifiereasults were

used to clarify the factors that influence the electrochemical activity gbpikeand VGecro. As

shown inFigure 2.13a, the cathodic currents for all electrodes in 3 Y66k are due to the
hydrogen evolution reactiofXXC72 shows ailgher cathodic current than other samples indicating
that it is more active for the hydrogen evolution reactioflthough the cathodic current
remarkably increases for graphite and XC7Figure 2.13b, a significant anodic current is not
detected, indiating that the reversibility of the graphite and XC72 toward tA#\W" redox
reactions is poor.In contrastaanodic and cathodic currents substantially increase Qji)te
especially VGc7z, signifying an improvement in catalytic activity anelversibility toward the
V3*/V2* redox reactionsn comparison to graphiteThe undesired hydrogen evolution reaction
appears to have an important influence on thiet&/VV2* reductionreaction. Figure 2.13c shows

the catalytt activity of graphite, XCZ, and vanadium carbides after background current
subtractionAnodi ¢ and cathodic currents substanti al

an i mprovement i n c ¥¥\&iredoxireaction®n i oroirgyant o wa rgd atpl
Theeak potentiDEptlr—;'ng@paarnadtim)enak( gél.”rémtdicatéot
reversibilityVelfues rcecfdifa doa)p\feld KOG rrespond t

reversdieblet oaer process (5vhTihceh viask atdhbaiontiedfeiad d c .
el ectrodes qgEpxvhailbuiets alr@hdie hand 0 g4da3ainvd kg VC
respectively, than the pr'l’lhsgté‘jlgnmrx@\f(z@ilpmmt)ei&nd:l)

to 1 thanratei@BEWHioahi Vidissoalt @sced reversibility.
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Figure 2.13. Cyclic voltammograms on various electro@@gsat 5 mV stin No-saturated 3 M bSO, at
25°C, (b)at 5 mV stin Np-saturated 3 M k8Q; + 1 M V2*/V2* at 25°C, and (c) the currents in Figure
2.13a were subtracted from those in Figure 3b1.

In this work, \anadium carbides exhibited significantly enhanced catalytic activitieisrgmdved
reversibility compared tayraphitewhich is the incumbent catalyst for VRFBsThe improved
performance of these promising materiblss beerevaluated by esitu cyclic voltammetry
experiments. Future studies will include modifications to the catalyst synthesis approach to
increase the activity by ming the catalyst structure and morpholog@yhe synthesis willthenbe
adapted to integrate the new catalyst into an electrode for the fabrication of a VRFB single cell
and validate its use in applications.

Vanadium Flow Battery with High Concentration Electrolytes

Under previous APRISE&inding, vanadium flow battergFB) work was initiatedoy HNEI

with the objective to reduce battery cost byducingsalt purity and maximizing cell voltage
efficiency. Under this award, simpleflow batterysystem with a 25 cfsingle cell and a titrator
was fabricated and uséaor charging/discharging tesandto verify the electrolyte composition.
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Electrolytes utilizing alfour vanadium valences & V3*, VO?*, and VQ") were successfully
preparedoy conventional method with the high acidic vanadium electrolytes tlam@ffectsof
impurities on the ¥/V3" and VG&*/VO," redox reactions was investigatasing rotating disk
electrode analysis. The stabilities of all fourelectrolytesunder low acid coriion were
investigated. With a concentration 0.2 mol L, V(II), V(Ill), and V(IV) electrolytes started
precipitating apH values of 4, 4.5 and 3.5, respectively; V(V) electrolyte kept cleapHllvalue
up to 5 except of the color change from light yellow to light oranigee workindicated thaall
four vanadiunelectrolytesnay be stable at low acid concentration down to mmajrade

Under APRISES16HNEI alsoconducted research improve the power and energy density, and
reducethe corrosion impact on the system components by increasing the electrolyte concentration
with low acid concentration for VFBA new electrochemidaeduction method was developed

for producing the/3* solution. An in-situ pH, conductivityand potentials monitorg system for

both electrodesf a VFB wasalso establishedFigure 2.1.4) Using thisnew method and the
monitoring system, stabM>" solutions (2mol L™ with pH 5~6 and ~3nol L with pH 1~1.5)

were successfully preparedfor the 3mol L VO?* reduction, the final green solution was
detected to be ~5120l L of V3" with a little crystal precipitates The V concentration increase
was due to the solution evaporatioRigure 21.5 (a) and(b) shows the cell voltage responses
under different current densities when the 2 ambBL* VO?* solutiors wereelectrochemicy
redu@dV?'. The cell voltages linearly decreased with time under all current densities except the
discharging at 30 mAanm2, which might be due to the initial electrode activatid®defore the
charge/discharge cycling test, a cell with ¥ solution in negative side and 2 on®I L VO?*
solution in positive side without acid had been completely charged to investigatalihigy of

V2* and VQ' solutions. The results indicated negative electroly*( purples) was stable but
positive electrolyte \(O2", yellow) showed browmprecipitateson pipeline when the cell was
deeply chargedFortunately, during theubsequent step discharges, the precipitates disappeared
and negative electrolyte and positive electrolyte came back to clear §rf&par{d blue YO?*),
respectively.
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Figure2.1.4 The insitu pH, conductivityand potentials monitor system for botkatodes of a
vanadiumflow battery.
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Figure 21.5 The electrode potentials at different currents during the reduction of a) 2 and b) 3 mol L
VO?* solutions.

Figure2.1.6shows the charge/discharge cycling data of a cell wittoPL! V solution (pH ~5)
without acid under different current densities and different electrolyte cycling flowratds: a
RPM; b 100 RPM;andc) 100 RPM(last two charge/discharge cycles befpositive electrode
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clogging). Theasymmetriaesults suggest reversibility issues which my come from the electrode
activity or the electrolyte systermin Figure2.1.6, no charge/discharge at 60 noAr? is due to
the charging voltage reaches to the liafiiL..8V, and also the clogging happened during the third

discharge at@mA cm?, which resulted in the cell failure.
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Figure2.1.6 The cycling charge/discharge of a cell with 2 méM_under different current densities and
different electrolyte cycling flowrates: a) 40 RPM; b) 100 RPM; ¢) 100 RPM (last two charge/discharge
cycles before positive electrode clogging).

Figure2.1.7shows the cell voltage responses to the initial seghedteharging and b) discharging
tests with 3mol L V solution (pH ~1) without acid Therewere brown precipitatesn positive
electrolyte pipeline during the charging at 20 /A2, The instable voltage responses at last two
charges (at 20 and 10 noin?) suggest that the clogging might happened in positive electrode.
Same as the discharging of the cell witmal L™ V, the precipitates disappeared and negative
electrolyte and positive electrolyte came back to clear gié& &nd blue YO?*), respetively

after the step discharges in Fig@dd.. The abnormal discharging behaviors at low current
densities (20, 4 and 2 m&n?) may suggest the dissolving processes of \if¥@cipitates
Unfortunately, the membrane was noticed broken and posléee@yte crossovers to negative
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side after the step discharge$.might be a result of th¥ (V) precipitatesclogging in positive
electrode.
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Figure2.1.7. The cell voltage responses to the initial separated a) charging and b) dischargimight@sts
mol L' V solution (pH ~1) without acid under different current densities in subsequence.

Figure2.1.8 The ending colors of Vanadium electrolytes after applying, a) theslemtvochemical
reduction method; and b) fully chargingtivthe VG* solution in positive side as a starting electrolyte;
and c) discharging in Figuiz1.6
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Under APRISES1,2he novelreduction method for producing tNMé* solution without acid may
be filed to a patent.The reversibility issues will bégured out by the special electrochemical
characterizationand attempted tbe solved by modifying the membrane or the electroddse
benefits of the vanadium flow battery system without acid may be demonstrated.
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2.2 Battery Systems

The researcltonductedunder subtask 2.2Battery Systemsincluded four activities (1) the
completionof thecharacteriation ofGeneration Zommercial Liion titanate batteries under grid
representative condition$2) the evaluation of electric vehicles (EV) battenelsen used to
supportgrid operation, (3) thedevelopnent of battery packs lifetime performance models
accommodating inhomogene#ieand (4) the development of nmvasive characterization
methodologies for Lion batteriesTest i ng was conducted at HNEI 6s
Research Factly (HISERF). Cell performance was modeled using tools developed under previous
APRISES funding Key accomplishmestand details of the work conductedere all fully

published and summarizdxtlow. The 8publications and 13 presentaticassociated with this
subtaslare referenced at the end of this section.

Battery Durability under Power Systems Operation

The testing and analysis of the Generation (GEN) 2 Altairnano cells was completed and published
under APRISES16Baure, 202 The tesing protocol for the cells was based on input from the
utility companyand lessoslearned fronthe GEN1cells. Thecommerciakells were testednder
conditions represeative ofthe various usages associated with modern grid applications as well
as cakndar aging.The cells exhibitedemarkablysmallcapacity loss after more than 450 days of
cycle-agingtesting. However, a careful analysis of the changes in their electrochemical behavior
enabled theutomatic quantification of the siledegradation modese. degradation that does not
induce capacity losso forecast their impact over a 3@ar lifespar(Figure2.21). We showed

that, forthe cells tested at 35°C ahdldat lowstate of chargecapacity loss could acceleraifeer

6 years of deploymentUnder all other conditions, if themperature remained below 35°C, the
capacity loss is limitednda 20year deployment lifshould be attainableThese results provide
confidence in the endurancé the two deployed MW systems ugithis battery technology on

the island of @ahu and Molokd This study also demonstrdtethat the three main
thermodynamiaegradation modewere affected differently byhe testing conditions and that
their individual quantification is essential farcairate prognoses
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Figure2.21. The 20year prognosis for the cyebrying experiment.

Durability of EV Batteries Used for Grid Services

Efforts to assess the durability of EV batteries ungj@erations representative of providiggd
services was completed under APRISER#&Ufe, 2018 This subtask startathderAPRISES12
wherewe showed negative impaitt the batteries wheumsing EV for energy shifting via vehicle

to grid (V2G) usage This was attributed tthe additional usage of the celladditional work was
undertaken under APRISES15 to asghasthe impact of a different grid application, frequency
regulation, on the same cellss lower on battery degradatiodnder APRISES16, addressed
anadditionalimportant point for the battery community, whether the synthetic driving cyftkrs

used to accelerate testinvgere representative of real drivin@igure 2.22). Based on the
conventional metrics of capacitgsistanceand degradation, we found that although the synthetic
cycles matched pretty wethe degradation mechanisms observed when batteries are tested under
real constant driving cycleshe average current and charge capacity during discharge were
important parametsto match the degradation exteMore importantly jt was found thatraffic
greatly influenced cell degradation and cycle lig@nce none of the synthetic cycles sufficiently
imitated the range of lifetimes and degradation profiles caused byareal driving, we proposed
thatrealistic EV battery testing nstrequire looping several iterations of the same synthetic cycle
at different intensities
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Figure2.22. Tested duty cycles and associated degradation path.

Battery Energy Storage System Modeling

Under APRISES16, the battery pack model developed under APRISES15 was used to investigate
the variability of performanceresulting fromdifferent leves of cell-to-cell variations CtCV) at

time of assembly Qubarry, 2019 This study investigated the impact of several normally
distributed intrinsic CtCV, individually or as a whole, on battery pack voltage response and
capacity retentionlt was found that, for Achemistries, CtCV do natignificantly effectbattery

paclks with batteries connected in parallel because of the possibility ebaklhcing. When cells

are connected in series, CtCV had much more of an impact on the assembly performance and that
effed is chemistry dependent, NCA cells being the less affected.

The proposed methodology allowed investigating the relationship between cells quality and
performance Resultsshowedthatthis is especially important for packs with cetisnnectedn
series(Figure2.23). In view of a potential BMS implementation, nothing at the pack level was
deemed accurate enough for automated estimation of the CtCV from the battery pack
electrochemical responsdit the singlecell level, the initialstate of chargandcapacity ration

could be deciphered automatically at low rate but the accuracy of the estimation will drop with
increasing rate because of the influences of the variations in resistance and rate capability.
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Development ofNon-InvasiveBattery Characterization

Under APRISES16, we used the tootveloped under previous APRISES awards to simulate the
impact on temperature and current on the voltage response of th&datdler, 2019 to
investigate the application of our method on rgmeteration batterieg\(sean 2020, and to help
analyzingthe impact of temperature gradients in collaboration with NRarter, 202

In Schindleret al.(2019) we demonstrated how well change of kinetics could be simulated using
the modeling framework developed under prior awafsa showcase example, tineremental

capacity characteristics of a typical high energy cell has been reconstructed at various temperatures
and Crates based on hattll profiles recorded solely at ambient conditiotshas been shown

that the intrinsic deviations of the kinetbehavior of the original and reconstructed cell can be
sufficiently compensated by tuning theoposedinetic model parameterd.he parameter values

show a weldefined, rate dependent Arrhenius behaviy.inter- and extrapolating the identified
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Arrhenius correlations, a generalized emulation approach has been developed to predict the
incremental capacity characteristics in a wide experimental parameter range tieilesamhe time

only relying on a minimaimodel(Figure2.24). This isespecially helpful for the application in
battery management systems whanly a limited amount of processing power is available.
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Figure2.24. Incremental capacity curves simulations at different temperatures from room temperature
data.

In Anseanetal. (2020) we reported ramework to construct an accurate mechanistic midel

a nextgenerationcommercial representative 189r//NMC811 battery. With new electrode
configurations emerging in negeneration Liion batteries, it is important to prowcadaptable,

in-situ diagnosis and prognosis tools that have been proved successful in previous generation
materials. The constructed model allowed us to emulate individual degradation rates of silicon
and graphite within the blended negative electrduls, the battery could experience under-real

life operating conditionsWe proposed series of key Features of Interest (FOIs) that are sensitive

to degradation and must be analyzed in detail to understand and deconvolute concurrent aging
modegFigure2.2.5). Due to the intrinsic nature of loakp tables, the features could be embedded

on a microcontrollebased architecture.
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Figure2.25. Simulated degradation map for the@i//NMC811 battery with most effective FOls.

o

In Carteret al. (2021) NRL as®s®d the influence of directionality of interelectrode thermal
gradients on L-ion electrochemical performance and safdtywas observed thaat ambient cell
temperatures, the thermal gradient has no electrochemical, éffié¢hat for awarmer cell, an
interelectrode thermal gradient, regardless of its direction, accelerates capacitylisiswas
involved incomparing experimental incremental capacity data to simulated curves with specific
degradation modesWe were al# todiagnose that the directionality dictates which electrode is
prone to failure(Figure 2.26): rapid negative electrodeentric degradation with extensive Li
plating in the case of a coldeegative electrodand warmermositive electrodeand gradual
positive electrodecentric degradation with a warmeegative electrodend colderpositive
electrode These findings illustrate the sensitivity of warmian batteries to mild interelectrode
thermal gradients, which become increasingly prevalent inllaydt packs and cylindrical cells
where alternating thermal gradients are commonly observed and will likely lead to mixed modes
of degradation.
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In addition to the scientific research, we published peespective papeiDubarry, 2020 on
battery state of health and one review papardi, 2019 on noninvasive characterizations in
collaboration with scientists from Argonne National Laboratory, the University of Warwick (UK),
and Jaguar Land Rover.
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Comparison of EV Battery Degradatid236th Electrochemical Society Meeting,
Atlanta, GA.

Dubarry, M., & Baure,G. (2020, March)Battery Durability and Reliability Under
Electric Utility Grid Operationsinternational Coalition for Energy &age and
Innovation, SydneyAustralia
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7. Dubarry, M.,(2020, June)Benchmark Synthetic Training Data for Artificial
Intelligencebased Liion Diagnosis and Prognosiépplied Research Laboratory
Lightning Talks, Honolulu, HI.

8. Dubarry, M., & Baure,G. (2020, October-8). Battery Durability and Reliability
Under Electric Utility Grid Operations238th Electrochemical Society Meeting,
Honolulu, HL

9. Dubarry M., & Beck,D. (2020, October-®). Synthetic Training Data for Artificial
IntelligenceBasedLi-lon Diagnosis and Prognos(poster).238th Electrochemical
Society Meeting, Honolulu, HI

10. Baure G., Beck,D., & Dubarry,M. (2020, October -®). Durability and Reliability of
EV Batteries Under Electric Utility Grid Operations: Impactreequency Regulation
Usage on Cell Degradatiofposter).238th Electrochemical Society Meeting,
Honolulu, HL

11. Love C.T., CarterR. E.,Kingston,T. A., Atkinson Ill, R. W.,Parmanandayl., Fear,
C.,MukherjeeP. P., &Dubarry, M. (2020, October-®). Unraveling Lilon Battery
Degradation Modes with Intdélectrode Thermal Gradien{poster).238th
Electrochemical Society Meeting, Honolulu,.Hl

12. Dubarry, M.,(2021, January 123).Battery Durability and Reliability Under Grid
Operations Alaska Energy Stage WorkshopVirtual.

13. Dubarry, M.,(2021, March 911). Battery Durability and Reliability under Electric
Utility Grid Operations: 2@Year Forecast under Different Grid Applications
International Battery Seminar & ExhibW,rtual.

2.3 Filtration Technology

Under Subtask 2, HNEI conducted research in three distinct areas; development of regenerative
air filtration materialsdevelopment oatest system fohigh-efficiency forward osmosi®r water
purification; andexploration of synthesis tecigues fornovel hybrid materials combining ionic
liquids and ionic sadls for high draw forward osmosis solutes.

RegenerativeAir Filtration Materials

This activity focused oreveloping a novel method for regenerating air filtration material through
photocatalysis. The benefit of this technology would be to allow regeneration of air filtration
materials used in fuel cells on siteluding shipboard or forward base applications.

In this effort, a novel surface treatment was developed to allow surface free radical generation
under UV exposureTitanium dioxide and graphene oxid@s covalently bonded to the surface
of granular activated carbon to form a unifonanascale coatingising nitric acid pretreatment
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and a hydrothermal reactiorfhis combination of materialsashypothesizedo utilize the free

radical generating phenomenon of Tuhen it is exposed to UV radiation while utilizing
graphene oxi de s @naebtron sink for the Teehetated electrons, praventing
quick recombination, and thus allowing the free radicals to travel freely through the surface.

Coupling with graphene oxide has also been shown to activateu@r longer wavelengths of
visible light. Graphene oxide was utilized in this study to enhance the efficiency efafitDb

allow the free radicals produced under UV radiation to scavenge surface bonded air contaminants,
in this case&sO molecules.

A custom air filtration test bedias used to expose air contaminated with ®Qhe novel air
filtration materials. The test bed allowed the characterization of the adsorption capacity of the
novel air filtration materials. After adsorption capacity was determined, the material was
stbmerged in an aqueous solution and exposed to UV radiation.

The preliminary results showed that the nanoparticle coating resulted in an approximately 46%
decrease in adsorption capacity but was able to restore 87% of its initial capacity when regenerated
for 20 hours.Hydrothermal synthesis of Traphene oxide coated activated carbon was shown
effective in producing a nanoscale, uniform coating of;Tao the surface of oxidized activated
carbon. HNOs pretreatment was necessary to emgucompletesurface coverage by increasing

the surface carboxyl groups on activated carb&resence of Ti@decreased the adsorption
capacity of pure activated carbon from 0.139 to 0.075 g/gSDIO./graphene oxide coated
activated carbon, corresponding to a 46%pdr

Photocatalytic oxidation and water regeneration contributed to the overall regeneration of
TiO2/graphene oxide coated activated carbdvater regeneration provided a significant effect
where a 67% regeneration efficiency was obtained without anyXpgusere. When exposed to

UV light, an even higher regeneration efficiency of 87% was achieved and the respective
photocatalytic mechanisms were speculated.

The results from this study demonstrate the technical feasibility of photocatabyiceration of
purification materials.

Forward OsmosisApparatus

Forward osmosis is a promising low pressure water purification technology with a low energy use
potential. However, the widespread commercialization of forward osmosis technology is
challenged by a lack of practical, cost competitive draw solute materitiishigh osmotic
pressure and low reverse draw solute diffusion that can be efficiently separated from the
desalinated water.Under APRISES6, we initiated research on forward osmosis (FO) water
purification technologywith the intent of developing higéfficiency forward osmosis for water
purification. The key accomplishments diis activity included(1) fabricaion of a forward
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osmosiswater purificationsystemto characterie the performance of forward osmosis draw
solutions and membrang®) assesment and evaluation otirrentliteratureon forward osmosis
water purificatiortechnology with emphases on E&aw soluions in order talevelop an irdepth
understanding of the physahemical attributes of ideal draw sodbrts; and (3) testing and
bendimarkng the performance of the FO systasing commercial draw solutes

UnderAPRISESL6, a forward osmosis water purification test systemwas fabricated to study
the effectsof draw solutionproperties feed solution salt concentratiomembrane quality,
temperature and water flow rate on the efficiency of FO proaessrms of flux of the purified
water and energy use of tlsgstem. The assembleforward osmosis system incorporates a
forward osmosis membrane, a feed solution and dodmtion tank assemblya weighing balance
andtwo low pressure circulating pumgsigure2.3.1).

Forward osmosis
membrane cell

Feed Solution
(Seawater)

,,,,,,,,,,,,,,

N
Low pressure
circulation pumps

Figure 2.3.1. Diagram of the forward osmosis water purification system.

TheFO system is a critical asset f orembtah& | 6 s
materials development and testingroceduresvere developed for operating the fabricated FO
system to ensure accuracy and reproducibility of experimedtenmercialconcentrated draw
solutions vereprepared anditilized to develop protocols fdrenchmarking the performance of

the FO system.Deionized water anfligh salinity sea watemwere utilized as feed solutions in
these studiesThree commercial inorganic draw solutes NaCl,s8Hand KCI were selected at

the concentrations of ®, 1M, and 2M and tested wittheionized water as feed solutjosith a
cellulose triacetate membrane

Figure 2.3.2illustratesthe mass gain over time of the draw solutions from water permeating
through the FO membrane from the deionized water feed solufiigure 2.3.3depictsthe
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resulting water flux from the FO process from thes8Hlraw solutions which are in the range of
6-12 L/n? h.

30
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25 1 ——2MKCl
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1M NH4CI

20 | —a—2M NH4CI

=2\ NaCl

—e—1M NaCl

Weight gain (g)

0 10 20 30 40 50 60
Elapsed time (min)

Figure 2.3.2. Comparison of weight increase of all tested draw solutes with DI water feed.
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Figure 2.3.3Comparison bwater flux trends of N&LCI solution using a feed solution of DI water.

As expected fromosmotic pressureconsiderationof the solutions generally the highest
concentrated draw solutions (2M) performed better than 1M and 0.6M solutions, in terms of water
recovery from the DI feed solutiolhe best draw solutions were tested against the practical feed
solution, filtered Hawaiian islandeawater, from Ala Moana beachHowever the water flux
profiles were inconsistent with literature findingisggested the need for further improvement of
thetest apparatugrior to further performance testing dfaw solutions or membranes
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These improementsto be addressed with future fundimglude

1) The automation of data (weight and time) collection to improve accuracy and enable longer
experimentation times;

2) Weighing both the feed and draw solution tanks;

3) Integrating a draw solution/solute reeoy unit into the FO system;

4) Re-assembling the FO system into a modular test stand on wheels for flexibility ahdse;

5) Integrating energy use monitoring tools to enable the determination of the practical levels
of renewable energy (e.ghotovoltaics), waste heatr battery power that will be needed
to run the FO system.

In futurework, the FO system will be used to evaluate and compare the performance of HNEI
developed draw solgins (including ionic liquid based draw solutions) agaisistte of art draw
solutions. UnderAPRISES.6, werefined our syntheses and characterization methods of metallo
ionic liquids and molten salt® enable the quick translation of our syntkesxpertise to the
development oionic liquid based-O draw saltions withhigh water flux, low toxicityandeasy
regenerability. We finalized the characterizations of the HNEI developed iron metalio

liquid, Fes(OAcC)1[EMIM] 2, through collaborations witldr. Dera fromHawail Institute of
Geophysics anBlanetolog (HIGP), Dr. Leick from National Renewable Energy Laboratairyd

Dr. Hagemann from University of Geneva

Forward Osmosis Solute Development

In support of the development of high efficiency forward osmosis, HNEI charactegzebionic
liquids and molten salts with a high concentration of metal ions developed under pesviods
The physicochemical properties of the naveh-basednetallaionic liquid, Fe(OAc)1EMIM] 2,
usingvarious spectroscopic and thermal analysebniquesvere successfully elucidated.

Thematerials development syntheses strategyoofbining ionic liquids and ionic solids presents
opportunities to tailor the physiathemical properties of the resulting metallo ionic liquids and
molten saltswith unique properties This approach can plausibly enhance or create new liquid
salts with optimized properties for applications such as battery electrolytes and thermally or
magnetically responsive, high flux draw solutes for forward osmosis water puoificati

Conventionalenic liquids are salts with a melting temperatai®(°C thatusually contain large
asymmetric organic cations and small inorganic anions with-§tied ion pairs. lonic liquids

are considered a c,ba svbarecurentlygeeigng a lotofointepestin n d s
various fieldg[1-3]. Metal containing ionic liquids are a salass of ionic liquids that combine

the properties of the traditional ionic liquids with the unique chemical and/or physical properties
of the incorported metals. The introduction of the metals greatly expands the possibilities of
modification of the ionic liquids, enabling their varied use in interdisciplinary applicddenks
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The high thermal stability, negligible vaparessures and large ligusltangemakes ionic liquids
attractive for a wide range of uses including as catalysts, magnetic magdectislytesand gas
absorber$8-10].

lonic liquids have the potential to reversibly bind gases through a variety of intermolecular
interactiong[2,11-15]. 1-ethyl3-methylimidazolium acetafdEMIM][OAC] , is one ofthe best
known ionic liquids [2,16]. Mixtures of [EMIM][OAc] with inorganic saltshave also been
reported to formonic liquid materials[17,18] Following a similar approachwe haveexplored
synthesis obther metal salts with [EMIM][OAC] in search akw metal containingnic liquids
andmoltensalts for battery electrolyte anglas and water purificatiompplications We recently
reported on the syntheses and characterization of the nove(OMc)iJEMIM]. and
Mn4(OAC)1d EMIM] 22H>0 compoundsfeatuing extended chasof octahedrally coordinated
Mn?* with all acetatdigands[7]. Under APRISES16, we successfully characterized the novel
crystalline F&(OAc)1d[EMIM] 2 material that we developedlhe material was characterized by
X-ray diffraction (XRD), infrared vibradnal spectroscopy (IR) and thermal analyses techniques,
as discussed in detail belovA manuscript was published with three more under preparation
the synthesis, crystal structuead properties of the novel materials.

Crystal Structure ofFes(OAck[EMIM]2: The X-ray studies of the synthesized materials were
finalized using alternate funding in collaboration with Dr. Dera at HIGBure 2.3.4. shows the
crystal  structure of the anhydrous sfRAC)1[EMIM]2> and the hydrated
Fes(OAC)1d EMIM] 2RH20 metallo-ionic liquid compound developed at HNEI.

® * > Nay
& Y < _‘\: - y\:t i
A tr :{. 3 tr {: - Vr {‘

Figure 2.3.4. Crystal structures ofsf@AC)1EMIM] »2H,0 (left) and F&OAc).EMIM] 2 (right).
EMIM ions are removed for clarity.
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Figure 2.3.5 shows the topology of the anhydrous and hydrai€@A®1o[EMIM] 2 materials.

The [EMIM] cation moieties do not participate in the coordination of the Fe ions, but are hydrogen
bonded to the acetates.

Fes(OAC)1[EMIM] 22H> Fes(OAC)iodEMIM ]2

Figure 2.3.5. Schematic representation ofatimhedral metal cation chain configuration in
Fes(OAC)idEMIM] 22H,0 and F&(OAC)1o[EMIM] 2.

ThermalAnalyses o GA and DTA Analyse3hermogravimetric analyses (TGA) and differential
thermal analysigDTA) were performedusing a TA Instruments Q600 SDT employing a
temperature ramp of 10°C/min and argon flow of 100 mL/minrderto elucidate the thermal
properties of the REOAC)1o[EMIM] 2 on heat treatment from 30 to 600C. TGA indicates about
72 wt% mass loss of theaterial(Figure2.3.6. The majority of the weight loss occurs in multiple
overlapping steps in the 2850°C temperature rangeThe TGA result supportthe VT-IR
analyses which suggests decomposition of th€d&e&)1o[EMIM] > complex upon heating to
280°C. The Fa(OAc)1EMIM] 2 is morethermaly stalde compared to [EMIM][OACc] but less
stablethan the iron acetatd@.he observed higher thermal stability of the(B&\c)1o[EMIM] 2 ionic
liquid is likely due taincreased lattice ordering and ionic borgdielative to [EMIM][OAc]. This
high thermal stability was also obserngéviouslywith the Mm(OAc)1o[EMIM] 2 compound$7].
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Figure 2.3.6. Thermogravimetric analyses (left) and Differential Scanning Calorimetry (right) of
[EMIM][OACc], Fe(OAc),, andFexOAc)1EMIM] 5] at 10C/min under Ar flow.
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The DTA thermogram oFes(OAc)1o[EMIM] 2 (Figure 2.3.8 illustratesfour endothermigeaks

with maximumsat 108C, 157,296 (shoulder) and 32€. The endothermipeaksat 296 and

324°C are attribtedto thedecomposition of the EEOAC)1o[EMIM] 2. The peak at 15T is likely
associated with structural rearrangemerftef{ OAC)1o[EMIM] 2. This thermal evenis observed

in VT-IR around160-180°C as a disagarance of the vibrational peak at #55. The changing

of the metal ion (size, type or charge) is envisioned to further alter the physicochemical properties
of the metal containing ionic liquidesultingin newmaterials with uniqueropertiefor multiple
applications.

Temperature Programmed Desorption ofyAc)EMIM] 2: The gasphase products liberated
during the temperature programmed desorption &)1 EMIM] > was monitored by means

of quadrupolemass spectromet@MS) up to 450°QFigure2.3.7. The ions at m/z=15, 18, 28,
43, 45, 58, 74 were assigned to the moleculeg 8+, N and CO, OGCHs, OH-CO, HC-CO-
CHsand HCO-CO-CHgs, respectively.These m/avalues represent the key species involved in the
thermal decomposition of e{OAc)1lEMIM]2.  The decomposition pathway of the
Fes(OAC)1[EMIM] 2 involves four distinct regimes with peak temperatures of 88°C, 200°C,
267°C, and 345°CThe first regime is associated with the release of absorb®dakl observed

by XRD in hydrated R€OAC)1o[EMIM] 2.
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Figure 2.3.7Evolution of selected m/z recorded by quadrupole mass spectrometry during the temperature
programmed desorption of F®AC)1[EMIM] 2 in the temperature range of-860°C, heated at
10°C/min. The signal of m/z = 74 was niplied by 20 for clarity.

Infrared Vibrational Spectroscop)R spectra were recorded with a spectral resolution of'2,cm
with 30 or 64scans in the range 6800 cm'. The spectra were either recorded &tQ@ our

lab with a Nicolet iIS10 FTATR or wh our collaborators at University of Geneva usiagable
temperaturdBiorad Excalibur Instrument equipped with a portable Specac Golden Gate heatable
ATR setup which allowed us to prepare samples in the gloveboXhe FT-IR spectrum of
Fes(OAC)1EMIM] 2 is shown in Figure 2.3.8 compared with the spectra of the reactants;
[EMIM][OACc] and Fe(OAc). The spectrum of the new X®Ac)1oEMIM] 2 compound shows
the following frequencies at 755 ¢niCC stretchings OCO bending), 846 ¢cm(CC stretching +
OCO bending), 944 ch(CH; bending), 1170 crh (In plane GnH bending), 1042 crh (CHs
bending), 1334 crh (symmetric CO stretching), 1393 &niCHs bending), 1568 and 1569 ¢m
(antisymmetric CO stretching), 613 and 644f@CO bending + CC stretching)rhe infrared
modes of the ionic liquid [EMIM][OAchndFe(OAc) are in agreement with the literature
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Figure 2.3.8. Room temperature FTIR spectra of&c)1[EMIM] 2, Fe(OAc}and [EMIM][OAC].

The Fes(OAc)1d[EMIM] 2 was furtherinvestigated byariable temperatureTIR to determine the

effect of temperature on the molecular bonding and stability of the compbBlende, hematerial

was heated in the temperature range e280°Cwith spectra collected at every 10°C interval

phase transition of the compound is observed in the temperature rangel&0260where the

peak at 755 crhdisappears, as well as the weaker bands at 670 and 7410renthemorg the

signals at 1334 and 1393 ¢rare merged into a broad peak, whinhyindicate the formation of

a liquid phase of R€OAC)1EMIM] 2. These signalareattributed to the vibrational modesthe

acetate ion, which might indicate that a change of the orientation of the acetate ion occurs leading
to a lower interaction with thEEMIM] * before the onset of decomposition of the acetate.

Underfuture funding we will re-fabricate and optimizene FO system to enable accurate, long
duration measurements and regeneration of draw solWeswill begin to evaluate commercial
and HNEI developedraw solutedor forward osmosis seawater desalinationterms of water
flux, regenerabilityand energ use.

Publications and Presentations

PeerReviewed Publications

1. SeveraG.,Bruffey lll, E., NguyenP. Q. H., Gigante A., Leick, N., Kelly, C.,
Finkelstein,G.J.,HagemannH., Gennet, T., RocheleayuR. E.,Derg P. (2021).
(Fes(OAC)10[EMIM] 2: Novel Iron based Acetate EMIM loni@ompound ACS
Omegab, 47, 3190731918
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2.4 Hydrogen Refueling Technology

The objective of tis ongoingproject is to evaluate the technical and financial perémeeof

HNEI 6s hydrogen refueling st #eetiofdhnee laydrajentFhee t e c |
Cel | El ectric Buses (FCEB) operated byThé he Co.l
knowledge gained in this project will inform the MTA on benefits and issues associated with
transitioning from a diesel bus fleet tazaro emissions FCEB fleet in support of the State of
Hawai di 6s and the County of Hawai @i 6s cl ean t

Under APRISES16 fundinddNEI supported theeommissioningof the hydrogen statiorand
development ofprocedures tsmanagehe cost ohydrogerproduction commissioningof the first

MTA fuel cell electricbus;coordinationwith the County R&D department and MTA to develop
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deployment concepts fathree buses; andevelopment ofplans for installation of remote
dispensing equipment at tidTA Hilo bus maintenance facility. Future work will include
additionalpublic outreach utilizing the NELHA hydrogen station and leveraging the opportunities
provided by MTA bus operationspllecting and analyrng technical and economjeerformance
data m bus and hydrogen station operaticansd supporting work force development via training
for bus operators and maintenance personnel.

Hydrogen Station: Commissioning andOperational Costs

Developed under funding from a variety of sources, including previd@é andONR awards,
HNEI 6s r ef u(Bigjurer2gh.l) bdatmd at the Natural Energy Laboratory Hdivai
Authority (NELHA) on the Island of Hawaiis designed provide up t65kg of hydrogen
productionper day. Thealispensingsystemis designed to dispense hydrogen at 350 bar (5,000
psi).

\\ i
Figure 2.4.1. NELHA Hydrogen Production and Dispensing Station.

As illustrated in Figure 2.4.2, fuel celtaglehydrogen produced at NELHA will be delivered to
the MTA base yard in Hilo to support headyty FCEBs operated by the MTA Heln public

bus service. Three trailers (Figure 3)4are available for transporting hydrogen between the
production and fuahg site. They are certified by the Federal Transit Administration for use on
U.S. public roads. The hydrogen cylinders must be recertified every five yaas have a
legislated operational life of 15 years from their date of manufacture.
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MTA Hilo

H2 Production
& Dispensing

Figure 2.42. Hydrogen Transport Concept.

Flgure 2.4.3. Hydrogen Transport Trailers.

The station was fully commissionad2021 by HNEI and Powertech, the equipment supplier. The
station uses a Proton Onsite (now NEL) electrolyzer to produce 65giodgen per day at an

outlet pressure of 30 bar (440) psA HydroPak compressor (Figure 2% .compresses the
hydrogen to 450 bar (6,600 psi).

Figure 2.44. HydroPac Compressor.
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The system is powered by the Hawai Qi El ectri
approximately 60%enewable energy including solar, wind, and geotherridle total power
consumption of the hydrogen system including the electrolyzer, compresdaalande of plant

is ~210 to 240 kW when operating at the maximum production rate of 65kg/day A&/ Kichis
corresponds to approximately 78 to 88 kwh/kg of compressed hydrogen. The breakdown of the
observed power usage is provided in Table 2.4.1.

Table 2.4.1: NELHA Hydrogen Station Observed Power Usage.

NELHA Hydrogen Station Observed Power Usage

Electrolyzer in pre-start (no other equipment) 550|W
Electrolyzer in standby 740|W
Electrolyzer air cooler 260|W
Electrolyzer/Compressor room fans 800|W
Compressor Chiller 800|W
Electrolyzer filling/verifying A500 tank (air cooler 850|W
Electrolyzer stack circulation state w/ air cooler 1.05/kwW
A500 filling with electrolyzer room fan/air cooler 1.35/ kW
Small compressor (only operates in short bursts) 1.5|kw
Full production with fans, compressor, chillers: 210 - 240 kW

This represents the largest single load on the NELHA research campus grid and has the potential
to significantly increase electricity costs for the campus which is subject to energy and peak
demamnl charges from HELCO.A study (Headley, 2020was performed by Sandia National
Laboratory to determine the cost of hydrogen production at the NElgldéarch campus given

the rate structure options for thEELHA campus The study determined thate-of-use energy
charges ould be beneficial, but the length of the laest energy windows and the specifics of the
demand charges are important associated considerations aslfvibi. length of the lowcost
window is not long enough to produce the daily loggm demand, or ithe peak electricity
demand charges do not also have a-ifaese component, timef-use pricing may not be a good
option. Also, pairing of flexible loads with other load centers is mutually beneficial with high
levels of solageneratiorandoptimal load scheduling using generation forecasting methods would
be necessary to maximize value in this casgregions increase their dependence on intermittent
sources of generation, the value proposition of flexible hydrogen produeilbincrease to
improve the utilization of these resource3hese research findings were published arel
available on the HNEI website

The dispensing system consists of a dispenser (Figui 2ahnected to &lydrogen Transport

Trailer through audeling post interface that is connected to the dispenser via an underground
hydrogen piping distribution systemThe hydrogen dispenseystemis fully automated for
unattended operati on dynshuttipgrsprigylcadedameratedshuti f a i |
off valves.
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Figure 2.45. Hydrogen Dispenser.

The fueling dispensers located at NELHA and at MTA are identical except for the addition of a
novel boost compressaystemat the MTA site integrated into the MTA fueling post (Figure
2.46). The boost compressor system was developed by HNEI and Powertech to dispense up to
90% of the hydrogen stored in the HTT in order to reduce transportation costs by not having to
return halffilled HTTsto be refilled at NELHA.

Figure 2.46. MTA Boost Compressor Fueling Post.

The initial operationsof this project, particularly operating in a corrosive salt air environment,
have provided the opportunity for HNEI technical support staff to study and become familiar with
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the hydrogen equipment andrtrol systemsand related maintenance challeng@ser time, this
information will be transferred to the County MTA maintenance staff.

Commissioning the First MTA 21-Passenger Fuel Cell Electric Bus

TheMT A HéldGONno Pl-passenger FCEB (Figure ZZ%was purchased witBtate of Hawai
funds from the Energy Systems Development Special Flihis. bus, manufactured by Eldorado
National, and converted to a hydrogeectric drive train by U.S. Hybrid, is AD&ompliantand
includes a wheelchair lift argpaces for two wheelchairs

-

Figure 2.47. HeleOn 21-Passenger FCEB.

Onboard hydrogen is stored in composite carbon fiber cylinders located under the bus with a
capacity ofL9kg. The fuel cellbattery hybridsystem is integrated with two 11 kWh hitim-ion

battery packs to provide motive power to a 200 kW electric drive syséroruising speed, the

fuel cell maintains the battery state of charge within a range that supports thertorigealth of

the battery. During deceleration, the electric motor acts as a generator sending power back into
the battery (Ar elpiecorribes toowerallbsysterk energyoefficiency and
improves bus mileage.

The busfuel cell battery hybridsystem was upgraded beplacing the original 30 kW fuel cell
with a new stat®f-the-art 40 kW U.S. Hybrid fuel cell. During commissionitnils,the fuel cell
produced 4&W, a 15% improvement. The range increased from 200 miles to 300amifést
ground with no passergs a 50% improvement. The range is highly dependent on the route
topography and driver skills. Due to weight issues discovered during commisgiaais)gt was
necessary to reduce the number of seats on th&dousts original 29 td21 seats inclding the
driver o6s.

A U.S. Hybrid 10 kW busexport power system (Figure % was installed in the12passenger
bus to enable the bus to provide 110/220VAC electric power at full power for up to 30 hours as
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emergency power for civil defense resilience afiensand humanitarian assistangben the grid
power is down. The bus can be refueled in 10 minutes providing an additional 30 hours of

emergency power.

Figure 2.4.8. Bus Export Power System

Deploymert of Hele-On 19-Passenger Fuel CelElectric Buses

Two additional19-passenger FCEBs (Figure 4. wer e acquired by the |
Volanoes National Park (HAVO)These buses were converted by U.S. Hybrid and are of similar

design to the P-passenger FCEB.Onboard hydrogen capacitg L0 kg giving amaximum

projected range ofSD miles. These buses are being upgraded witkMOU.S. Hybrid fuel cells

and A123 Lithiumion batteries usin§245,0000f undi ng provi ded by the C

‘.e = BRSNS - o

(S
- ANy ety

Figure 2.4.9. HAVOL9-Passenger FCEB.
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Figure 2.4.Dis a conceptual design of the hydrogen fueling dispensing system located at the MTA
base yard in Hilo comprised péver usedepurposed new equipment that was originally intended
to support two busest Hawail Volcanoes Mtional Park

Figure 2.4.10. MTA Fueling Dispensing Station.

HNEI consulted with the MTA to select the location illustrated in Figure 2#rithe hydrogen
dispensing systemThis single dispenser could support approximately 22 buses (illustrated) ove
a 6-hour period at a éinute fueling interval.

Figure 2.4.11. MTA Site with Fueling Dispenser.

I n additon to the technical and cost analysi s,
Hawai @i Community ClHawaig@i, .SVHyWid, and bus toperator f
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contractor Roberts Haw@ito support the introduction of workforce development programs to
train drivers andechnicianon hydrogen safety arid operate andervice the FCEBs and other
battery electric vehicles

This project has made a critical contributi on
hydrogen economy vision as illustrated in Figure 2.4.12. The County is positioned to leverage this
project to attract additional funding from the Bided mi nst rati ondés AHydroger
support the execution of its vision and was one of two organizations invited to present their visions

at the Hydrogen Shot Summit in October 2021.

Storage Diversity & Unlimited Storage ;

Vehicle
Assembly Facility

Sub-Assembly Shop
(Wiring Harness, Piping Systems,
Battery Testing / Cycling, Electric Motors) i W'

184

Geothermal, Landfill, Wastewater, Atmospheric Moisture Capture
Inline Hydro, Wind & PV Solar & Water Purifier

Renewable Technical Center
Respo el

Figure 2.4.2. County of Hawdi Closed Loop Hydrogen Economy 6.
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6. Ewan,J. M. (2019, February 4ASU Hydrogen BriefHonolulu, Ht University of
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Electric Bus ProgramK a u a @ i Mass Transit Agency.
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2.5 Printable Photovoltaics

The overallgoal of this task is to develop thin filmaterials for photovoltaic applicationsing
low-costs cal abl e f pr i Thistaskcgniinugsrvork midased undeprevious ONR
funded efforts to develop novel thin film materials (primarilyyZnSn(S,Se) CZTSSe) for solar
energy conversiousingcheap and scalabliguid-based processy. Printable inkscontaining all
the necessary components to form the solar abslaverbeen develope@hese inksan beused
to coat substrates usihggh-throughput techniquesuch aspin coating aa inkjet printing.

~

UnderAPRISES1Zunding, a technology to form CSBethinfiimsusingnane r y st al | i ne i
made of CZTsulfide) nanoparticles with controlled composition, siaed morphologywas
developed Printed inks were subsequently heated with elemental selenium to form polycrystalline
CZTSSe absorbergith power conversion efficiencyPCE of approxmately 2.3%(as measured
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with fully integrated CZTSSéased solar cells) Although promisingthis tecmique was not
reproducible, amanoparticles tend to agglomerate quickly in our inks after initial dispersion,
making the printing step difficuliUnder APRISES14anoparticlebased inksvere replaceith

ones containing only molecular complexesoper, zing and tin (SnGl, CuCl and ZnG) and
thiourea (sulfur source) dissolved in methakog(re 2.5.4). The resulting CZTS solutions are
very stable and easy to procesdter heating under selenium atmosphere, CZTS ink is converted
into CZTSSe almwbers with exceptional crystallinity and veficce (Figure 2.5.b). Fully
integrated solar cells made with this new technique regobwdr conversion efficienayp to 7%
(Figure 2.5.t). However, the open circuit voltage 4¢= 400 mV) measured on ZT8$ells was
found to be approximately 250 mV lower than that typically measured on parent chalcopyrite solar
cells (e.g., CulnGaSeCIGSe).

b
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Figure2.51. (a) Picture of a stable molecular ink containing metal chlorides, thiourea and methanol. (b)
Scaniing electron microscopy crosectional view (colored image) and (c) curreoltage characteristic
of a printed CZTSSe solar cell.

B

Current density (mA.c

UnderAPRISES16, solictate properties of CZTSSe solar cellre further analyzet identify

the origin ofthe lower than expectedbltage. Temperaturalependenturrentvoltage (JV-T)
characteristics were measured from room temperature down toushdka cryostat cooled with
liquid-He and equipped with temperature controllefFgure 2.5.2). Devices were illuminated
using a white LED lamp which illumination (1 sun) was adjusted until the devicescatooit
current density matched that measured with the 2000W solar simutatatly, cells open circuit
voltage (\bc) were exracted from the-¥-T characteristics and plotted as function of temperature.
The Voc-T characteristic presentedkingure 2.5.9 provides importaninformation regardinghe

dominant recombination paththe solar cell In the absence of defectsa¢th c el | 6 s t op i r
as seen with high efficiency CulnGaS€IGSe) cells for example, the extrapolation of the
characteristic to OK would yield an activation energyeEq u a | to the solar ab:

implying recombination happens primarily im € semi ¢c ondule tomtragt,sthe b ul k.
extrapolation of the ¥c-T characteristic measured on the CZTSSe cells reveals an activation
energy (787 meV) significantly | ow8uchlatghan t h
disparity between Eand E can be explained wither by defective interface and/or nodeal

alignment of energy bands at the Gd&TSSeheterojunction (atliff -likeo conduction band
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offset). Another fundamental difference observed betwaenCZTSSe cells and high efficiency
CIGSeis thesaturation open circuit voltage €\), a parameter representing thaximum quasi
Fermi level split (QFLS) achievable beforfeeezeout of the recombination mechanism
dominating at room temperaturd=or CIGSeVsar is typically achieved at 90K, with a value
(990mV) corresponding roughly to 75% thfe bandgap gap valuén contrast, \éar measured on
CZTSe (550mV) represents onlyp0% of the bandgapand is achieved at a much higher
temperaturel(7), suggesting possibipinningd of the Fermi level at the hetefioterface.

~ 1200 : . , : , :
= E.=1,100 meV (bandgap)
£ 1000 - o i
: I (activation
o energy of main
< L = ; i
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Figure 25.2 (a) Picture of the experimental setup used to measure the activation energy of main
recombination mehanism in a solar cadind(b) Open circuit voltage versus temperature curve measured
on a CZTSSe sola cell.

Surface passivation strategies were evaluated as means to heal CZTSSe interfacial defects and
reducethevoltage deficit.Reports showed that dimg chalcopyrite (CIGSe) absorbers with alkali,

such as sodium, canhance electronic properti@sdimprove Voc. In a typical CIGSe thin film
synthesis (ceevaporation over Mgoated soda lime glass, SLG), sodium naturally present in SLG
diffusesthrough the Mo layer and passivates defects in the absorber, howerlepublished by
Repinset al.[1] showed that theut diffusion of Na from the SLG during growth of CZTiS@ot
sufficient to achievegood solid-stateproperties. Based on these results, our group evaluated
methods to supply sodiusxsitu by evaporating a 50 nm thick NaF layer directly at the surface

of CZTSSe sample.The solid-state properties of representative untreated andr Naated
CZTSSe are summarized in Tald®.1 On averageNadopingdid notseem to have improved
CZTSSesolar cells sincentreated samples exhibited highesc\éompared to Nafireated ones.

It should be noted that the overall performances of the samples used for this experiment were low,
as highlighted by the efficiency of the baseline (1.62% vs. 7% for cells from other batches).
Nonetheless, results suggesB\keposition after absorber growth does not lead to any appreciable
improvements on solid state propertieRecent work reported by our team concluded that
supplying sodium prior absorber growth, for example by depositing NaF directly onto the
substrateis more effective in passivating both bulk and surface def2kcts
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Table2.5.1 Solid state properties of bare and NaF treated CZTSSe solar cells.

Sample Voc Jsc FF Eff Rs Rsh
[mV] [mA/cm?] [%0] [%0] [a/%km [q/%m
Untreated
CZTSSe 292.6 18.84 31.23 1.62 9.93 35.69
sample
NaF treated
CZTSSe 176.42 21.98 28.44 1.17 3.61 16.0
sample
References

[1] Repins, |, Beall, C., Vora, N., DeHart, C., Kuciauskas, D., Dippo, P., To, B., Mann, J., Hsu,
W.-C., Goodrich, A., & Noufi, R. (2012Co-evaporated (2ZnSnSes films and Devices.
Solar Energy Materials and Solar Cells 101, 1541509.
https://doi.org/10.1016/}.solmat.2012.01.008

[2] Gaillard, N. (2021). A perspective on ordered vacancy compound and parent chalcopyrite
thin film absorbers for photoelectrochemical water splitthkqgplied Physics Lettey4199),
090501. https://doi.org/10.1063/5.0061774

TASK 3 BIORENEWABLE RESOURCES

Under Task 3, Biorenewable Resources, HNEI worked in three distinct areas. Based on work
conducted under previous awards, HNEI continued to explore conditions in a constant volume
reactor that resulted in the production of biocarbons exhibiting chastict®rconsistent with
having undergone a transient plastic phddederSubtask 3.2, a master design for the anaerobic
system was completed to support transfer to industhyder the third subtask, HNEI continued

its efforts to characterize the physiceafical properties and storage and oxidation stability of
CHCD-76, SIR76, and their blends with- 6. Various American Society of Testing and Materials
(ASTM) methods were used to investigate both the storage stability and fuel oxidation stability of
thefuels. Results are summarized in this report.

3.1 Novel Biocarbons from Biomass

Biomass can be a renewable resource for the production of energy, fuels, chemicals, and materials.
The production of biocarbons with high, fixedrbon content has been a research focus under
earlier APRISESwards Exploring the conversion of biomassdan constanrtvolume reactor
conditions resulted in the production of biocarbons that exhibit characteristics consistent with
having undergone a transient plastic phase (TPFRjure 3.1.J. Under less severe reactor
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conditions, the same biomass feedstalconverted to a powdered, frfewing, biocarbon.

Yields of these unique and novel biocarbons from constant volume pyrolysis and their fixed carbon
contents have proven to exceed those previously reported in the literature using conventional
carbonizabn methods and less developed techniques such as hydrothermal carbonization. This
task used a constamblume reactor test bed to explore reactor conditions that resulted in TPP
biocarbon formation. Results from characterization of materials produded tinis task resulted

in a patent disclosure filed with the UH Office of Technology Transfer. Additional details will be
provided by publication of results when intellectual property protection has been completed.
Articles in the archival literature wibe available orHNEIS website upon publication.

.

Figure 3.1.1. Transient plastithase biocarbon.

3.2 High-Rate Anaerobic Digestion

This objective of this subtask was to develgptem design and life cycle costing of higtie
anaerobic digesters for use as point source processing uniggdtate reuse water and energy
rich biogasand to seek a commercial partner for future deployment.

Under APRISES16, anaster design was deloped, inclusive of PID diagrams, costing,
manufacturingand shipping to build and install a wastewater treatmergrsydesigned from past
research PID diagrams wereonstructed that considered targeted organic loading rates and
hydraulic retention mmes. The system was shown to processtaminants of emerging concern
and more efficient reductions of estrogens than previously reported.

Efforts to identify a commercial partner for deployment has not, to date, been successful.
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3.3 Marine Fuels

Non-ester renewable fuel (NERF) is a class of biofuels comprising pure hydrocarbons that are
indistinguishable from their petroleum counterparttNERFs have many advantages over
bioethanol and biodiesel, e.g. higher energy content, better low tempeyadilite, and superior
stability and material compatibilitffi]. NERFs are also interchangeable with petroleum diesel in
the existing fuel distribution and diesel engine infrastructé&i® such, NERFs are more likely to
meet the specifications of alterivat fuels. NERFs, such as hydroprocessed renewable diesel
(HRD-76), catalytic hydrothermal conversion diesel (CH@®), and synthesized isoparaffin
(SIP-76), also known as direct sugar to hydrocarbon (B&H have been produced in sufficient
guantity fortesting by the 5. Navy as drogn replacement for NATO 6.

Although blends of HREY6, CHCD76, SIR76, and conventional-F6 have already been used

to power Navy surface shifg], the physicochemical properties and storage and oxidation stability

of CHCD-76, SIR76, and their blends with-F6 havenét been t hnaheroughly
present study, two American Society of Testing and Materials (ASTM) methed&STM

D4625[3] and ASTM D5304[4], were used to investigate the storage stabilitgheke fuel

samples. ASTM D5304 was also modified to determine the oxygen consumption rate of fuels.
ASTM D2274testing[5] was conducted to study the fuel oxidation stability.

Petroleum F76, SIR76 and CHCB76 were provided by the Naval Fuels and licdmts Cross
Function Team at Patuxent River, Maryland, United States (PAX RiVeg.SIR76 and CHCD

76 fuel lots were synthesized by Amyris Biotechnologies and Applied Research Associates,
respectively.The petroleum 6 was refined by CITGO PetroleuCorporation.The fuels were

used as received, unless otherwise noted. Methods for physicochemical property measurements
have been reported elsewh{geg].

Results of the storage stability and oxidative stability test campaigns are summarized below.
Storage Stability

Fuelstorage stability is highly affected by fuel composition, especially the content of aromatics,
sulfur, and oxygenated compoundBoth the longterm ASTM D4625 and the accelerated ASTM
D5304 methods were employed for storage stability testig CHCD76 can be used in neat
form and SIP76 is typically blended with-#6, CHCD76, SIR76, and a 50/50 blend of SIF6

and F76 were sealcted for ASTM D4625 testskigure 3.4.1 displays the amount of insolubles
formed after each test periobhevalues shown are the average of three samples obtained by the
same operator with the same apparatus under constant operating conditions oal itbstti
material. The F76 data were obtained in previous sty The amount of total insolubles
formed in SIP76 is lower than that formed inF6 samples, demonstrating that S®is more
stable than petroleum-F6 and contains less unstable prsous, which is consistent with the
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composition analysisThe fuel storage stability of-F6, therefore, could possibly be improved by
blending with SIP76, as illustrated by the results obtained for 50/50 blends e7&lhd F76

after 24 weeksf storgye. Similar to SIR76, CHCD76 also possessed superior storage stability
compared with F6. Although the amount of insolubles formed ¥/ & is significantly higher

than that in SIFF6 and CHCD76, the total insolubles formed in# over the whole stage
period are lower than the maximal allowed amount (3 mg/100mL) specified in théWIL
16884N. These are based on 16untASTM D5304 tests, for which 16okhr ASTM D5304 tests
yields approximately the same amount of insolubles as 20°C storage for ritfismmder
atmospheric air pressufd], and the total amount of insolubles formed after 24 weeks, 0.53
mg/100mL, is about 6 times lower than that specifidd. addition, the amount of filterable
insolubles formed in these three fuel samples are lesshtb@auherent insolubles formed in these
samples.As a result of the low amounts of insolubles formed, no significant linear relationships
were found between the storage time and the amounts of filterable or adherent insolubles formed
in SIP-76 and CHCD76.

0.6

F 12 weeks

A 12 weeks

T 12 weeks
F 16 weeks F 24 weeks

A 8 weeks A 16 weeks

T 8 weeks

CHCD-76 SIP-76 50/50 SIP-76/F-76 F-76

Figure 3.4.1Insolubles formed in SH?6, 50/50 SIP76/F76 blend, CHCB76 and F76 determined by
ASTM D4625 for 24 weeks. Each data point is the average of three samples. F, A, and T represents
filterable, adherent, and total insolubles, respegtivel

F 4 weeks F 18 weeks
A 4 weeks
T 4 weeks

F 8 weeks
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The influence of londerm storage on fuel physicochemical properties was alsatigaéed in

this study. Figure 3.4.2(a) and p) displays the change of fuel kinematic viscosity and density
during the 24 week test periodlhe viscosity and kinematigiscosity of the fuels stay almost
constant during the 24 week storage perioAs with the insoluble formation, no direct
relationships were found between the storage time and change of fuel kinematic viscosity and
density. The results indicate that theng-term storage has more impacts on the PV and AN of the
fuel sample, especially the PW.he PV of SIP76 and CHCD76 increased about 4 and 7 times
respectively.
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Figure 3.4.2. Change of fuel kinematic viscosity at 40°C (a)dandity at 15°C (b) after ASTM D4625
test.

The oxygen overpressure method, ASTM D5304, was also employed to study the storage stability
of the fuel samplesThe advantages of this test method compared to ASTM D4625 is the greatly
reduced testing time, Ioursvs. 24 weeks, and reduced sample size, 100/s1 400 nh.. As
mentioned aboveheé 16 hour ASTM D5304 test yields approximately the same amount of
insolubles as a 27 month storage test using air at atmospheric pressure [d].2GiQure3.4.3

(&) and b) shows the insolubles formed in the neat and blended fuel samples after 16 and 40 h
tests. As expected, the amount of insolubles formed in & Bamples is higher than that in SIP

76 and CHCDr76 samples, indicating thalhese two biofuelsare more stable compad with
petroleum F76. Thisis consistent with the ASTM D4625 testsults. In contrast with the ASTM
D4625 teststhe amount of filterable insolubles formed after ASTM D5304 tests is usually higher
than that of adherent insoluble&fter the 16 burtests, the amount of filterable insolubles formed
usuallyincrease with the F76 composition, whereas no significant relationships were observed
between the adherent insolubles formation and6 Fcontent. However, aswith filterable
insoluwbles, the amount of adherent insolubles formed increased with I6ecémposition after

40h tests. The insoluble formation is also related to the test period, and the longer test period
induces more insoluble formationlt shouldalsobe noted that thasoluble formationn all the

neat and blended fuelsvestigatedfall below the MIL-DTL-16884N specification< 3.0
mg/100n..
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Figure 3.4.3. Insolubles formed in S1B, CHCD76 and their blends with-F6 determined by 16 hour
(a) and 4hour (b) ASTM D5304 tests. F, A, and T represent filterable, adherent, and total insolubles,
respectively.

The ASTM D5304 test results appear consistent with those obtained from ASTM CBIEZE6

and CHCD76 were more stable after lotgrm storage comped to petroleum +#6 and this is
consistent with their lower content of unstable precurdlending SIP76 and/or CHCB76 with

F-76 would improve the fuel storage stabilitih addition, the insoluble formation mechanism is
different under conditionfor ASTM D4625 and D5304 test3he ASTM D4625 test induced the
formation of more adherent insolubles, while more filterable insolubles were formed during ASTM
D5304 tests. Selected physicochemical properties of -3 CHCD76 and their blends were
different after the longerm storage; changes of PV and AN were significant, whereas kinematic
viscosity, density and HHV were noDverall, the longerm storage had greater impact on the
PV, for example, the PV of-FF6 increased approximately three ana fiimes, respectively, after

16 and 40 h ASTM D5304 oxidation tests.

Oxidation Stability

Although the ASTM D5304 method was initially developed to measure insoluble formation in fuel
samples under stressed conditions, (i.e. 90°C and pure oxygen at §0id éfaalso be utilized

to investigate the oxidation process by characterizing the oxygen consumption of the fuel samples.
This entails monitoring the pressure in the vessel and calculating the percentage of oxygen
remaining. Figure 3.4.4 compares tlexygen consumption of SiP6 and CHCD76 with 76

after 16hour ASTM D5304 tests.The oxygen consumption of the fuel samples is comparably
rapid at the initial stage of the -t®ur test period owing to the oxidation of unstable precursors.
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As the precursordecome fully reacted, the consumption rate slowke oxygen consumption

rate is reflected by the slope of the linear regression clneen in the figure The lower oxygen
consumption rate of SH6 compared to+#6 and CHCB76 indicates that SH6 is more stable

and this is consistent with the results obtained from ASTM D4625 td&sis. slightly higher
oxygen consumption rate of CHCIB compared to+6 is noteworthy, giveh he | att er 0 s
insoluble concentrations (FiguBe44). This may result from the oxidation of unstable precursors
under conditions of high temperature and pressure, but without oxidized products that necessarily
form insolubles.Figure 3.4.4 alsongsents data reflecting the oxidation process of the fuel blends.
As noted earlier, the oxygen consumption rate of CH®DOs faster than that of-F6 and the
oxygen consumption rate of a 50/50 CHCZB/F76 blend lies between themThe oxygen
consumptiorrate of 50/50 SIFF6/F76, however, is lower than that of STB.
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Figure 3.4.4. Oxygen consumption of S18, CHCD76 and their blends with-F6 under modified
ASTM D5304 test conditions.

The accelerated ASTM D2274astandard method for the testingoxidation stability of middle
distillate petroleum fusland biofues. This method was employed to investigate the oxidation
stability of SIR76, CHCD76, and their blends with petroleur/B. Although the ASTM D2274
method only requirea16 hourtestperiod, MIL-DTL-16884N requires a 4®hroxidation period
using the same apparataisd limits total insolubles forrationto < 1.5 mg/100 mL for 6 and

its blends. The insoluble formation in S#?6, CHCD76, and their blends with-F6 was
determined fo16 and 40 burs(Figure3.4.5(a) and §)), and theesultswere compared to that of
F-76 published previouslj6]. As with ASTM D5304 tests, the insoluble formation is correlated
to the fuel composition and test peridche oxidation of F76 producemore insolubleandhigher
F-76 blendsresult in the formation of more insolubleghe total amount of insolubles formed in
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fuel samples after 16olr tests are all lower than the corresponding samples afteouyQdsts.
The insoluble formation after 4@br tests, however, is mainly contributed by the formation of
adherent insolubles, which is different from tiest resultdfrom ASTM D5304, but consistent
with those fromASTM D4625. This demonstratethat increased pressure watceleratehe
formation of filterable insolubles, as the ASTM D2274 test condition is sitoilivat ofASTM
D5304 except for the highn O pressire 800 kPa.Notethat the insolubles formed in 6 samples
(40 h D2274) approach the limit of the MIDTL-16884L specification.
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Figure 3.4.5. Insolubles formed in SMB, CHCDB76 and their blends with-F6 determined by 16 hour
(a) and40 hour (b) ASTM D2274 tests.

In summary, SIF7/6 possess better oxidative stability compared with petroleum fuel76,
whereas CHCEY6 exhibited slightly higher oxygen consumption rate in comparison with F
The increased content of ti&P-76 and CHO-76 in the fuel blendgenerallydecrease the
insoluble formation and increaséhe oxidation stability of the fuel samples.The increased
pressure during the oxidation process would accelerate the formation of filterable insbjyubles
comparing the type and amount of insoluble formation in ASTM D2274 and D5304 tests.
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TASK 4: METHANE HYDRATES

National R&D programs on methane hydrates were initiated in Japan and India intheé9n8d0 6 s
with the goal of commeral gas production within &wventyyear time horizoq1]. The U.S.
establisked its own program in May 2000-he Methane Hydrate Research and Development Act

of 2000 (Public Law 104.93) included seven technical areas of focus: (1) identification,
explomation, assessment, and development of methane hydrate as a source of energy; (2)
technology development for efficient and environmentally sound recovery of methane from
hydrates; (3) transport and storage of methane produced from methane hydratesatibreaiud

training related to methane hydrate resource R&D; (5) assessment and mitigation of environmental
impacts of nattal and purposeful hydrate degamsy; (6) development of technologies to reduce

the risks of drilling through methane hydrates; arjds(@ipport ofexploratory drilling projects.

The objectives of the Methane Hydrates Task of the APRISES initialiiye closely withthe
priorities of P.L. 106193, but emphasize those areas of particular relevance to the ONR and which
areconsistent wittthe overall goals of APRISESSpecifically, the development of hydrates and
related sources of seafloor methane as logistical fuels for Naval applications, and related marine
environmental issues, have been the principal areas of intexpttratory drilling projects and
seafloor stability/safetio datehave received limited attention.
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For APRISES 6, the goals of thelethane Hydrates Task were to:

A Advance our understanding of the environmental impacts of natural seeps and accidental
releases of methane and other hydrocarbons in the deep ocean

A Explore the feasibility of sequestering £i@ natural methane hydrate reservpasd

A Promote international research collaborations on methane hydrates.

Technical accomplishmenisiderthe APRISES16 Methane Hydrates Tagi each of these goals
are described below.

Environmental Impacts - Hydrate Formation on Natural Gas Bubbles

When methane (C}i and other gaseous hydrocanis are released accidentally into the ocean or
from natural bottomseeps,they can lead to significant environmental consequenddsese
hydrocarbons can dissolve or may escape through toeean interface Microbial metabolism

is recognized as a major sink of hydrocarbon contaminants in the ocean, but the meduahisms
rates of biological degradation and sedimentation are not well understood.

Methane is a potent greenhouse gas that has a global warming potential about 30 times larger than
that of carbon dioxide (C£[2]. The release of CiHduringthe aforementioned scenaricsuld
increase its atmospheric inventory which may exacediamate chang¢3,4]. Investigations of

the dissolution rate of buoyant natural gas bubbles rising through the oceanic water column are
important in assessing environntal impacts since it will affect the resulting concentrations and
spatial extent of the contamination zomibbles that dissolve slowly relative to their vertical rise
speed will distribute CH and other natural gases over a wider area, resulting ierlow
concentrations.Furthermore, natural gas bubble plumes entrain ambient seawater as they rise
through the density stratified deep ocedduring this ascent, volumes of cold, dense seawater
drawn upward by a plume along with small gas bubbles disperskd water may detrain from

the plume and form subsurface intrusion layers which are spread laterally by isopycnal transport
[5]. Larger bubbles with strong buoyancy can resist this detrainment and continue to ascend
toward the surface.Insight acquied from buoyant natal gas simulations igssential for
environmental impact assessments

To develop effective mitigation strategies for methane leakatfee deep ocearnvestigations
have been conducted to observe bubbles or plumes in the field mredsare bubble dissolution
rates in the laboratoryMaini and Bishnoi ] established a method to hold and observe rising
bubbles in a fixed location for an extended period by utilizing a counter flow of water in-a high
pressure vessel hey reported tht a hydrate film formed on the rising €bubble. Masutani and
Adams [/] used a large pressure vessel to observe pusd@@bbles and oil covered GHubbles

as part of a privatpublic risk assessment of deep offshore oil and gas production in thefGulf
Mexico. The dissolution process of GHubbles with and without hydrate films has also been
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studied previouslyd,9. Warzinskiet al. [10] and Cheret al [11] performed detailed observations

of the hydrate film formation on a GHubble to elucidate the dissolution process of the bubble.
These investigations have revealed that; besides impeding dissolution, hydrate formation may also
alter gas transport by changing the drag characteristics of the bubbles.

Severalin situ experimats have examined rising bubbles and natural gas plufirgggsham [2]

studied the behavior of natural gas bubbles released into the water column at depths of 650 and
325 m in the Beaufort Se&ehderet al. [13-15] released Chland argon or Cgat the ocan floor

in Monterey Bay and observed rising bubble behavior with a remotely operated vehicle (ROV).
As part of theDeepSpillproject, a field test was conducted to simulate a deep undersea well
blowout in which significant quantities of oil and gas weischarged at a depth of 844 m at the
Helland Hansen site in the Norwegian Sea, and the behavior of these plumes was Bgjidied [
Furthermore, natural gas bubbles released from the seabed were observed via acoustic sounder
imaging at the Sakhalin slopethe Sea of OkhotsKk 7], at the mud volcano in the Black S&&]|

and at Blake RidgelP]. Recently, detailed observations of rising bubbles were performed via
tracking with an ROV in the Gulf of Mexico (221].

Applying results of these earlier studies, models have been developed to simulate dissolution and
dispersion of Cklbubbles rising though the oceanic water columdohansen [2 proposed the
LagrangiarDEEPBLOWmMmodel to assess oil and gas blowout acciddntorporating the results

of | aboratory and field experiments, 38pa and
and deweloped the Clarkson Deepwater Oil and Gas (CD@®@Gjlel to predict dissolution and
transport of oil and gases in seawa®8,27. McGinnis et al. [28] also proposed a model to

simulate the behavior of GHyas rising from the seafloor to the ocean surface.

Recently, as part of offshore GHydrate research and development activitiesMbétane @Gses
from Deepwater (MEGADEEPNodel P9 and MEGADEEPEco model [] were created to
simulate the diffusion behavior of Glgas released from the seabdthese models were applied
to CHs-hydrate activities in the Nankai trougHl][3y the MH21 project in Japarihey were also
used to simulate CHemission from offshore Chydrate reservoirs in the East China Sej [3
and inthe Japan Sea 3B

Previous research has provided significant insight into the dissolution processg bliliiHes in
seawater; however, the majority of laboratory experiments have been performed using pure water
and field studies have been conductedeavgater. The effect of salts on the dissolution rate of

CHs bubbles is estimated only indirectly, and studies that made direct comparisons are limited.
Furthermore, laboratory experiments mainly focused on the effects of the hydrate film formation
on thedissolving bubbles, and only a very small number of measurements have been made of the
bubble dissolution rate under nbgdrate forming conditions. In consideration of these
deficiencies, weleveloped a facility and methottsmeasure the dissolutionteéaof CH; bubbles
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outside of the hydrate film forming regimeA description of the facility and a sample of
preliminary data on thdissolution rate of single CHbubblesare provided below.

Materials andMethod. Experiments were performed in a facility that can simulate conditions in

the ocean from the surface down to 1000 m defthe HNEI Deep Ocean Simulator (DOS)

facility allows continuous monitoring of buoyant gas bubbles for extended peAodewnward

flow of water over the rising bubble generates a downward drag foinefllow rate of water over

the bubble can be adjusted so that buoyancy and drag forces are balanced and the bubble is held
stationary in spaceln the frame of reference of the bublieis simulates buoyant rise through

the water column.In this study, dissolution rates of single £blbbles under dynamic (i.e.,
advective), norhydrateforming conditions were inferred from data on bubble shrinkage over
time.

The DOS has an internal wwhe of about 100 L and can operate safely at internal hydrostatic
pressures up to 10.4 MPahe DOS consists of a pressure vessel equipped with observation
windows, a higkpressure water circulation system, a temperature controller, a gas supply, system
and an imaging systemPrevious studies6]7] have confirmed that this system is capable of
monitoring the behavior of single and multiple buoyant droplets and bubbles over long time
periods.

Deep Ocean Simulating (DOS) facility
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Figure 4.1. Schematic diagram of the Deep O&iamlator (DOS) facility.

Figure4.1l presents a schematic diagram of the DOS facilltige cylindrical pressure chamber
comprises two sections, each approximately 1 m in heighe upper section (146 mm inner
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diameter) serves as a lexelocity, runin plenum that supplies the enclosed water tunfidie

plastic water tunnel shown in the inset is mounted inside the 298 mm inner diameter lower section
that is equipped with a pair of higivessure viewports (J.M. Canty Fuseview Sightglass;
approximately 100 mm clear aperture; 10.44 MPa maximum operptegsure) positioned
opposite one another to allow observation of the bubbles in the water tiBotal sections are
fabricated from 316 stainless steel in compliance with all applicable ASME pressure vessel codes.
Inner surfaces of the chamber are coatgh PTFE.

The system is filled with about 100 L of eithap wateror synthetic seawaterWhile natural
seawater was available for the present experiments, complications assoclatestialiility of its
propertiesvere encountered in eamliinvestgations To minimize this problem, and to ensure that
results could be replicated by others, we elected to use artificial seawater with known composition
and minimal biologial loading.

Synthetic seawater is prepared by mixing Instant Ocean with taptevatietain a salinity of 3.5

0.2 wt.% NaCl.The Instant Ocean aquarium mix contains naturally occurringrsalising sodium
chloride, magnesium chloride, sodium sulfate, calcium chloride, and potassium ct3dfidéHe
pressurized liquid in the stem is circulated with a variable speed, magnetically coupled gear pump
(Micropump model 223/56 C; Leeson Micro Series AC Inverter, maximum discharge rate: 12
L/min). Two bath chillers (Thermo Scientific model ThermoChill lll and model IsoTemp 6200) are
employed to maintain water temperature in the range extending from 278 to 308 K, with an accuracy
of £ 1 K. Water flow rate in the water tunnel can be adjusted between 5 and 56an@slissolving

CHa bubble with a diameter between 10 and 1 mmfldwerate in the water tunnel test section was
adjusted over a range of approximately 20 to 16 cm/s.

The water tunnel consists of a clear acrylic inlet contraction and constant area viewing section
cemented to a polycarbonate diffus@he diffuser downseam of the viewing section ensures that

gas bubbles under observation are not swept out of the water tunnel as they dissolve, since the
downward fluid velocity decreases rapidly by a factor of about 20 from inlet to exit in the diffuser.
This allows us eriodically to adjust (i.e., reduce) the fluid flow rate and reposition the dissolving
bubbles back in the viewing section for continued observafitre inlet contraction of the plastic

water tunnel is employed to minimize boundary layers and reduaddnde levels in the 25.4 mm

inner diameter x 102 mm length, cylindrical test (viewing) section.

CHas gas prepared by Airgas, Inc. that was used in the experiments had @2u®§%The gas was
injected into the water from a needle positioned at thedfdbe pressure vessel.

The clear, constant area viewing section of the water tunnel was aligned horizontally with the two
large viewports.Gas bubbles stabilized with the downward flow of water were illuminated with an
LED panel (Metaphase Technologiesdel FRBL) mounted in front of one viewport and were
monitored with a telecentric CCD camera (Prosilica GT1920 with Thorlabs 0.1@8eBentric
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lens) through the opposite viewpoiThe telecentric camera lens provided constant magnification
across thepan of the 25.4 mm inner diameter viewing section, to avoid errors in estimating changes
in size over time of the dissolving bubbles as they wandered laterally toward and away from the
camera.

Images were recorded at intervals of up to 0.5sages weranalyzed every 3 to 30 s depending

on the size change ratemage analysiswasdonepesk per i ment wi th LabVi ewbd
Due to minor bubble movement during image capture, the spatial resolution of the image
measurements was estimated to 185 Onm.

The shape of the bubble was assumed to be an oblate spheroid, and the majoarackihé minor
axis ) were estimated from the 2D image datée time change of the spherical diamedig) ¢f
the equivalent volumey), calculated byequation 4.1was investigated.

v=p (a’h)/6 =pd:’/6 (Equation4.1)

The Heywood circularity factoH) also was calculated to assess the bubliidge changeH is
determined by dividing the observed perimeter of the butptbe circumference of a circle with
the sameprojected area Deviations from circularity result in values Bf >1. Threeor more
replicategypically areperformed at eadestcondition

Results Bubble dissolution data in the DOS collected over a range of operating temperatures in
both tap water and sea water have been published in the open acces&joengiad35]. A brief
summary of the results reported in that paper is provided below.

Figure 42 shows a typical image of a GHubble obsered in the higkpressure vessel. The
buoyant bubble is stabilized with a downward flofwvater.
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Figure 4.2. CHbubble (~1.5 mm in diameter) in pure water at temperature of 288 K.

Figures 4.3 and 4.4 show, respectively, bubble shrinkage (i.e., change in spherical ddameter,
with time) and the effect of temperature on the rate of shrinkageddy/dt. Figure 4.4also
compared/ in tap water and sea water.
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Figure 4.3. Change in spherical diameter of, Gtibble in pure water (T=288 K; P=6.9 MPa).
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Figure 4.4. Effect of temperature on shrinkage (dissolution) rate in sea water at 6.9 MPa. Also shown in
theFigure for comparison is the shrinkage rate in pure water at 298 K.

The present results indicateat CHs bubbles dissolvén pure water at approximately twice the

rate of bubbles in seawater, and that dissolution rates in seawater appeared to increase slightly with
temperature between 288 K and 303TKiese data were compared with corresponding dissolution
rates calculatedybmodels used in various seafloor gas hydrate developprejgcts. The
measured and predicted rates in pure water were in good agreement; however, experimental data
obtained with seawater yielded smaller bubble shrinkage rates than the model ré&selts.
temperature dependency of the bubble dissolution rate observed in the experiments appear to
suggest that the rate of dissolution of {#ibbles is limited not by the rate of transfer ofCH
molecules across the phase interface, but rather by the diffoistissolved Ckimolecules from

the interfacial zone to the bulk water phas@le propose that this ratketermining step be

considered for inclusion in GHbubble dissolution models to improve the accuracy of the model
results.

Sequestration- CO2-CH4 Hydrate Exchange

Injection of CQ into methane hydrate reservoirs in sediment has been proposed as a means to
destabilize the hydrate to release methane gas for energy, and to sequesfesnC@he
atmosphere A number of laboratory experimergaggest tht the exchange proceeds too slowly

to be viable at a commerciatale. Recently, however, new theoretical thermodynamic analyses
have indicated that gas mixtures of &%d CQ may improve the kinetics of replacement of LH

with CQO, in hydratedeposits 36]. In order to assess the feasibility@D,-CHs4 hydrate &change

for simultaneous methane production and carbon sequestratiparimentswere performed
employing our SetarafT2.15 calorimeteto explore the energetics and kinetics of finscess.
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Materials and MethodsDuring these experiments, methane hydrate is formed in the sample cell

of a SetaranBT2.15 calorimeterFigure 45 presents a schematic diagram of@@®-CHa hydrate
exchangefacility. The calorimetefirst is purged of &mospheric air using a vaam pump and

dry nitrogen gasAfter purging, it is cooled tdl0°C using liquid N. Following the protocol for

methane hydrate synthesis developed previously and described in earlier HNEI reports, distilled
deionized water isprayed intaaliquid N2 bath to generate finee crystals Crystalssmaller than

about 200 em ar e col inteasampule celliweasgemided cellithend | oad
inserted into the cold calorimeter test welirged withN2, and pressurizedlowly with pure

(99.99%)CHjs gas prepared by Airgas, Inc.
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Figure 45. Schematic diagram of the GQH, hydrate exchange experimental facility.

When the pressure in the cadbiched’.0 MPa (1000 psig), the temperature of the calorimeter was
increasedrom -10°C to -5°C and allowed to equilibrateOnce the calorimeter reached steady
state, the sample temperature wgsled betweer5°C and4°C over 12 hours.The calorimeter
thenwas ooled to-10°C. This forced anyemaining liquid water, which did not fornytirate, to
freeze back to iceAfter allowing the sample to reach equilibrium, it was then brought back up to
3C before CQinjection.

For the CQ injection process, thsample cell was depressurized to 0.1 MPa (ambient pressure)
and CQ gas at room temperature (€9 was quickly injected back into the cell until the pressure
69



reached 7.0 MPalrhe sample was then held at 7.0 MPa &if8r 12 hours to allow the methane
to-CO, hydrate exchange to occur.

The CH: hydrate next was dissociated by slowly increasing temperature of the samplé@om 3
to 6°C and holding the sample at 6°Che corresponding thermograms exhibited an endothermic
signature characteristic of dissociatioRinally, temperature was slowly increased froh %o
10°C to melt any CQ@hydrate that had formed.

Results The methane and CGQ@ydrate dissociation peaks, while observationally separate, was not
easy to separatheat flows associated with each phenomenon. Therefore, a different method is
suggested to obtain results for £8hd CH hydrate exchange analyses. Further, the heat flows of
methane hydrate dissociation were very irregular compared to previouslynpefenethane
dissociation experimentis possibly as a result of GOydrates forming concurrently with GH
hydrate dissociation. It also appears that @@irates did not form in large quantities, as the heat
flow corresponding to C&hydrate dissociatiorsivery small relative to the methane hydrate heat
flow trough.
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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 proposal, HNEI provided
financial support and was a member of the Organizing Committée dfltth International Fiery

Ice Workshop on methane hydratésery Ice 2017 The 11th International Workshop on Methane
Hydrate Research and Development was held in Corpus Christi, Texas on December 6th through
8th 2017.The 2.5day workshop included fevnational reports, six breakout sessions, and 17 oral
research presentation$wo poster sessions were also included iraifpenda

The national reports described the present status of gas hydrate research in the United States,
China, Korea, and Japaithe breakout sessions were organized around six topics: 1) Laboratory
experimentation; 2) Gas hydrate modeling; 3) Gas hydrate deep drilling; 4) Carbon sequestration
related to gas hydrate mining; 5) Site assessment; and 6) Biogeochemical assessnants of g
hydrate loading and monitoring environmental health.

Additional information on the workshop, including abstracts and presentation slides, are available
in the workshop reportThis reportis available orthe HNEI website.
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TASK 5: SECURE MICROGRIDS

Under Task 5 Secure Microgridsyange of projectewere executetb develop, testind integrate
secure microgrid technology including distributed energy resoundes research efforts included

the development and performance assessment of innovativeotegies and methodologies
aimed to improve or ensure the operability and resiliency of the electricity grid during natural
disasters and intentional acts of disruptias well asrenewable energy generation and active
management and control of the epesystems The work described in the following sections was
conducted pr i ma rSIrARY (GhidySystdml Eechihnaogies rAdvdnced Research
Team).

50MI 1T TEA E $UT AITEA 1T AA "ATE

The island oMo | o fs arie iof the smaller Hawaiian Islands in the central Pacific Ocean. Its
isolated power system has a peak demand of 5.7 MW, a minimum evening demand of,2.2 MW
and serves a rural population of approximately 7,300 residents. At the start of 201antheais|
approximately 2.3 MW of distributed solar photovoltaic (PV) generation installed and approved
for installation, which is predominantly behutioe-meter rooftop systems, and@OkW gridtied

hydro project.

Among the challenges faced by utilitiegritegrate very high levels of rooftop solar PV on isolated
island grids is maintaining a minimum reliable operating level of diesel generators during times of
high PV production. High PV production can force generators below their required minimum
operat ng point, with the uncontrolled fAexcess
reliability and operating risk to unacceptable levels.
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In March 2015, Maui Electric Company, Ltd. (MECO) informed customers thadthé o grid O |

had reached its stenlevel PV hosting capacity limit. Since that tinoeistomer applications for

an additional 665 kW of distributed PV systems were held in a queue pending interconnection
approval by the utility.In total, there was in excess of 3 MW of distributedegation installed,
approved, or in the queue on thieo | o kyaté@m, which has a minimum daytime gross load of
only 3.7 MW. The systerevel PV hosting constraint is a function of the daytime load on the
island, the uncontrolled power production from #asting and proposed new gitied PV
systems in the queue, and the minimum reliable operating level of theunuiesel generation

on the island. The diesel generation on the island has a minimum reliable operating point of 1.3
MW, therefore, with aninimum daytime load of 3.7 MW, the utility determined that there is only
room to accommodate a maximum of 2.4 MW of uncontrolled PV capacity on the system. Further,
the high penetration of PV on the grid can exacerbate system stability challenges during
foreseeable contingency events, such as a sudden loss of a generating unit or a power line fault,
causing the system frequency to drop below 57 Hz within a few cycles. These sudden drops in
frequency in turn cause distributed PV systems to trip offlind,this cascade effect can lead to

an increase in load shedding or a systeiae blackout.

This project, a joint HNEI an8MECO initiative, deployed a custom controlled Dynamic Load
Bank (DLB) to deliver a practical, reliahland inexpensive means to pravéhe baseload diesel
generators from operating below their minimum dispatch |ewrele enabling the grid connection

of significantly more rooftop PV on Mol okadai
penetration of distributed PV systemsmicrogrids and island power systems.

Specifically, this project analyzes the perfor
val veo t o -emoseldtiahdor iacreasedaalar interconnections and leteger grid
management asset femall island grid and microgrid applications. In this application, the DLB

rapidly adds load to thBlo | o kyatém using secure communications within the power plant

when needed to balance the grid during infrequent periods of excess solar energgigoroduc

HNEI GridSTART6 s anal ysis in Figure 5.1.1 illustra
production by proposed rooftop PV systems held in the queue would occur very infrequently. By
absorbing a mere 3.9 MWh of excess solar energy with the DitiBiahproduction of a significant

1.1 GWh of clean solar energy is enabled (with a commensurate reduction in fossil energy use)
through the interconnection of all 665 kW of distributed PV in the queue. In contrast, investment

in a battery energy storaggssem to capture the 3.9 MWh of excess solar energy production
annually is not economically justified.
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Figure 5.1.1. Prospective Mol okadi net | o

Under APRISES14, control algorithms for the primary use case of excess emenggement

were tested and verified. In November 2018, upon the load bank commissioning and
implementation of these automated controls, the utility was able to add an additional 725 kW of
distributed PV capacity to the system (even more than the 665 K&t deeld in queue by the

utility). Extended research in DLB controls development were proposed and plapoeshtoally

deliver additional grid value from this asset, such as fast frequency response to system dynamic
events.

Under APRISES15, HNEI andECO conducted field tests to determine if the DLB is capable of
meeting the demands of fast frequency response. The tests included: (1) measuring the accuracy
of the frequency readings from the DLB; and (2) measuring the latency between thignreal
Automated Controller (RTAC) and the DLB. If the DLB was able to accurately read the grid
frequency, it would eliminate the need for an external sensor. If the DLB could be controlled with

a minimal time delay from the RTAC, it could be used for fast frequessponse and lessen the
severity of load shedding and over frequency events.

A PQube power meter with GPS time synchronization was installed at the DLB as a reference
meter to verify the DLB readings. Data recorded simultaneously from the DLB an@the P

were compared to verify the accuracy of the DLB frequency readings and to measure the
communication latency between the RTAC and the DOBie RTAC was physically installed
close to the DLB to minimize communication laten@&gure 5.1.2 The RTAC ad DLB
communicate over Ethernet cables using Modbus TQFitfire 5.1.3.
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Figure 5.1.2. New control box containing the RTAC and reference PQube meter physically located near
the DLB.
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Dedicated Control Box
Figure 5.1.3. Block diagram of the DLB latency test.

Figure 5.1.4 Bows relative frequency error measured by the DLB compared with the reference
PQube power meter. As seen in the figure, the frequency measurements from the DLB are read
every 200 ms (5 Hz) and can vary about + 0.1 Hz from the reference. The PQube ptaver m
used as a reference has an accuracy of £ 0.01% with a resolution of 0.0001 Hz, while the DLB has

an accuracy of only £ 0.2% with a resolution of 0.01 Hz.
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Figure 5.1.4. Relative frequency error of the DLB compared with the reference PQube power mete

The latency test results shown in Figure 5.1.5 demonstrate that there is a mean latency of
approximately 450 ms from the time when the RTAC sends a load change command to the time
when the contactors in the DLB switch and change the load. Of themds® mean latency, a

maxi mum of 100 mel affyofilwimets from the time the
the command to the time the contactors change (see Figure 5.1.3). This means the theoretical
lowest total latency for the system is abod® Ins.

40 - &1 load changes
mean latency: 454 .0 ms

W std: 21.7 ms
i
=
£ 301
=
=
3
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2
E
=
=

10

D T T T
o 200 400 ] BOO 1000
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Figure 5.1.5. Latency test results.

As Figure 5.1.6 shows, a possible solution to minimize latency is to use Modbus RTU directly
from the RTAC to the DLB. Protocol overhead and translation steps used in Modbus TCP/IP may
be adding significant days in the communication between the RTAC and the DLB.
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Figure 5.1.6. Proposed block diagram for minimizing latency by using Modbus RTU directly from the
RTAC to the DLB.

Under APRISES16his information was presented to MECO #oitbwing careful considration,

it was determined that available engineering resources were inadequate to meet the substantial
time and effort required to coordinate and tune the controls of the DLB with the existing fast
frequency responsive BESS on island. Withikecapabilies of the DLBappear able to contribute
incremental support imitigating impact severity ofinderfrequency event&.g., avoid shedding

a Akickero | oad bl ock i-frequentydoadvsbedding actieme),ahet o ma
existing BESS was deliveny adequate gridtabilizing dynamic response for effective system
operation. Thusin this context, the demand placed upon the scarce engineering resources
available on the small Mol okadi i sland utilit
benefit the DLB offered HNEI greatly values itsuccessfupartnership with MECO irco-
developing and delivering practical and eeffective solutions that have significantly increased
renewabl e energy uptake and offuteee ed Mol ok adi

5.2 Bidirectional EV Charging Optimization

Although the shift towards electric vehicles (EVs) can pose new challenges to the electric grid
system with increased electricity demand and reshaped grid loads, an immense opportunity exists
to leverage the potential flexibility of EVs to provide user benefits and grid services through
managed charging. These benefits and services can deliver economic value to EV owners while
potentially enhancing the gr i dftisizatioa problerbis | i t y
complex due to the numerous categories and variants of grid services along with $actoes
potential degradation impact on EV batteries, vehicle owner preferences, and scheduling
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requirements. To tackle the complex optimiaatiproblem and demonstrate the use of
bidirectional EV chargers, HNEI GI8TART is developing and evaluating the performance of
novel algorithms that optimize the charge/discharge schedules of shared fleet EVs under this
demonstration project.

The novel EVcharger control algorithms will first ensure that the shared vehicles for the
designated University of Hawii(UH) use are efficiently assigned and readily available for
transport needs. Simultaneously, the controls could deliver ancillary powenargy services
through intelligent EV charge and discharge commands, at times allowing the stored energy in the
EV batteries to be strategically withdrawn to minimize the overall cost of energy supply to UH
campus loads and possibly support the operdtreels of the local utility operator (i.e., Hawaiian
Electric Company) through the supply of grid ancillary services in return for financial
compensation. The algorithms also incorporate data fed fromadttte-art inrhouse developed
forecasts of camys building demand and a@ampus solar PV power production, thus maximizing

the use of renewable energy as the preferred source for EV charging and supply to building loads,
while minimizing costly energy purchases from the grid.

The experiencesandresult of t he current project will 1infor
of options such as the electrification of fleet vehicles, advanced car share applications, integration

of distributed renewable energy resources on campus, and the optimal managecaenusf

energy use and cost containment by virtue of the stored energy in the vehicle batteries.
Additionally, this projectodos field test resul
carsharing system acting in aggregate to supportagrallary services.

HNEI is collaborating with IKS Co., Ltd. on technology development, testing, and demonstration

of advanced control of two bidirectional EV chargersRES) installed on the UHM campus. The

H-PCS devicavas developed by IKS with suppdrom Hitachi Limited as part of the earlier
JUMPSmart Maui smart grid demonstration projectyhich HNEI wasa projectpartner. Figure

5.2.1 shows the two 6 kVA 4RCS, provided on loan by IKS for the duration of the-fwgar
demonstration project, andh e r est of the projectbs -pghase dwar e
threewire 208Y-120/240V transformers and a control box. A new 3 phase 208Y/120V
distribution panel was also installed at the demonstration site.
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Figure 5.2.1. Two bidirectional EV algers, two 7.5 kVA transformers, and the control box.

Two EVs procured by the project for this research will be accessed via an HNESTGRI
developed secure smartphone/virtsed car scheduling application made available to the drivers.
Not only will the EVs be used for energy research and results in dissemination, but the project
experience will also allow the UH administration to evaluate the practical use of EVs as part of
their vehicle fleet. Figure 5.2.2 shows a functional system diagram for thevea described
components.
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Figure 5.2.2. Functional system diagram.
A detailed description of the functional system diagram follows:

1) Load Forecast: A meter/controller developed by HNEI SFART will be used to
measure the load at the charging location. Measured and historical data for the location
will be used by a machine learning (ML) algorithm to forecast the gross demand over a
range of horizons from hours to a day ahead. The forecastégiofile will be fed into
the optimized charging (OC) algorithm.

2) PV Forecast: HNEI Gri8TART has developed a mubicale solar forecasting system
under previous APRISES funding. It can monitor irradiance in neatimealnd generate
PV power forecastsom minutes to days ahead based on a-teng observation database
and the analysis of satellite data. This system is fully automated, generating predictions
without human intervention. This solar power forecasting technique will be used to stream
PV system production forecasts at the charging location. The data will be supplied to the
OC algorithm on the controller as a PV forecast input.

3) Power Monitoring Devices: The devices wil!/
of PV panels. The measd data will be used to create a load forecast for upcoming hours.
The PV systembs power output wild.l be measu

All measured data will be saved in the G&TART server to be used for system
performance analysis.
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4) Controller/Meter (ARGEMS): Under previous APRISES funding, HNEI developed the
Advanced Realime Grid Energy Monitor System (ARGEMS). It offers hifithelity
voltage and current measurements, numerous communications opticieselogy event
driven mesaging, precise GRBased timing, backup power supply, and powerful
processing for regime data analysisll in a small weatheresistant enclosure. ARGEMS
will be used orsite within the control box to stream the data/commands from an HNEI
server to th&V chargers and vice versa.

5) Reservation Request (EV Scheduling Information): HNEI STilRTis developing web
based software that will help EV drivers reserve the cars for use. The software is designed,
coded, and integrated to optimize charge/dischaofpedules for the EVs. Scheduling
information will come from the software through a server. The scalable design of this
software will enable its application to a larger a larger EV fleet in the future.

6) GridSTART Server: All measurements will be kept 068dSTART server. Based on the
measured and historical data, the OC and scheduling algorithms will run on the server, and
commands will be sent to the EV chargers for execution.

7) H-PCS1 and HPCS2: Two bidirectional EV chargers-fS1 and HPCS2) are msently
being commissioned by HNEI and IKS engineers. Under a Standard Interconnection
Agreement withthe Hawaiian Electric Company, both-PICS are approved to operate in
parallel with the utility grid as the first bidirectional EV chargers in use @O With
the ability of these bidirectional EV chargers to utilize solar PV power as a direct source
of energy for EV charging, the OC algorith
maximize solar power as the preferred source of energy while mingrEV charging
costs.

Major project activities completed under APRISES16 include:

Finalizing electrical installation drawings;

Developing a bid package for the final construction and field installation work for the EV
charger s6 i n s tciatédlelactricabties; and al | asso
Awarding the construction contract to a contractor;

Working with the contractor to install the EV chargers, control box, transformers, and
required electrical panels;

Finalizing the web scheduling software; and

Continuing the devefument and improvement of the overall architecture of the proposed
OC algorithm.

To o To Do o Io

Under future APRISES funding, the wehsed car reservation software will be finalized. This
reservation software will be fully integrated with the novel customized softwaoptimize
charge/discharge schedules for the EVs. This will enable HNESGARTto transition into the
testing and evaluation phases of the research.
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V8o ( AktdaBEPovier Plant Demonstration

The objective of this project is to analyze tredeoffs and demonstrate the economic dispatch of
numerous customeand utility-side energy/power services from multiple combined bettied

meter (BTM) battery energy storage system plus photovoltaic (BESS + PV) units. Each BESS +
PV unit is smal desgned to support a single family residence (several kilowattsg ki at

large numbers these units could produce power that is comparable to traditional power plants
(typically tens or even hundreds of megawatts, MW). At this scale, the system of sgstaliesl

a virtual power plant (VPP) because it relies on communications and software to collectively adjust
the power production of physical assets that may alreadyexishis case residentiaicale BESS

+ PV units. Thigproject is expected to provddmportant insights into the functional/economic
tradeoffs in VPP dispatch of BESS + PV resources that candwtlime andjuantify the business
casefor VPPs including the value proposition for customer participation in a VPP and utility
utilization d the same.

In this project,HNEI GridSTART is utilizing four SunvergeSolar Integration System (SIS
distributedBESS + PV units (each with a 5 kW/12.3 kWh battery and 2.5 kW PV) which were
acquired at no direct cost from theew and Industrial Technology Developmériganization
(NEDO) of Japan. These were previously installed at the business office of HaBd#ra(220

Lalo St,Kahului, HI) under the NEDO fundedUMPSmart Maui (JSM) smart grid project

Under APRISES14, a new electrical service was installed to connect the SIS BESS units at the
HaleakalUSolar location to the MECO power system and loads at tiagiém were also transferred

to the new service. All required county permits were obtained, after a few significant delays, and
a conditional approval for the connection of the SIS BESS systems was obtained from MECO.
Also, progress was made on definthg valuation methods and data needs, telemetry, collgction
and warehousing for data required to assess the customer and utility use cases.

Under APRISES15, final site and equipment inspection was completed by MECO. It was found

that battery remediatiowork was required to bring the SIS units into operation, and this was
completed. The units were connected toShaverge Software Rfarm (SSH, which has a web

front end for establishing various rulesets and sequences for SIS operation. The units were
operated with a baseline ruleset where 500 W of PV power was used to charge the batteries during
the day until 95% state of charge (SOC). All excess PV power was exported to the grid. In the
evening, the batteries were discharged at 500 W downto 5@ SO Fi gur e 5. 3. 1 sh
main dashboard, where four units were online and operating according to the baseline ruleset
shown in Figure 5.3.2.
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Figure 5.3.1. Dashboard of the Sunveggdtware Platform (SSP).
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Figure 5.3.2. SSPiewer/editor for the baseline ruleset.
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Ultimately, it was determined that the SSP rulesets were too limited to allow the full, dynamic
economic optimization desired for the project. In addition, Sunverge was not able to provide
sufficient documentationb®ut how the system interprets and follows some aspects of the rules
and how they are layered or combined. For this reason, under APRISHSEBEGridSTART
designed and implemented a wadised method to utilize the existing SSP website to allow
external @timization algorithms and software to monitor and control the SIS units. This was
challenging and labeintensive because the website is designed for human interaction, not as an
application programming interface (API). HNEBrdSTART also formally defied the
optimization problem, which includes services for capacity build, capacity reduction, and backup
power.

After evaluating several candidate optimization solvers, HEEISTART began to implement

and evaluate the solution to the optimization problanGurobi (Gurobi Optimization LLC,
Beaverton, OR). Synergié®tween this project and the bidirectional EV charging project were
identified and leveraged-or example, the following questions were discussed and addressed for
both projects:

1) How to prorly account for difference between starting and ending state of charge of a
battery over the planning horizon; and
2) How to reduce or eliminate the potential oscillation between charge and discharge states.

HNEI has contracted Haleaki$olar to installanet er i ng box using HNEI 6s
Grid Energy Monitor System (ARGEMS)The challenge in preparing the system was how to
provide ongoing configuration and maintenance of the system while it is installed on a private
Local Area Network (LAN). The boxXFigure 53.3) will independently monitor the power
consumption of four heatingentilation, and air conditioning (HVAC) systepgach comprised

of a condenser and an air handler, plus the main supply to the HVAC panel. In a typical test
scenarigHNEI plans to economically dispatch the four BESS + PV units according to the defined
optimization problem and the timarying load profiles of the four HVAC systems in conjunction

with PV generation.
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Figure 5.3.3. Redime data acquisition box tonitor power on 11 discrete line connections.

Future work includes evaluating the optimization framework on the four BESS + PV units at
HaleakalSolar. HNEIGrdSTARTplans to perform a sensitivity study by sweeping parameters
such as the value backiyp powerand theeconomic parameters affecting customer reimbursement
for grid services HNEI GridSTART also plans t@xploreand parameterize where possitiie
demand and supply curves of various grid services frorodimbdined BESS + PV units a¥&P.
Associatedesearch questions include:

1) Which customer and grid services are most synergistic; i.e., which customer and grid
serviceffer the best combined value proposition?

2) To what extent is a heuristior prioritizaion-based approach appropriate for layering or
stacking services? What additional economic benefit will a full optimization proadd?

3) What are the supply curves for ViRsed grid services from BESS + PV (while competing
with customer services) undegirious available or proposed utility programs?

5.4 Coconut Island DC Microgrid

Coconut | sl and (-adre (18,000 md) isléne K U n e Bag lofi2he island of
Odahu and is home to the Hawainstitute of Marine Biology (HIMB) of the Unwersity of
Hawail . One of HI MB6s goals is to make the
sustainable systems. As such, it is an ideal site for a renewable energy teclhaskedyest bed,
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particularly representative of an isolated locatiainerable to energy disruption yet serving

critical power needs essential to the research and educational mission of HIMB. This island is an
inherent microgrid served via an undersea electrical connection tied to a single distribution circuit
owned and perated by the local utility on@hu. The tropical marine features of the island further

its attractiveness as a unique microgrid test bed. Its exposure to persistborenvinds and

highly corrosive salt spray allows for material and technologyintesh a micreclimate
representative of those potentially encounter

The Coconut Island DC Microgrid Project was initiated under previous APRISES funding with
the project objective afemonstrating the performance and resilience of a DC microgrid designed
to serve loads within two buildings on Coconut Island, including reliable power to critical loads
during interruptions of grid supplied power, and providing the island with clearrifeeict
transportation options powered primarily by the sun. The project has the following goals:

A Demonstrate innovative new clean energy technologies;

A Reduce island energy dependence upon the local utility and the existing aged undersea
electrical servicéie, enhancing energy resilience for the selected critical loads;

A Provide a research platform to study DC microgrid resources and (eags energy
storage and supporting technology and DC power applipnoesa tropical coastal
environment;

A Increase imnd energy sustainability; and

A Provide solar electric powered land and sea based transportation options for HIMB.

The project integrates a DC distribution system into two existing buildings on the island, the
Marine Mammal Research Project (MMRP) buildargd the adjacent Boat House, both depicted

in Figure 5.4.1 below The energy needs of the two buildings are currently served by AC power
through one of the utiligpwned electric service transformers located on island.
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Figure 5.4.1. Location of Coconlsland and the DC Microgrid project site.

Major project activities completed through the support of prior APRISES funding include:

A
A
A
A
A

Project planning and permitting;

Baseline energy use data metering and collection;

Developing a conceptual designtbé DC microgrid architecture to be integrated with the
existing AC building infrastructure;

Energy use and economic modeling to appropriately size a new rooftop PV system for
installation on the MMRP building and a stationary battery energy storage gi&8);

In collaboration with the Okinawa Institute of Science and Technology and the PUES
Corporation Japan(fiPUES)), specifying, designing, and procuring an electriceE and
E-boatas well a&mergency power source powered by swappable BESS units charged via
a swap battery charging station to be fed by the DC microgrid;

Developing and installing two PV systems on thdéddat, one system to charge the
swappable batteries on the boat and theratpgtem to power auxiliary loadsuch as an
onboard radio;

Testing and commissioning theBoat, including operational sea trials

Performing a due diligence assessment for potential partnering with Sion Electric Co., Ltd.
(ASion Electrio), a Japanesempanywith innovative DC microgrid controller technology

that has been integrated with stationary BH3S powered lightingand air conditioning

loads in the course of prior technology development work in Japan. Unfortunately, the
collaboration with Sin Electric did not prove to be a feasible option for this project;
Initiating competitive procurement of the materials srstlallationservices for the MMRP
building 616 kW DC rooftop PV system to serve as the primary source of renewable
energy for the @ microgrid;
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Commissioning thé.16 kW rooftop PV systenon the MMRP building;

Procuring an 8 kW/8 kWh stationary battery;

Procuring an AC/DC powered air conditioner and AC/DC LED lighting;

Developing and procuring the DC microgrid controbed associateenclosures for the
control system;

Developing detailed electrical design drawings of the sysheih;

Procuring contactors for engineering and electrical systems installation work.

To o To Do Io Do

As previously noted, HNEI GrBITARTworked closely with PUES, a key collaborative research
partner on this project, to adapt, improve upon, and install their swap battery charging station and
associated far and Eboat. Figures 5.4.2 and Figure 5.4.3 show the installed battery charging
station, portable swappable BESS units, and the commissicldtn sea trials. The 6.16 kW

DC rooftop PV system on the MMRP building is shown in Figure 5.4.4.

Figure 5.4.3.BBoati n operation inaKUnedohe Bay, Has
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DC rooftop PV system installed on the MMRP building.

Figure 5.4.4.

While exploring potential partnerships in Indonesia under the ONR funded Asia Pacific Regional
Energy System Assessment (APRESA) award, HNEI witt the Director of the Tropical
Renewable Energy Center (TREC) at the University of Indonesia. TREC has developed a
prototype 2.5 kW DEDC converter designed to serve DC loads from a 24 V bus and deployed it

in a demonstration on the University of Inédsra campus. As this device had potential to fill a

critical need for this project, a research collaboration was formed with TRE& APRISE$5

to develop and incorporate thr€@ s econd generation ADCONO devi c«
microgrid conceptual design as shown as itemgure 5.4.7.

Under APRISES16 funding, the TREC team from the University of Indonesia manufactured,
del i vered and t r av e Inlthe threet (3 seebadrganeration XCON devicesmi s s
for use in the Coconut Island DC microgrid.
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Figure 5.4.6. TREC team working with HNEI to install and commission the DCON devices.
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Figure 5.4.7. DC microgrid electrical diagram with the numbered elements described below:

1) PV modules installed on the MMRP rooftop as the primary source of renewable energy for the
microgrid. The PV system capacity was sized at 6.16 kW DC, which wirgee enough

energy to support the buildingsé targeted 1| o
provide the necessary input DC voltage for effective integration with the DC microgrid
controller;

2) Rectifier to manage the power provided to the DCftara the grid;

3) Charge controller to manage power to the DC bus from the PV system;

4) An 8 kW/8 kWh stationary BESS used to store excess PV energy produced and export the excess
energy to the DC microgrid when needed to minimize the use of utility supoiveer pluring
normal operation and to maintain service to the specified critical loads in the event of utility
service disruption;

5 Three University of I ndonesia TREC 2.5 kW ADC
to power the DC loads of the microgfidm the 48V bus;

6) Inverter with a capacity appropriate to supply designated critical AGusadoads within the
MMRP building served by the DC microgrid (e.g., computersFiWietwork, etc.);

7) An air conditioning unit that is able to operate with eitheDC or AC power source. Its
operating performance and efficiency under both DC and AC modes of operation will be
assessed and compared;

8) A swap battery charging station, designed and manufactured by PUES, will charge the
swappable BESS units used intenogp@ably in the Bboat, Ec ar and a portabl e pt¢
batteryo system. This station is capable of
the microgrid DC bus. The capacity of each BESS unit is rated at 1.4 kW and 1.4 kWh;

9) Interior LED lighting for the MMRP building that will be modified to allow operation with
either a DC or AC power source;

10) AC and DC metering for performance data capture and analysis;

11) Microgrid controller that monitors and controls the operation ofitteeogrid; and

12) Contactor switches to control the mode of operation (AC or DC) of the microgrid.
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With the major components procured under APRISES15, HNEEISTART applied APRISES16
funding to procure the balance of the microgrid system components arstrirdtare installation,
including the construction and buitait of a control room next to the MMRP building. HNEI
GridSTART also installed the major components of the system within the control room, which are
shown in Figure$.4.8, 5.4.9, an8.4.10.

- BWE oM

Figure 5.4.9. Microgrid Control System Contactors.
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Figure 5.4.10. Schneider Charge Controller and DC bus wiring.

Under future APRISES funding, HNEI witlomplete thenstallation and commissioimg of the

DC microgrid system now that the purchasel installatiorof the major system components has
been completed. This will enable HNEI GBiIART to move into the testing and evaluation
phases of the research. HNEI &ART will monitor, characterize, and identify the
performance, energy efficiency benefits, and limitations of DC operation in comparison to legacy
AC supply of loads, and analyze the sustainability and resiliency benefits associated with the
renewable energy powered DC amigrid operation and integrated electrified transportation
alternatives.

TASK 6: OCEAN ENERGY

The Ocean EnergY¥ask supportegbrojects in two areas. Under subcontract to HNEKkali

Ocean Engineerindocated within the Natural Energy Lab Hfa wa i @ i Aut hority (
KailuaK o n a, Hantinaead éffortso develop thin foil heat exchangers applicabl®tean

Thermal Energy Conversion as well awvariety ofotherU.S. Department of Defense (DOD)
applications. In support of potential sewater air conditioning for Honolulu on the Island of

Odahu, HNEI collaborated with theni ver si ty of Hawai 0i 6sto Depart
develop a thorough understanding of the baseline oceanographic conditions at the proposed site of
the Honolulu SVWAC system.
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6.1 Ocean Thermal Energy Conversion (OTEC)

Makai Ocean Engineering has been developing Thin Foil Heat Exchangers (TFHX) for use in
seawaterefrigerant, akwater, and watewater applications.1 n t hi s peri od, Ma |
focused on adveing the TFHX design, reducing TFHX fabrication time, and continuing to
characterize TFHX thermal, hydraulic, and structural/mechanical performBateeen February

2020July 2021, Makai made significant progress in advancing the TFHX design, red&¢ing T
fabrication time/cost, and adding empirical data to TFHX thermal, hydraulic, and
structural/mechanical performance databaseloing so, Makai continues to gain expertise in the
fundamental principles of laser welding and further our understandihg diFHX technology.

A brief summary of progress made during this period follows. Additional detail is provided in
Mak ai Ocean Engineeringos final repabrt t C
https://www.hnei.hawaii.edu/publications/projgeports/aprised 6/.

TFHX Design A new, modular, 4ort, 1m long, counterflow TFHX was designed for seawater
seawater and ammonrs@awater applicationsThis new plate design requiredlarger manifold

opening and new forms and fixtures for fabricati@ihe modular design streamlines the assembly

process for TFHX units but maintains TFHX customizability in internal/external channel sizes.
Although some issues were identified during commissioning, Makai was still able to fabricate
several fullength plaks. | n t he next peri od, Makai 6s ef f ol
performance testing several modules in the KM0Test Station.

Makai also demonstrated the ability to perform the internal manifold weld for theelaéd
version of a TFHX.The allwelded technology eliminates the need for gaskets (and accompanying
inserts and hardware) to seal the internal fluddter successful demonstration of the-aklded
concept, Makai developed and demonstrated a new method to perform the internal matdfold we
that is transferrable to different manifold siz&sxturing to perform the weld on stacks of multiple
plates has been procured and Makai intends to test the sealing capability of a staciclofeal|
plates next.

A new shorlength plate (and accorapying fabrication fixtures) was designed for thensdlded
platform. The shordlength plate can be fabricated entirelyhimuse from coils of foil; there is no
external vendeperformed forming step. The shorlength plate also provides a rapid and
ecanomical platform for future TFHX characterization.

TFHX Fabricationand CostMakai commissioned the High Speed Welding Station (HSWS) and
has already reduced fabrication times from 30 minutes to producelamgiti 3Estyle plate on

the stage to 17.5 minutes to produce altrigth plate on the HSWS.FHX cost has been reduced
from $1297/rfor 3EINT to $679/n% at current HSWS capacity and projected to decrease
$608/nt in September after the arrival of new equipment for the HSW8. important to note
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that previous costs did not include additional parts to build a TFHX anly; the cost of plate
fabrication; furthermorecurrent costs include more realistic contingency and operational
expenses.

Issues with weld quality and reliability were identified during commissionihgkai has resolved
issues related to shield gas ragament with a plenwtype design and is confident modifications
to laser and optical equipment will resolve remaining issikai is currently awaiting delivery
of additional optics.

A laser cutting method was developed to remove the excess foil &bncdted plates; plate
quality and fabrication time improved over previous manual foil removal methadseparate
laser cutting system was purchased and will streamline TFHX fabricatlakai is waiting for
our new fabrication space to be completethstall the laser cutting system.

TFHX Characterization and Performancén this period, Makai introduced additional weld
parameters that expanded TFHX pressure capacity and channel sizes and began geometric and
mechanical characterization of theswcombinations.Makai developed a new plan for TFHX
characterization that focuses on relevant TFHX design configurations, i.e., only testing plates
fabricated with optimal weld parameters, expanded to required percentages, with appropriately
designed seavelds and transition zone$n addition to using static and cyclic pressure testing to
evaluate TFHX designs, Makai also added optical microscopy to the array of tools used in
characterization.

Makai continues to conduct performance testing of diffefétX configurations.A new round

of counterflow seawateseawater performance testing was conducted at the 100 kW Test Station.
Makai also completed modifications to the 100 kW testing station in preparation fanigth,
modular, 4port TFHX testingin counterflow seawateseawater and seawat@mmonia
configurations.

Makai also completed awater performance testing of 11 TFHX configuration$he Air
Convection Test Station was upgraded to accommodate higher flow rates and higher duties for
morerobust data collectionPrevious trends of higher convective coefficients in smaller channels
for the same Reynolds number and higher convective coefficients in larger channels for the same
pressure drop were observeMore significantly, at tested aitofv rates, the TFHX does not
exhibit a saturation poirtunlike finned heat exchangers, TFHX duty and performance continue

to increase with increasing air flow rates.

Makai also performed a commercial case study for Trevi Systems, a company specializing i

desalination projectsMakai designed and tested a TFHX at provided operating conditions and
used the data to design TFHXs for a-edhle desalination systenirevi Systems was impressed
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with the technical performance and capabilities of the THbKthe current fabrication capacity
and cost did not meet their project timeline or budget.

Work under future awards will be directed to resolve weld reliability/quality issues on the HSWS;
fabricate3-4 full-length modules for performance testing in amma@awater and seawater
seawater orientationandadvance the allvelded TFHX technology by fabricating a stack of all
welded plates and performing a seal test to evaluate the internal manifdldtreeigth. Further
development in automating the process is also planned; and utilize théeslytint platform for
TFHX characterization with existing titanium foil thicknesses and new matesigls SS316L,
Haynes 230.

6.2 SWACOcean Monitoring

Seawater air conditioning (SWAC) is a type of renewable energy that utilizes deep, cold seawater

as a nearly carbeneutral source of air conditioning coolanthe proposed Honolulu SWAC

system wasnitially designed to draw deep, cold seawater from 50hdhralease effluent via

diffuser at 100140 m. The objective of thigroject, in collaboration with the University of
Hawai di 6s Depart nastd dewelop aGhoreugmuodgrstangding yf,the baseline
oceanographic conditions at the proposéel af the Honolulu SWAC systenmit this time, he
proposedSWAC plant for Honolulu will not be constructed as previously planheaeverthe

results of this monitoring effodan continuebeutilized to: (1) assess the potential environmental
impactsoh seawater air conditioning systemndon MUm
2provide insight into the nearshore oceanogr a
locations nearby.

Sampling and data collection for this SWAC monitonimgject was ended in December 2020 and
included shipboard CTD profiling and bottom mooring deployments. This long term sampling
effort resulted in high quality time series oceanographic data for parameters including currents,
temperature, chlorophyd, dssolved inorganic carbon, nutrients, dissolved oxygen, methane,
nitrous oxide, and phytoplanktorfhese parameters were measured at the proposed intake (500
m) and effluent (10040 m) locations. The key results from the project include a better
undersanding of currents and of the depth and variability of the mixed layer within the bay and
outside it.

Under previous APRISES awards, these efforts found that bathymetric forcing from a canyon,
along with islanescale internalidles, increased the variabylin temperature, nutrient, and oxygen
variability in the near bott om esopeimigmatomd nt of
the mesopelagic boundary community was also observed [2], since this community is an important
part of the neaislandfood web by providing food for spinner dolphins and other predators. It
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was discovered that they would interact with effluent waters of a SWAC plant in their nighttime
shallower habitat.

Final sample analyses and the characterization of the onsfiginere trends in phytoplankton are
being completed, which will help to better understand the shifts in phytoplankton communities
driven by the island mass effect (the increase in productivity near islands in oligotrophic systems).
Another publication is betqprepared andill be available on the HNEI websitpon publication
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TASK 7: ENERGY EFFICIEN@TRANSPORTATION

Task 7comprisesof two subtaks. UnderSubtask 7.1 HNEI supportedKka Honua Momona

(KHM) on Molokai, Hawaid, asmall offgrid compoundvith PV and wind generatigas a proof
of-concept sitéo demonstrate eontrol scheme to optimize battery use and reduce inverter;losses

and a second project focused on implemerntigiht Detection and Rangin§LiDAR) based
adaptive |lighting systems to demonstrate the
improving security UnderSubtask 7.2an analysisvasconducted to agss the impact on fossil

fuel use and emissismwith the transitiorirom internalcombustiorengine (ICE)to plugin electric

vehicles (EVspn Cahu. Details of both subtasks follow.

7.1 Energy Efficiency

Two major projects were undertaken 8ubtisk 71. The first projecfocused on improving the
efficacy of a small, offyrid renewable energy system using vadtagnsing controls to manage
energy supply and demandUnder thesecond projecia Light Detection and Rangin@.iDAR)
based adaptive lighting systemiasdesigned anchstalledattwo sites, thé&Jniversity of Hawaii

at MChoa andNavy Facilities Engineering CommandAVFAC) Hawaii facilities on Ciahu to
demonstrate the potential to reducermgy costs while improving security.
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Off-Grid Renewable Energy Nanogrid System

Ka Honua Momona (KHM)on Molokdl, Hawaid, is a notfor-profit organization that supports
the local Hawaiian communityn Molokad by providing sustinable and cultural edutban that
revitalize natural and cultural resources to perpetuate traditions, knowkstijestewardship
while evolving with modern technologie$he compound includeseveral site loadsin office, a
two restroom/shower building, two outdaoeeting facilities, a storage sheshd an aquaponics
operation (Figure 7.1.1)The KHM compound is powered by a small 100fegrid energy system
comprising PV and wind generatianth limited battery energy storage.

Figure 7.1.1Ka Honua Momona offirid renewable energy nanogrid diteéKaunakakai, Moloka.

Under previous APRISES awards, KHM collaborated \MMNEI to develop an online dashboard
providingvisualization of the energy use and renewable energy production of thgitcoénergy
systemfor community education purposednder this award, the KHM compoumas useds a
proof-of-concept sitdo demonstrate aontrol scheme to optimize battery pseduce inverter
losses, and utilize energy thiatotherwise wasted when a battery systean no longer store
additional energy due to capacity constraints

A key factor of KHM& speration is thatt$ use is intermitterdind therefore has variable daily
loads that range from less than 3@0baseload on unoccupied days to a fMI0® W load when
sponsoring community event®uring the unoccupied days, up to 18 kWh of excess renewable
energy would bavailable for PV generatiomutis not stored due to full batteries from previous
day of nonuse.
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