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EXECUTIVE SUMMARY

This report summarizes work conducted under Grant Award NuN(#1418-1-2127, the Asia

Pacific Research Initiative for Sustainable Energy System3 @BRRISESY), funded by the

Of fice of Naval Re s e ar c h rgylashtire (HNED of thdhUniversiyw a i O |
of Hawai @i at MUnoa (UH). ‘Tchreprisesxasdarclit, devetbp, c t e d
testing, and evaluation (R'&E) of a variety of distributed energy systems and novel energy
technologies. APRISESHlso incuded significant effort directed toward power grid integration
using Hawai Qi as a model for applicability t|
energy technologies researched under APRISEBAdluded electrochemicakenergy systems

primarily fuel cellsandbattery systemsbiorenewable resources with activities in novel biocarbons

and marine fuelsresilient energy system#cluding analysis for the &hu grid system and
development of advancesimart microgrids and energy efficiency technologider the build
environment Ma k a i Ocean Engineering, under subcontr
continued their ongoing efforts to develop hggrformance, lowcost heat exchangers. A brief

summary of results by ajor task follows

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

Task 2, ElectrochemicalTechnologies included RDT&E in the areas offuel cells water
purification technologyandLi-ion batteries Substantial progress was made in each otthesas.

Under APRISEST, HNEI continued its collaboration withe Naval Research Laboratory (NRL)
supporing developmenbf NRL proprietary fuel cell technologipr unmanned aerial vehicles

During this reporting period, HNErovided consulting andomputational modeling support to

NRL 6s pwhelygfocased ordevelopingnew fuel cell architectures aimed targeting the
Navyodés growing inter es:t,lowencodtdtleologiesv el opment of

HNEI alsocontinued its research tevelop more robust fuel cell technologies, which inetud
studies ofthe behavior of PEMFC under exposure of sulfur diox@dg|oring theapplicability of
platinum group metal free (PGiWlee) electrocatalysts, and continued efforts on developing
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advancd methods for fuel cell characterizatio® number of peereview publications were

produced as a result of this work. HN&so continuedefforts focused oithe development of

novel transition metatarbide catalysianinimizing the acid concentration theelectrolytes for

vanadium flow batteriesnd a novel water purification proce€3uring this periodHNEI filed a

U.S. provisional paterfor the use of fuel cell materials and designs in membrane distillers for

water purification During the pewd of APRISES17significant effort wasexpended orthe
relocation of HNEI 6s Hawai @i Sustainabl e Ener
Electric property to the UH campugVhile this move was initiated due to a lease issbemove

allowed HNEIto upgrade and modifits laboratory equipment to further its fabrication and

analysis capabilities and adapti@w challenges emergingfimel cellresearch and development

In the area of Battery Energy SystenmtfNEI, under this awardfinalized the testing and
characteriation of commercial Liion titanate batteries undeepresentativegrid conditions
continued development oforrinvasive characterization methodologies fofidn batteriesand
began evaluatmPrussian blue analogues for desalination battek#¢EI demonstrated that its
diagnosis approach of quantifying thermodynamic degradation modes is effe€tie work
produced eight peeeviewed publications and results were disseminated at varomisrences
and workshops

Task 3, Biorenewable Resourcesontinued research supportitvgp subtasks.

HNEI 6s objectives, under Subtask 3.1, were to
and stabilize materials representative of wasteastse from contingency bases; identify
pressurized carbonization reaction conditions that produce transient plastic phase solid products;
and characterize the products from pressurized carbonization of waste under different test
conditions. Subtask 3.2efforts included conductingcomprehensive measurements of the
composition and properties of biodiesel derived from waste frying oil and investigated the impacts

of antioxidant concentration on its oxidative stabilitynder this awarda modifiedAmerican

Socety of Testing and Materials (ASTM) methadsemployed to study the oxidation process

and its impacts on fuel propertieResults are summarizadd will be published in a forthcoming
manuscript.

Task 4, Resilient Energy Systemancludedefforts to develop tools and provide analysis of
reliabil ity i n Hasuha isl@ndsGcentinaenheir traysition froenta system that
is predominantly thermal generation using fossil fuels to one with the majority of the generation
from variable sources such as wind and solar. Task 4 also incudedye of project®cusedon
thedevelopnent tesing, and integrabn of secure microgrid technologiego larger grid systems

In 20192020, theHawaiian Electric CompanyHECO)received appoval from the Hawai Public
Utilities Commissiorfor the development aftility scale6 d i s p a terewablbé dnerdgy projects
on each of the islands. The projects selected each involve large scale-maurtdd
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photovoltaics with approximately Hours of storage behind the grannecting inverter HNEI,

in collaboration with Telos Energfas been engaged developingnew tools and conducting
analysis to better understand the i mpacts of
Efforts under this awareéhcluded 1) developng novelstochastianethodology to assess impact,

risk, and reliability on high renewable grid®) developng a new screening tool to quantify

stability risk to the grichs thermal generation is replaced withs®@a) as s essi mgar Od a hu
tebmr el i abil ity due t oanddB&ys itHewsolar@nd gterage pajects; andne n t
4)initiating a study to determinreh e mi n i mu mispatanabléni tr noof piower t hat
grid system would requir® ensure reliability during extended periods of low resource (solar and
wind. Thi s work was funded under APRI SESlaidd wi t h
has beempresented to HECQhe Hawail Public Utilities Commissionpand various stakeholders

Technologydevelopmengctivities supportedunder this award included ti@oconut Island DC

microgrid; the Advanced Realime Grid Energy Monitor Systema platform for grid power
monitoring, analyts, and controls; a Solar Forecasting system; the demonstration of an advanced
Conservation Voltage Reduction system; and t
Systems Laboratory

The Coconut Island DC Microgrid Project was initiated under previ®®RISES funding with

the objective of demonstrating the performance and resilience of a DC microgrid designed to serve
critical loads within two buildings on Coconut Island, including reliable power to critical loads
during interruptions of grid supplied wer, and providing the island with clean electrified
transportation options powered primarily by the sutinder APRISES17 funding, HNEI
completed wiring for the entire system, an electric power flow metering system was procured and
installed, installed ahtested a new DC to AC inverter, commissioned inverters and charge
controllers, anadontracted the microgrid controller installation.

Development ofthe Advanced Realime Grid Energy Monitor System (ARGEMS$yoject
continuedand was transitioned from enceptualization and fundamental hardware and core
software development to use cases and applications of the system involving analytics, modeling,
and controls for iffield deployment, testand evaluation.Under this award, HNEhdded and
deployed software interfaces on the ARGEMS to monitor and control additional devices, improved
the volt/var control algorithms, and improved the reliability and command line interface of the
system.A U.S. patent for this system was awarded in Octobet.202

Due to the importance of continued solar capacity growth in the state, HNEI soutgvetop
methods and technologies that reduce the uncertainty of solar power gerisratsearcing the
variability to capture and characterize solar resource amdi¢ivelopment of solar forecasting
methods and technologie$Jnder previous APRISES funding, HNEI developed an operational
solar forecasting system for the Hawaiian regi@uring this period, aaew methodologwas
developedo allow for improved modelmand prediction of irradiance under clséty conditions
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which is a crucial first step in solar resource predictioh.peerreviewed papewas recently
publishedthatfurther discusssthis methodology.

HNEI also continued efforts ohé demonstrationf@an advanced Conservation Voltage Reduction
(CVR) projectin Okinawa, Japan.Under previous APRISES awardsontrol algorithms and
communications between field meters and the CVR controller were validateldbnosarein-

theloop test platformand the a-site construction was scoped and procur€dmmissioning of

the voltage regulator was delayed until March 2882 to COVID19 restrictions. The project
facedseveralchallenges due ttailures of the pQube meters that were installed to measure the
voltage at each transformerhis award funded theQube meter exchange and heater installation

and commissioned, tested, and operationalized the reactive power voltage management hardware
and control systems installed at the-#&b transformer connectedttze 5 kW PV system. The
operation of the advanced CVR system will be evaluated under future APRISES funding.

The bui |l do Advaneed Powad EysténsLaboratory (APSh )stateof-the-art facility
for conductinghandson research on renewable energy integration in atim@a& simulated grid
environment continued under APRISES17. An electri¢ab safety consultant conducted a
thorough safety design review of thea lésign drawingsndidentified potentialsafetyrisks
and proposed design changes for hazard mitigatidrich have beeintegrated into the final
construction Upon completion of the design drawings, HNEI initiated Idding permit
application process and received approval for its construction. A&92%, buildout of the
laboratory is 90% completgith an expected full completion occurring in 2023.

Task 5, Advanced Heat Exchanger Developmeaintinued tosupportthe development diigh-
performancehin foil heat exchangerdJnder subcontract to HNEWakai Ocean Engineerirftas

been developing Thin Foil Heat Exchangers (TFHX) for use in seavedtgrerant, akwater, and
waterwater applications.In this report period, Makai advanced the TFHX desigducedthe

TFHX fabrication time and cost; andadded empirical thermal, hydraulic, and
structural/mechanical performandata to the TFHX databasé& his workallowed for the use of

new materials to expand capabilities and implement qualities control processesddhiigto

Makai 60s expertise in the fundamental principl
TFHX technology. Addi ti onal det ai | i'sS provi diehhical n t hi
report, available on the HNEI website.

Task 6, Energ Efficiency, continued efforts to evaluaenergyuseand indoor air quality with

natural and mechanical ventilation mechanistA8IEI utilized thetwo net zero energy buildings

|l ocated on the University of thdewpevidis APRISESMUn o a
awards toconductthis study. Over amulti-year period, HNEI collected data to evaluateergy
consumption for operating heating, ventilatiamn d ai r conditioni-ng (HV
d e ma,ededmine the impact ocarbon dioxideconcentations from HVAC operating hours

and  al uate the | mpact-pamdémichawarehedsd of gatunalsventilaién p o s
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mechanisms It was found that proper user training to concurrently utilize natural ventilation and
HVAC systems was essential incaling CQO: levels to remain low.

This final report describes the work that has been accomplished under each of these tasks, along
with summaries of task efforts that are detailed in journal and other publications, including reports,
conferenceroceedings, presentatigasid patenapplications.All works produced through these

efforts areavailableo n HNE | 6 son hapes:bveviv.hinei.hawaii.edu/publicatiopsdject
reports/aprised 7/.

TASK 1: OUTREACH AND PROGRAM MANAGEMENT

As the prime recipient of the agreement from ONR, HNEI conducts research, development, testing
and evaluation across a range of alternative and enabling energy technologies; and is responsible
for development and monitoring of partner and subcontract agreements. Undaskhgenior

HNEI staff developed and managgurtner and subcontract agneents and coordinated
development obutreach materials for both technical and-technical audiencesSenior staff

also engaged directly with other DOD organizations, such as the Navy Facilities Engineering
Command (NAVFAC) to assess energy needs oédbasthe 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 Haiivbases and elsewhere in the Asia Pacific regidetails

of the various partner, subcontracand outreach activitieare included in theelevanttask
summaries below.

TASK 2:ELECTROCHEMICALECHNOLOGIES

Task 2comprisestwo subtasks thaihcluded the development and testing of membizased
energy sgtems primarily fuel cells and theevaluation and modeling dfi-ion batteries and
batterysystems.Each of thessuliasks are described in more detail below.

2.1 Membrane -Based Energy Systems

Research in the area oembranebased energy systenmeludedcontinuedsupportof the Naval
Research fuel cell technology developmeptogram forunmanned aerial vehicleesearch to
advance thdesignof proton exchange membrane fuel egkbtems with materials tolerant to harsh
environments and development oflow cost and durabldéransition metal carbide catalysts

7


https://www.hnei.hawaii.edu/publications/project-reports/aprises-17/
https://www.hnei.hawaii.edu/publications/project-reports/aprises-17/

applicable to fuel cells, water electrolyzers, and vanadium redox flow battekiggoject to
demonstrate thpotential to improve thenergy density, durability, and safety of thenadium

flow battery by minimizing the acid concentration in the electrolytas also explored while

studiesto demonstrate the use fofel cell materials fowater purificationand desalination was
conducted Additionally, significant time was spentonte r el ocati on and wupgr
Hawaid Sustainable Energy Research Facility (HISERF)

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

NRL Support

Under priorAPRISESawards, HNEI has providezbnsultations, modeling, testing, and analysis
in support of Naval Research Laboratof\NRL) fuel cell technology developmeiatr unmanned
aerial vehiclesWith the HISERF relocatiofdiscussed in further detail later in this subtaaking

up significant time and manpowemder this awardHNEI provided onlylimited consulting and

computational model i ng celudpvelopment ptogramNRL &6s €Euet e
cell program is now focused gmoducing new fuel cell architectures aimed at reducing overall
system costs targeting the Navyds growing int

Without testing capabties, HNEI focused onanalyang the impact of metallic resistance and
proton conductivity of various-8 PEM fuel cell catalyst layer architectutesing explored as
embedded current collectais replace the need for bipolar plates &etp further optinze the
overall structue, reduce the number of parts, and simplify parts registratRepresentative
modeling results from this effort are shownHigure 2.1.1, which show results looking at in
plane resistance changes based on the geometry of teatotwhiector as well as the impact of
perforation size and proton conductivity on the local current density distribuResults were
used in selecting optimal combinations of materials and geometries to evaluaitmnanNRL.

As the workin collaloration with NRL is not approved for public release, neither data or
discussion of results is included in this repdfor more information on thattritable fuel cell

efforts of NRL, please conta&ichard Stromarat richard.o.stroman.civ@us.navy.miHNEI

wi || continue to support N-Boktfuslcedtechrmlpgiesundeo dev
a separate award initiated in December 2022.
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1 cmx2cm x 7 micron gold sheet o Afcm?
w/ diamond perforations ’
embedded in catalyst layer

Active area of fuel cell electrode with ~ »+ee” 0.2
current generation

Example: voltage drop due to in-plane Example: impact of perforation size and proton
resistance changes based on geometry of conductivity on the local current density distribution
embedded current collectors within the catalyst and gas diffusion layer

Figure2.1.1. Sampleresults from modeling efforts using COMSOL 5.0 Multiphysics in support of NRL's
attritable fuel cell program

Membrane-Based Energy Technology

To better understand themits of the current proton exchange membrane fuel cell (PEMFC)
technology employing platinwbased electrocatalysts ahdlp identifyapproaches for fuel cell
systemsand materials tolerant to harsh environments, HNEI studied behavior étitvaded
PEMFC under exposure of sulfur dioxide, explored applicability of platinum group metal free
(PGM-free) electrocatalysts for fuel cells and contingedelopment ofhdvanced methods for
fuel cell characterization.

Low-Pt PEMFCsUnder SQ Exposure Sulfur dixide (SO) has particular importancas an
airbornecontaminantue to its natural (volcanic activity) and anthropogenic sources of emissions,
wide range of concentrationa the environmen{from 520 ppb to several ppm {2]) and
detrimental impact on INE-C performance. To overcomemainingeconomicconstraints on the
wide-scale deploymentf fuel cell technology, PEMFCs requiaglditionalreduction in the cost

of their production, which can be achieved through economy of scales and by decreasung platin
content in the electrodes from 0.4 to 0.1 mg Pt omless However, decreas@ Pt loadinghave

been shown toreduceperformance and durability.In addition to the cost impacts, better
understanding of environmental limitations of k&% PEMFCs iscritical for deployment of the
technology for ONR needs.

Figure 21.2 shows performance of commercially available membrane electrode assemblies
(MEASs) with anode/cathode catalyst loading of 0.1/0.1 mg P% ender SQ poisoning using
HNEI 6s segmented cell system. The segmented
voltage and current responses fromith® s egments of HNEI 6s hardwar
MEAs is presented as profiles of individual segmeiitage and normalized current densities.
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Figure2.1.2. Cell voltage and normalized current density transients resulting from a segmented fuel cell
temporarily contaminated by 2 ppm i@ air for overall current densities of 0.8 (a) and 1 A%di).

The samples were operated at constant current densities of 0.8 and 1T 0aAdmere exposed

to 2 ppm SQ@in air stream. The obtained results demonstrate thatcB@amination led to
significant voltage loss of 345 mV at 0.8 A ér(Figure 2.1.24). Operating of the cell at 1.0 A

cm? caused first voltage loss from 0.605 V to 0.240 V and a further drastic voltage decrease below
0.1 V. Operation of the MEAs with pure air after contaminatioretirrecovery did notestore

the initial performanceéue to formation of zergalent sulfuron Pt surface and the performance
difference was found to be ~185 mV for both operating currents.

The found performance was attributed to electrochemical properties:@n@@eactions taking
place at the cathodeOur results and published literature gaged that at the beginning of
poisoning, S@ adsorled on the Pt surface, forming several types o6B¢ binding structures,
which caused decrease itheavailableelectrochemical area (ECAgquired for oxygen reduction
[3] and a cell voltage losshe adsorbed SGpecies can be reduced to zeatent sulfur at a low
potential of 0.080.5 V or oxidized to sulfate/bisulfates (FBHSQr) at high potential (>0.8 V)
[4-6]. The operation of the lowt fuel cell at the studied current densities &D0 A cni?
resulted in an initial voltage of 6®64 V (Figure2.1.2). SO adsorption at this potential range
led to the formation of partially reduced S€pecies and zerealent sulfur. These Scontaining
species continued blocking the Pt surface dmitiesl the 4electronoxygen reductiopathway to
a less efficient lectron mechanismith intermediate formation of #D2 [3]. All of these caus#
a constant decrease in cell voltage, which eventually rdaciees whereghe electrochemical
reduction of S@to S proceeded (0.59.2 V). The formation of reduced SGpecies and
elemental sulfur was determined by XPS and CV methods, which stsampwrtedhe proposed
SO transformation pathway undeormaloperating fuel célconditions.
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A comparison of the sample performance before and after thexp@sure and a reference sample
aged at the same conditions without contamination clearly showed thagst@ed in additional
degradation of the catalyst material. The cdeh&CA drop was 345% compared to the
reference of 16%, while performance loss was up to 100 mV. Owseafbundand determined
that the performance of leRt PEMFCs was more sensitive and lessstanto SQ compared to

the highPt cathoded7] due to a reduced initial performance and potentigpendent S©
electrochemistry. Operation of such fuel cell systems strongly requires implementation of
additional filtration media and constant monitoring of incoming air quality.

More detailof this work s provided in the paper by Reshetemt@l (2020) (se¢hePublications
and Presentations section at the end of this subtask).

PGM-Free PEMFuel Cells: CommerciaPEMFC systems typically utilezPtbased catalysts for
hydrogen oxidation and oxygen reduction at anode and cathode, respectivelgplabemenof
Ptbased oxygen reduction catalystwith PGM-free materialshas the potential tdower
manufacturing cost anetduce dependence prnedous metad. In addition, PGMfree cathode
catalystsaretolerart to the main aipolutants like NQ and SQ, which compromise Fiased
PEMFC operation [8].

PGM-free catalysts consist of ngameciougransition metal (Fe, Co, Mn) coordinated by nitrogen
inside a matrix of graphitic carbgiMe-N-C) and can be inexpensively manufactured at scale
(Figure 2.1.3). These catalysts possess high intrinsic activity for oxygen reduction measured in
electrochemical hal€ell configuration. However, PGMfree eleatocatalysts integrated in
membrane electrode assembly (MEA) demi@ted lower performance compared to Pt based fuel
cells. Their performance can be improved by designing and optimizing the cathodic catalyst layer
(CCL) and MEA construction sudat: 1) it efficiently provides oxygen access teNseactive

sites (through catalyst morphology contr@®) it removes water from th€CL (by tuning the
hydrophobicity of the PGMree catalysts and the catalyst layer structuaeyl 3) it increases
proton conductivity (by homogeneous mixing of catalysts and iononT¥driis, the performance

can be improved by synergistic efforts of materials design, fine tuning of the electrodatalyer
comprehensive electrochemical analysis.
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N Pyridinic
Figure2.1.3. Schematicepresentation of PGNfee catalyst with MNy active sitesAdapted from 2019,
T. Assetet al.,ACS Catal. 9, 7668)

In Reshetenket al. (2022), severagenerations of PGMree electrocatalysts were synthesized
using sacrificial support methphtionally selected precursors, conditigasdtreatmentsKigure

2.1.4). The chosen catalyst synthesis led to formation of atomically disperdédreieties ad

increase its amount due to creation of additional defects in carbon matrix. The electrocatalysts are
characterized by advanced textural properties: high surface area and large pore volume. Raman
spectroscopy demonstrated that materials maintainsasuiasievel of graphitization.

It should be noted that the PGivke catalysts loading in MEAs is in the range af Bigatcmi?,

which forms CCL with thickness up to 10@n, whereas Ptontaining electrodes have catalyst
content of 0.10.4 mg: cnm? with maximum thickness of t02 nm. In addition, PGM-free
electrocatalysts are typically characterized by large primary catalyst particles with size higher than
1 mm, which affects their integration into the electrode structure and impacted develogment o
threephase boundaries and proton conductivity.

Pore structure evolution
A

Silica Pyrolized  Pyrolized Etched Porous

Infused with infused pore pore non-PGM
precursors  silica structure structure catalyst

Figure 21.4. General schematic of used sacrificial support method fd-Eecatalyst synthesis.

In order to modify intrinistic catalyst properties and mitigate peroxide formation we studied
impacts of Mn additives on the #&C morphology and performancelt was found that
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introduction Mn in combination with variation of synthesis parameters latrt@tion of surface

area of 1400 gt and 308400 nm primary particlesintegration of the F&In-N-C catalysts

into the electrode structure showedthat@Cansi st ed of grains with si
which were bounded together with ionomer and developed porous network penetrating the thick
CCL (Figure 21.5).

sk

cathode
x 2

v ' " ar
1000 159 0 S1mm  0OSDIA

Figure 21.5. HRTEM (a) and SEM (b) images of fn-N-C catalysts and MEAross section.
Atomically dispersed metal (Fe, Mn) centers are presented as bright dots at TEM images.

Using Focus lon Beam SEM method, it was determined thtri=8l-C CCL were characterized
by the highest porosity (19%}-igure 21.6) which together withhigh hydrophobicity of the
electrode improved water management and prevented flooding.

Solid electrode

Porosity 19%

Figure 21.6. 3D reconstruction of solid electrode and voids foiMreN-C electrocatalysts.

Electrochemical evaluation of thMEAs showed that the FEIN-N-C catalyss revealed
exceptionalperformance Kigure 21.7). Moreover, electrochemical impedance spectroscopy
(EIS) analysis demonstrated that MEAs withMe-N-C electrocatalyst were characterized by
high proton conductivity and oxygen permeability which imprgyasormance with high loaded

13



and thick electrodes. Based on the results of EIS modeling contributioele€tBon oxygen
reduction mechanism is negligible due excellent peroxide/radical scavenging properties of Mn.

10 — 1.0
== Gen-0 '
=0O= Gen-1
Gen-2 =009
0.9 == Fe-Mn-N-C | & 198
Gen-5 o
~ =]= Pt,0.1 mg cm”| <08 o
.Z. gcm 5 c
= o) 2106 O
o 0.8 - - =
a 25 50 75 100) =
% urrent density [mA cm?| @)
~ 0.4 E
0.7 I
0.2
0.6
- . . . 0.0
0 200 400 600 800

Current density [mA cm™]

Figure 21.7. Polarization curves for different generation of P&k and Rbased MEAs. An/Ca: #0,
0.5 slpm, 100%RH, 150 kPag=80 C.

In order to understand the performance it was evaluated more than 150 MEAs and studied impacts
of membrane types, membratigckness, ionomer EV\nd its loading in the cathode electrode
(30-60%); PGMfree catalyst content (060 mg cn?) and electrode structure desigiWe
developed testing protocols and procedures to obthill set of electrochemcial diagnistics of

the MEAs. The gained knowledge allowed us to improve the electrocatalyst and CCL design
further and developed™generation of the material with performance approaching performance

of Ptcontaining MEAs at kinetic conditions (fige 21.7). However, mass ansport and
durability of the PGMfree fuel cells still require further improvement and these are tasks for the
future projects.

More detailof this work isprovided inthe papes by Reshetenket al (2022), Akulaet al (2022),
and Reshetenket al. (2019) (sedahe Publications and Presentations section at the end of this
subtask).

ElectrochemicallmpedanceSpectroscopyi Nafion Film Transport Properties in PEMFCs
Electrochemical impedance spectroscopy (E$Surrenly the only easily accessible tool which
allows in-situ diagnostis of operating PEMFCs. Moreover, EIS is very sensitive method to
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oxygen transport processes in a fuel cell. Recently, in Reshetenko & Kulikovsky (2GRSTin
Advanceswe reported a modébr cell impedance taking into account oxygen transport through
the ionomer film. The model links in a 1d + 1d manner the oxygen diffusion equations along the
cylindrical void pore and through the ionomer film surrounding the pore. In this work, tred mod

is extended for processing of local impedance spectra, considering pore size distribution (PSD) in
the electrode. To the best of our knowledge, this is the first impedance model of the operating
low-Pt fuel cell considering PSD of the CCL.

We determie the ionomer film oxygen transport resistivity based on fitting of localized
impedance spectra acquired from 10 segments of &Ptogell in segmented cell setup. The
experimental PSD of theathode has beespproximated by pores ofine characteristic radii
(Figure 21.8) [9]. Assumingfilm thickness of 10 nm, from ea@&xperimental runwe get ten

local values of the produBtDn, whereKn andDvaretheHe nr y 6 s constant f or
and oxygen dfusivity in the ionomer film.Mean over the cell surface valuekafDn and standard
deviation allow us to calculate statistically significant for every cell current density fixed in

the experimentsin the range of 100 to 800 mA &fnit was determiad thatT & 0.4 s cmitis

nearly independent of cell current dengfygure 21.9).

0.20
Th, e experimental PSD
T ERR model PSD
~ 0.15 S A
8 HER
) v [
E :
g 0.10 7|
= i
v %
2 1 1
> | |
© 0.05 e i i
)
0.0041 102 103

Pore diameter / nm

Figure 21.8. Experimental (dotted line) and approximate model (dashed line) pore size distributions
in the cathode catalyst laydR¢shetenko & Kulikovsky (2019) IRSC Advancés
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Figure 21.9. lonomer film oxygen transport resistivity as function of the cell current density.

Effects of operating currents on oxygen transport resistance was firstly evaluated by D. Caulk and
D. Bakerusing the limiting current method(-11]. The authors reported that the oxygen transport
resistance was constant for current density below 1 Aafter which it increased rapidly with
current density until 1:2.0 A cm 2 where it reached the second platedihe observation was
explained by the water production rate and its condensation to liquid at the catlinadmitial
constant transport resistance corresponded to dry condition when all produced water could be
removed from the cathode in vapor formAs the current density increasedhter vapor pressure
reached saturation and water started to condense in the CCL porous stiesdimg to a growth

of the transport resistanceAt some pointthe transport resistae reached the second plateau
indicating on the maximum level of liquid saturation of the cathode electrode when the produced
water could be removed mainly in liquid fornThese results were confirmed by usingsitu

neutron imaging12] and synchrotroiX-ray radiation 13] showing formation of liquid water in

the CCL and linking these data with results on oxygen mass transport resistance obtained by the
limiting current method.

In our casewe operated at current densities below 1.0 A gamd we couldassume that the
produced water was transferred from the catalyst surface to the gas channel in vapor form and did
not noticeably flood the CCL. Since initially the CCL was properly humidified and there were no
conditions for flooding the ionomer film resivity should not be affected significantly by the
operating current. We may expect that a more acctrateould be obtained from impedance
measurements using a more detailed approximation of experimental PSD.

More detail of this work is provided in ¢hpapers by Reshetenko & Kulikovsky (2021),
Reshetenka& Kulikovsky (2019) in RSC AdvancesReshetenko & Kulikovsky (2019) id.
Electrochem. and Reshetenko & Kulikovsky (20223eethe Publications and Presentations
section at the end of this subtgsk
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Transition Metal Carbide Catalysts

Transition metal carbides (TMCsye regarded as potential candidates to replace cftate
platinum group metal@GM) catalystdor electrochemical applicatiomkie to the similar-thand
electronic structure to that of Pt, high abundance, and high actittyour previous work,
vanadium carbide (C7 phase) was synthesizbg in-situ carburization of VOS@with graphite
(denoted VGraphitd and XC72(denoted VGcr2) as the carbon source and suppddinder this
award, dditional scanning electron microscopy/energy dispersivera)X spectroscopy
(SEM/EDS)wascompleted to determirmaorphologyand compositionFigures 2.110and 2.111

are SEM images of V&aphieand VCecrz, respectively.Cracks are present Figure 2.111 SEM
images due to the uneven drying of the vanadium carbidgro@ganol suspensiorAs shown in
Figures 2.110and 2.111, the EDS spectra show that carbon (C) and vanadium (\ecdatected.
The Si in the EDS spectra of ¥€2is from the silicon wafer used as the substrate for the SEM
sample. EDS mapping indicates that C and V elements are distributed uniformly on the carbon
support in both the Vgaphieand VGccr2. Based on the EDS results, W&niteis composed of 33
atom% vanadium and 67 atom% carbon, corresponding to 81.6 wCYOW graphite.VCxcrz2
contains 29 atom% vanadium and 71 atom% carbon, corresponding to 76.5s®@t.%6nWulcan
XC72.

i (b)

| Grey | 500pm :‘255 3000

2500

2000+

1500 —

1000

500

S U1V
0 T T T
2 4 B
dm-11-Na ke’
i AT e— SO0 M o ——s

Figure 2.110. (a) SEM image, (b) EDS spectrum, and mapping of (c) carbon and (d) vanadium elements
of VCgraphits
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Figure 2.111. (a) SEM image, (b) EDS spectrum, and mapping of (c) carbon and (d) vanadium elements
of VCxc72.

Molybdenumcarbideswvere prepareffom graphite (denoteds MdCgraphitd andTiC (Alfa Aesar)
(denotedas MdCric) as carbon sources and suppoAs.shown inFigure 2.112, MoxCgraphitelS @
mixture ofMoC and molybdenum oxidghase. While MoCric contains MeC and molybdenum
oxide phasesBoth MoCgraphiteandMoCric were treated in sulfuric acid to remove thédex
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Figure 2.112. XRD patterns of MoGaphieand MoGic.
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As shown inFigure 2.113, adthough the cathodic current remarkably increases for graphiie
andMoCric, a significant anodic current is not detected, indicating that the reversibitite s
catalyststoward the V*/V?* redox reactions is poorln contrast,anodic and cathodic currents
substantially increase onMoCqyraphits indicating an improvement incatalytic activity and
reversibility toward the/3*/V?* redox reactions

5 B 1 1 i
oF .
& or T
(S
o
<
£ 101 -
- » / -
15 ///; /~/ I\/Iocgraphite
S = = ~MoCyic 1
20} /\i_'.//.’ ...... TiC -
i -+ = Graphite
-25 A 1 A 1 A 1 A
-0.5 -04 -0.3 -0.2 -0.1
E (V vs. RHE)
Figure 2.113. Cyclic voltammograms on various electrodes at 5 nthsNy-saturated 3 M k8O, + 1 M
V3 V2t at 25°C.

Vanadium and molybdenum carbides dispersed on vasopportswere synthesized Both
vanadium and molybdenum carbides exhibited significantly better catalytic activities toward the
negative electrode reactions than graphite, the incumbent catalyst for vanadium redox flow
batteries. Synthesis and treatmeptocess modificationare needed to get pure MoC or ¥o
phase.The hydrogen evolution reaction will be used to conduct catalyst evaluations

Vanadium Flow Battery with High Concentration Electrolytes

Under previous APRISE8wards vanadium flow batteryVVFB) researctwas initiatedwith the
objective todemonstrate the potential to improve the energy density, durability, and safety of the
vanadium flow battery by minimizing the acid concentration in the electrolyiesimple flow
batterysystem with a 25 cfisingle cell anelectrolyte compositiodetermination method, and an
in-situ pH, conductivity and potentials monitorg system for both electroded VFB were
establishedThe stabilities of all fouelectrolytesinder low acid condition were investigatéthe

work indicated thaall four vanadium electrolytes may be stable at low acid concentration down
to mmolL?! grade A new electrochemical reduction method was dewetdoip produce a stable

V3* solution with a concentration up to Sl L't and acid concentration low down to pH ~5.
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However, with a high electrolyte concentration solutiom@ L™ V solution without acid) and
proton exchange membrane (Naffdna clogying occurred in the positive electrode of the single
cell during tenth charge/discharge cycles, which resulted in a cell faihgi@ reversibility issue
was indicated bgpsymmetriaccharge/discharge curves.

Underthe APRISES17award electrochemicatharacterizatiomvas applied tstudythe clogging
andreversibility issues The clogging wasound to becaused by thganadium salt (valences of

5) precipitationin the very low acid environment; threversibility issuecame from the pore
activity in the negative electrode and imbalance of the proton concent(agbproton migration
through PEM)between both positive and negative electrolytes during the charging/discharging
processesBased those results, several modifications were made on theysr&Hk® single cell

to attempt to solve the issueA.thermal activation method was established to treat the different
type carbon and graphite felts as the electrodes for the high electrolytes and low acid concentration
vanadium flow battery; the positivadectrolyte was modified to start with a pH-3lmol LV

solution and the PEM was replaced by an anion exchange mem@&h). The single cell
chargedischarge performance was investigated with the high pH negative solution and low pH
positive electolyte, which contain a certain concentration of sulfuric acid to avoid vanadium salt
(valences of 5) precipitationDifferent type of anion exchange membranes were applied to the
vanadium flow battery.The cell performance shows the low overpotential$ooiboth positive

and negative electrodes, which may be benefited from the high electrolyte concentrations.
However, the reversibility of charging/discha
and the anion conductivity and proton permbghaf the anion exchange membrane, the stability

of the negative electrode, and the ionic conductivity of the negative electrelytain as
challenges for the novehnadium flow battery system.

Future work may include development ofnavel reduction rathod for producing théigh
concentration/3* solution without acicind the AEM VFB systemData analyses and additional
tests are also anticipatedo quantify properties for flow batteries using high vanadium
concentration electrolytes including cell potentials, vanadium species solubility, electrolyte pH
and ionic conductivity, and materials stability that are needed to assess changes in esgygy den
coulombic efficiency, and durability.

Novel Water Purification Process

Under previous APRISE&wards efforts to developa novel water purificationseawater
desalinatiorprocessntegrating proton exchange membrane fuel cell materials and desigas
initiated Thenovel water purification method is based on both membrane and thermal processes
by applying a selective membrane and porous media and operated below 8®fAdar to
membrane distillation\{D), hot brine/wastewater is fed in one sidéhe membrane and permeate
comes out from another side as freshwater; the salts, particles or other undesirable molecules are
blocked and flow out as concentrate or wasBampare to MD, the novel method employs a
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dense selective membrane other than porous hydrophobic membE&aparation process is
suspected subject to a specific driving force of water activity but not the vapor pre$sere.
benefis of the novel method includeorphase cange lowers energy ceamption; operation
below 80°C facilitates lovgrade heat utilization; selective membrane increases ions rejection rate;
and simple process reduces pretreatment requiremefiise energy consumption and the
productivity was estimated comparing to othexter purificaiton and desalination technologies,

as inFigure 2.1.14. For the preliminary experiments,DI water was used to optimize the water
flex cross the membrane with different chamber structuMsth optimized parameters, the
maximum water recovgrof the DI water was obtained ~50 %, the fraction of inlet water
transferred to the permeate side, which might be limited by the minimum pump setting, which
indicates that higher recovery and efficiency may be possible.
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Figure2.1.14. Comparison of water purificaiton and desalination technologies: Reverse osmosis (RO),
MD, Electrodialysis (ED), and Novel process.

Under APRISES17the purification of a local wastewater and the desalination of local seawater
were studied. The results are summarized figure 21.15, the total dissolved solid (TDS) in
permeates greatlybelow the freshwater standard (500 mg/l), significantly impidoreeovery
(>30% with >99% iongejection) and productivity (~8.6 or 9.7 kgfimfor desalination and
wastewater treatment) comparing to the stditthe-art MD system. The best seawater and
wastewater results showed a relatively stable water producdiviye 8 L ht m'? over several

hours. The seawater sodium chloride concentration was reduced by more than 99% in almost all
cases.

A United States provisional patent was filed for the use of fuel cell materials and designs in
membrane distillers for wateurification @dditional information provided at the end of this
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subtask Based on the results, a proposal saismitted to a federal funding aggmn(Department
of the Interior)andanother proposal was submittée: Solar Desalination PriZBepartment of
Energy)
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Figure 21.15. Purification performance of the novel method

Under future APRISES funding, a passive system;ssalle prototype will be desigd and
constructedo assess viability, gain operational knowledge to optimize desigameters The

design will rely on solar radiation to create the necessary and relatively small temperature gradient
and drive water transport through the cellhe performance of thiab-scale prototypevill be
investigated with dow-grade headr sola radiation the components will be optimized for better
performance and efficiency.

HISERF Relocation

The Hawail Sustainable Energy Research Facility (HISERF), formerly the Helal Cell Test
Facility, opened in 2003 on the Hawaiian EIl ect
Honolulu. The lease agreement provided ovés0d sq ft. of warehouse space for both office
cubicles and lab operationsP80 sq. ft. parking liospace for supporting equipment and parking
spaces, and 550 kW of available powdn February 2020, HECO abruptly ended our lease
agreement.Although various negotiations were held to alter the lease agreement, HECO would

not compromise and HNEI wasréed to evict the premises by August 2020, in the middle of the
pandemic.With campuses shutdown and new lab space not identified due to the slowdown, much

of the equipment was moved into storagea on e U n i carapussTihis igcluded the entirety

of the fuel cell testing capacity, and the majority of the standard sized cell and full pack battery
testing capacity at HNEIThroughout late 2020 and into 2QMMNE|l wor ked wi t h t he
Space Committee to identify possible sites for relocatibmough a series of compromises and

good timing with various retirements and subsequent lab closures, HNEI was able to secure three
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new lab spaces for the Fuel Cell Systems Laboratory and the battery testing equipment was
aggregated into the PakaLi Battedbya b or at or y 6 s Tabkei2.$.1 listy the spapea c e .
allocatontoreest abl i sh Hi SERFO6s fuel cel | alhod batt e
campus.

Table2.1.1. UH M(hoa space allocation for HISERF relocation

Size | Space Power

Bldg./Room | Description [sq. ft] | Allocation | [KW]

Materials Development
POST 06 Catalysts and electrolyte materials | 450 New 36*
synthesis and characterization

Cell Testing and Diagnostics

Fuel cell testing and advanced
diagnostics development including
multi-cell impedance, segmented
electrode systems, and HIL/simulatio
based testing

Cell, Stacks, and Systems

Fuel cell testing, stack and system
evaluation, and membrane electrode
assemblyfabrication

HIG 416 750 New 7"

POST 20 1000 | New 154

Fuel Cell Systems Laboratory

Single cell and pack battery testing

HIG 415A
laboratory

450 Existing | 209

Pakali Battery
Laboratory

ai existing power available
b7 upgraded power

With the move back to campu®searchers housed at HISERF were allocated new office space
and with UH Facilities now providing HVAC, electrical, and other facility support, all of which
took up significant space at HISERF, HNEI was able to acquire more active lab space than was
utilized on the HECO propertyrhe Fuel Cell Systems Laboratory was able to acquire o280 2

sqg. ft. of new lab space, with the operations split into three lBbs.150 sq. ft. battery test room

at HISERF is combined into an existing 450 sq. ft lab spate smaller scale battery test
equipment and significant ventilation and power upgrades are underway to improve operations
and safety, having brought all battery testing into one location.

In 2021 HNEI began working with University of Haw@i 6 s F aamnterdamceé @fficévto re
establish the infrastructure, testing, and diagnostic capabilities at the three new fuel cell
laboratories and battery test roomThis included HVAC, electrical, safety reviews, and
contracting work to complete the necessary ditara to resume operationBy the end of 2022,

HNEI had made significant progress inagtablishing the infrastructure, testing, and diagnostic
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capabilities at the three new fuel cell laboratories with two of three labs operational having passed
all sakty requirements of the universityThe 750 sq. ft. materials development lab is fully
operational, while the 450 sq ft. cell testing and diagnostics lab is partially operational with one of
three test stands runnin@.he 1000 sq. ft. cell, staclkand testing lab has completed nearly all
infrastructure and equipment installatitnit is awaiting a power upgrade before the test stations
and gas supply infrastructure can be initializéd. of publishing this report, the final mechanical

and electrickdrawings for POST 20, HIG 415A, and HIG 416, which are grouped as one repair
project, are being reviewed by UH Facilities and will go directly to bid as soon as the review is
completed.

This move also offered an opportunity to reassessléwrochemical power systems program to
improve or upgrade our capabilities to adapt to new challenges emerging in research and
development, particularly the fuel cell programtnich is currently focused on the development of

fuel cells for operation indrsh environmentsSplitting the capabilities among three labs allowed
HNEI to consolidate equipment while also upgrading capabilities at different scales of research
and help organize the research workflow more logically from materials all the wagks. Sthis
resulted in the fuel cell catalysis and electrolyte materials development equipmessd at both
HISERF and in shared space on campasg consolidated into the materials development lab in
POST 06. Once new promising materials are integdhinto membrane electrode assemblies
(MEAs) they can be passed onto the cell testing and diagnostics lab in HIG 416 for evaluation and
further refinement using several advanced diagnostics developed at He#ihg validated and
optimized operation ahe cell level, designs can be scaled up for applied research which occurs
in the cell, stack, and systems lab in POST 20eview of the upgraded capabilities and other
required upgrades for the labs is as follows.

Fuel Cell Systems LalbMaterials anddevelopment (POST Q@)ocated in the basement level of

the POST building, this lab is focused on the development of catalysts and electrolyte materials
synthesis. Current efforts supported under ONR funding include the synthesis of graphene
supported catgsts, carbide and vanadium compound catalysts, and complex solid electrolytes for
fuel cells and batteries. POST 06 did not require any new university facility support as the room
already had sufficient ventilation with two fume hoods and adequate powepport the micro

scale work.A general overview of the lab space is showRigure2.1.16

24



—

- Flamable
gas supply

7]

_—

& Fume hoodsA
not shown)

To improve the capabilities of the lab, several new pieces of equipment were acquired, either
through new purchases or from retiring professoffiese included angall glove box, high
temperature and high pressure reactors, gas chromatograph, and differential scanning calorimeter
as shown irFigure2.1.17

HOT SURFACES

 HoN PRESSURES

Figure2.1.17.New materials development equipment added to POST 06 laboratory: a) Parr Stirred
Reactor for high temperature (3% and high pressure (3000 psi) synthesis experiments, b) Thermo
Scientific TRACE 310 gas chromatograph for-géssing analysis, c¢) TA Inmsiments DSC 2000
Calorimeter, and d) vacuum glove box for materials required inert environments.

25



Upgrades to existing equipment were also completed under this funding to improve functionality
and safety. As shown inFigure2.1.18 a new gas delivery, extist, and coolant distribution panel

was added to the 1380 tube furnace to isolate the furnace from the gas sources and provide
additional flexibility as the furnace serves multiple research@dditionally, one of the fume

hoods was also outfitted withcustom gas delivery panel and additional safety measures to support
the rotating ring disc electrode system used in the fume hood which is used to test new catalysts
in various electrolytic environments.

Custom
Gas |

Delivery - 0 P
Panels (R Monitor

Flow

Gas EStop

Figure2.1.18.Customizations and upgrades to existing equipment: a) new gas delivery, exhaust, and
coolant supply panel for the 13@tube furnace and b) upgraded fume hood with new integrated gas
delivery panel for catalyst evaluations with improved safety features.

Fuel Cell Systems LabCell testing anddiagnostics (HIG 416)Located on the top floor of the

HIG building adjacent to the bioprocessing and battery test labs, this lab is focused on the
development of advanced diagnostic methods including 4teilti smultaneous electrochemical
impedance spectroscopy (EIS) with distribution of relaxation time (DRT) analysis, segmented
electrode test cells and data acquisition systems, and harthatheeloop/simulation driven

testing capabilities.While this lab is pmarily focused on diagnosing and assessing emerging
materials in single cells, small stacks can also be tested. Three test stations are housed in the
laboratory, as shown ifigure 2.1.19 To utilize the space, several upgrades were required
including he replacement and upgrade of the existing electrical panels increasing available power
from 30 kW to 77 kWupgrading the ventilation system to support both the test stand exralist

a new fume hood added to the laboratoffie gas supply is primarilgylinder baseaxceptfor

the air supply from the building compressors where a gas cleanup system was added to provide
zerograde air to the fuel cell test stations.
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Figure2.1.19.Test stand row and general layofithe HIG 416 laboratory.

Fuel Cell Systems LabCell, Stack, and Systems (POST: 2030 located in the basement of the
POST building and locate®o hallways down from POST 06 is the cell, stack, and systems lab.
This lab houses the three United Technolo¢lieRC) fuel cell stands that were originally installed

at HISERF in 2003, although various upgrades were made throughout theA/éalis.ebuild of

the mechanical process side of the stations was performed as part of the relécatiach station

had a high number of data acquisition channels available, each of the three @tafior2.1.2G)

has been upgraded or is in the process of being upgraded to dweratst articles each, doubling

the capacity of these stations and bring the total fuel cell testing capagcihetest articles (see

Table 2.1.2 vs. sevenat HiISERF. Additionally, as the HNEI/ONR fuel cells for harsh
environments programs shifting towards HTPEM fuel cells, upgrades were made to
accommodate the higher operating temperatures o228 for HTPEM vs. 50°C for
LTPEM. To allow for both dual operation and advandedting, new gas flow controller
manifolds were built which have 17 mass flow controllers (MFC) on each staigame2.1.200);

two sets of 6 are for the standard gases to run two fuel cells on each station and 5 additional
channels for impurity gasesed in contaminant challenges and dilutant gases for mass transport
studies. To support operation of the test stations in POST 20, several pieces of supporting
equipment from HISERF were moved into the lab space including the Nel Hydrogen electrolyzer
along with the o#free scroll air compressor and cleanup system, and deionized water recirculation
system. A new Parker Nitrosource nitrogen gas generator was purchased and installed to replace
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the liquid nitrogen supply which was used at HISERTRe labspace was originally designed as

a thins film lab, so there was sufficient ventilation available in the room and no additional
mechanical work through UH facilities was requirétew electrical work was requiredlthough

the room has two 225, 208 3pwper panels available, significant rewiring and conduit work was
needed to hookup all the new equipment which required working with UH Facilities and outside
contractors.The contracting work is still in progress.

Figure?2. 1 20.a) The st sand row and b) upgradeMIFC racks for runnlng twa:ells per statlon Wlth
impurity injection and dilution gases for mass transport studittee POST 20 laboratory

Table2.1.2.Fuel Cell Systems Laboratory Fuel Cell Test Stations

Bldg./Room | Test Stand Description [Slg\i\/e] Cell Types
1. Greenlight Power G50 Station 0.8 Single cells, short stacks
2. Segmented Electrode Station 0.5 Segmented single cells
HIG 416 Single cells, small area
3. HIL Station 1.0 '
stacks
4. HNEI/UTC Test Station 1, Channel 1| 0.3 Single cells
5. HNEI/UTC Test Station 1, Channel 2| 0.3 Single cells
POST 20 6. HNEI/UTC Test Stat_ion 2, Channel 1/ 0.8 Single cells, short stacks
7.HNEI/UTC Test Station 2, Channel 2| 2.5 Stacks
8. HNEI/UTC Test Station 3, Channel 1| 0.3 Single cells
9. HNEI/UTC Test Station 3, Channel 2| 0.3 Single cells

Note: all stations highly reconfigurable for other applications, 8ayv-batteries or electrolysis

As part

of t he

efforts

t o i

mprove the
additional capabilities were added to the laboratprymarily centered around the ability to
fabricate fuel cell MEAsA custan ultrasonic spray coating system and ventilated enclosure was

designed and built based upon a design from the Naval Research Lab@fejarg 2.1.21)

Additional equipmentsuch as a laser cutter, hot press, drying equipment, and electrode slurry
prepaation equipment were also added to the |&b.support the fabrication efforta Keyence
VK-8700 laser confocal scanning microscope was acquired from another lab as it was not in use.
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This tool will be highly beneficial for evaluating surface roughrasmaterials for interfacial
resistance studies as well as thickness measurements of various compemauss ithat normally

requires SEM level microscopy which takes significantly longempical component thicknesses

of MEAs being studied under thatsh environment program are on the order 653073120,

and 3006400 um, as shown in the cross section schemati€igure 2.1.22 To validate the

mi croscopeds ability to pmnthick&aptr filmwaseskced ahde v el s
scanned Clearly shown irFigure2.1.22is an SEMlike image demonstrating the sulicrometer

resolution which is more than sufficient to replace the use of SEMhermore, analysis time is

greatly reduced with an overall time of less than 10 minutes for timgutihe piece for imaging,

scanning, and completing a quick thickness check.

B 7 B

Figure2.1.21.a) New custom ultrasonic spfay coating system w/ventilated enclosure and b) newly
acquired Keyence V#8700 Laser Confocal Scanning Microscope.

}GDL+ CL = GDE

g

a)
~1.2 mil (30um) Kapton, no Adhesive

707 120 umI PBI Membrane

1 mm overlap

Figure2.1.22.a) Cross section schematic of components of HTPEM MEA withoxppate thickness
dimensions and b) laser scanned cross section of 1 mil Kapton film.
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With the upgraded lab spacésNE| 6 s f uel cel | program can nhow
testing and evaluation at HISERF, to a solutions provider with a full seskearch and
development programUnder future APRISES awards, HNEI will continue to support the Fuel
Cells for Harsh Environments program underwhythe materials lab, work will continue on the
development of durable catalysts, contaminant preventieasuressuch as irsitu catalytic
conversion layers, and new solid electrolyte developminthe cell diagnostics lab, efforts are
underway to adapt diagnostics for proton exchange membranes to anion exchange membranes
which offer unique contaminantlesant featuresWork in the cell, stack, and systems lab is now
focused on the contaminant tolerant, high temperature PEM fuel cell development as part of the
Harsh Environments program as well as a new project focused on cost reductadtritaiolity

through new fuel cell architectures.

Patents

1. StPierre, J.Zhali, Y., & Qi, J Novel membrane distillation process for water purification
based on composites of solid ionomer membranes and porous transport Wmiteid
States provisional pant62/940,833November 262019
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2.2 Testing and Modeling of Battery Systems

The battery researcbonducted under the TestingdaiModeling of Battery Systems subtask
includedthree activities1) completionof the testing and characterization of commerciaiohi
titanate batteries under grid representative condit@nspntinled development of neimvasive
characterization methodologies for-ibn batteriesvith a focus on data driven methods, and 3)
theinitiation of the evaluation of Prussian blue analogues for desalination batt€essng was
conduct e dPakati BateN Edbdratory on the University of Haviaat MUhoa campus
Cell performance was modeled using tools developed under previous APRISES fuKkding.
accomplishmerst and details of the work conducted were fully publisk@dpresented at
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international cordrencesandareall summarized below.The associatedight publications and
eighteercommunications (presentations and postars)eferenced at the end of this section.

Battery Durability Under Power Systems Operation

Battery energy storage systems (BESS) are expected to play a crucial role in the resiliency of future
electricity grids that utilize high penetrations of intermittent renewable technolobiresuse of

BESS sitill poses challenges in how to best utilize batteries to maximize performance and durability
while assuring safe usage of the systebhsder this subtask, HNEI finalized the testing of single

cells to generate analytic models that predid detailed understanding of the st#téealth and

safety of the battery under usehe results of the laboratory study were then compared with results
gathered from the deployed system both at the battery management system and through module
swapping This task led to twpeerreviewedpublications under APRISES1B4ure& Dubarry;,
2020andDubarryet al., 202).

In Baure & Dubarry (202Q)we investigated commercial generation 2 lithium titanate batteries
under conditions designed to represent theoua usages associated with different modern grid
applications as well as calendar agiR@y(re2.21). The cells exhibited remarkably low capacity

loss after more than 450 days of cyalging testing.However, a careful analysis of the changes

in ther electrochemical behavior enabled the automatic quantification of the hidden degradation
modes (i.e., degradation that does not induce capacity loss) and forecast their impact ever a 20
year lifespan.It was shown that, for the cells tested at 35°C drdvastate of chargesSQOC3,
capacity loss could accelerate after only six years of deployrierder all the other conditions,

if the temperature remained below 35°C, the capacity loss is limited to less than 20% capacity loss
at the single cell levedt the 28year mark. These results provide confidence in the endurance of
the two deployed MW BESS systems using this battery technology on the islarddhof &hd
Molokad.

This study also demonstrated that the HNEI diagnosis approach consisting dyopggihte three

main thermodynamic degradation modes is effective as they were affected differently by the
testing conditions and that their individual quantification was essential for accurate prognoses,
automated or not.
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Figure2.21. Plots of (a) the microcycle used in this work, (b) the comparison of the 6 years of BESS
average power usage vs. the microcycle, (c) the nine siegimentand (d) two mixed duty cycles tested
in this work.

The second studyubarryet al, 202) carefdly studied more than seven years of usage of a grid

tied BESS system on the Island of Haiivaomprisingof generation 1 lithium titanate batteries.

The BESS has been well used and it provided significant storage capability for thdtgrid.
performanceavas still within specifications after seven years and the only maintenance performed
was the replacement of two modules that appeared to suffer from the disconnection of 1 of the 7
cells in parallel within a module.Despite some temperature inhomogeasitiwith modules
running consistently 5°C or hotter than others, the capacity of the BESS was not affected much
with a difference of around 1% capacity loss between the hottest and the coolest modules.
However, the temperature induced a slightly differdagradation pattern that might induce
accelerated degradation for the hotter modules later in Iifiee overall capacity loss on the
deployed modules was estimated to be between 5 and 10% after seven years of usage compared to
15% estimated at the BES&vkl. This calculation was only obtainable from swapped modules
after 2,500 days of usagé@he internal module capacity estimation was vastly overestimated by
between 10 and 25%lespite our best effortsWe believe that inaccuracies in the capacity
meaurement and the lack of information on the balancing prevented the correct estimaison.
could prove problematic for future deployments and better solutions need to be enacted to ensure
accurate estimationThis could include better safeguards fopaeity estimation and the option

to stop balancing, or monitor it better while performing reference té&isetheless, the BESS
performed well and, according to a forecast established using the method establzdee &
Dubarry (2020¥or generatior? cells, its useful lifespan should exceed 15 years on the grid with

a capacity loss below 30%eigure 22.2).
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Figure2.22. Forecast of capacity loss based on degradation modes extrapolation with £3% of the
estimation performed around day 1000 an@&lules believed to be representative of the BESS.

Development of BatteryNon-InvasiveCharacterizations

Accurate lithium battery diagnosis and prognosis are criticab$eeffective operatiomnf electric

vehicles and gridied storage system3.hey areéboth complex due to the intricate, nonlinear, and
pathrdependent nature of battery degradatiddatadriven models are anticipated to play a
significant role in the behavioral prediction of dynamical systems such as battiwesver, they

are often Imited by the amount of training data availabl&@hrough the project period of
APRISES17, we generated the first big data comprehensive synthetic datasets to train diagnosis
and prognosis algorithm®gbarry & Beck, 2020 and Dubarry & Beck, 2Q2ihd we ued those
datasets to train a novel imabgased machine learning algorith@astaet al, 2023. The proof
of-concept datasets are over three orders of magnitude larger than what is currently available in
the literature. With these benchmark datasets,ufess from different studies could be easily
equated, and the performance of different algorithms can be compared, enhanced, and analyzed
extensively. This work expended critical capabilities of current Al algorithms, tools, and
techniques to predict scidic data.

In theDubarry & Beck(2020, we presented a preof-concept methodology to generate big data
training datasets for intercalation batteries using a mechanistic approach that combines both
modeling and experimental techniques to provide a wvsaveool for the creation of synthetic
voltage curves practically indistinguishable from real dathis approach offers the benefits of

the broad applicability of the model to various cell chemistries, designs, and operating modes, as
well as the highidlelity as inhered from the detailed extraction of the experimental ddta.
methodology could be applied to the generation of training datasets encompassing the entire
degradation spectrum as well as different operating conditions such as rate ancttempe
Scenarios leading to lithium plating with adjustable reversibility could be added and the addition
of random noise on the data could be considered to make the datasets even more realistic and
consider the impact of reéife testing machindggpredsion and accuracy.
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As a proofof-concept, we generated and analyzed three diagnosis datasets each containing more
than 700,000 individual voltage vs. capacity curves and three prognosis datasets with more than
130,000 individual degradation paths fittree of the main commercial battery chemistries
(Dubarry & Beck, 202l Our investigation showcased that using the diagnosis techniques
developed by HNEI offer accuracies below 1% up to cycle 400 for capacity loss estimations and
more than 300,000 diffent degradationgFigure 2.23). Further using HNEI techniques for
prognosis, enaf-life was forecasted with accuracies better than what is achievable witofstate
the-art methodologieslt also showcased thandof-life is highly dependent on the giadation

paths and that new methodologies must be validated on diverse datasets to be considered validated.

Count (#)
Count (#)

Count (#)

Error (%) Error (%)
Figure2.23. Mean diagnosis errors for the >125,000 duty cycle as a function of cycle number for (a) loss
of lithium inventory, (b) loss of aiste material on the positive electrode, (c) loss of active material on the
negative electrode, and (d) the capacity loss for the graphite / Life#Cnset ternary diagrams
represents the standard deviation between the diagnosis and the real \@ifferémt degradation paths
at cycle 100 and 400.

In addition to the HNEI irhouse diagnosis and prognosis techniques, we also collaborated with
the University of Oviedo (Spain) to use the synthetic datasets to train a novel machine learning
algorithm base on dynamic time warping (DTW) that represents battery data as images with the
aim of enabling the use of powerful artificial intelligence models in this do(fagure 2.4.4)
(Costaet al, 2023. The synthetic voltage curves were used to train a convolutional neural
network (CNN) that successfully predicts the main degradation mechanisms on the three
commercial cells of different chemistries mentioned abdvee superiority of this approach was
demonstrated when compared to other stdtthe-art methods, in part driven by the adaptive
nature of the algorithm to different cell configurationishe model was also tested on real cells,
where the diagnosis corresponds to a large extent with previexisting studies on the subject.
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Figure2.24. Pipeline of the proposed solution. In the preprocessingteepoltage curves are derived
and fed to the proposed algorithm to compute their representation as an image. Subsequently, the
processed IC inges are treated by a CNN that numerically quantifies the percentage of each degradation
mode.

Although there is still a lot of work to be done to optimize the technique, results are extremely
promising and should accelerate the development of accuratéhatgp The proofof-concept
datasets used in these works were limited to thermodynamic degradations at constant temperature
for singlecomponent electrodes and more complicated cases will be investigated under subsequent
APRISESfundedprojects. Finally, we would like to point out that our intent is no way to remove

the need for experimental testing-wether. On the contrary, experimental testing is still
essential, and the only way, to decipher which conditions cater to specific degradatiomgaths a

its input is, therefore, fundamental to decipher the applicability of batteries for a given application.
Our methodology can be used alongside to develop the needed algorithms once a cell is selected.

DesalinationBatteries

Traditional desalination tbaiques separate pure water from a saline solution by using either
thermal, or pressurdased chemical potential gradient.Despite major technological
improvements over the past haHntury, energy consumption remains a major issue for
desalination fadities. The aim to reduce the energy used for desalination led to the development
of new technologies such aspacitive deionization (CDI), an electrochemically driven
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desalination technology that extracts ions from saline water through the applidaéi@ttac
potential across two conductive porous electroddswever, capacity deionization is usually
limited by the low salt adsorption capability of the electrodes and by poor duralilppssible
improvement is to replace the current carbasecelectrodes by materials that can storeidtes

by intercalation rather than adsorptidBuch materials are commonly used foribia batteries, a

cousin of the Liion batteries, that are recently becoming availalierein, we started an
investigated sodium intercalation electrodes as a replacement for the activated charcoal electrodes
usedin typical capacitive deionization devicedmong the proposed materials for desalination
batteries, hexacyanoferrate Prussian blue analogue materials (PBAsS) are especially interesting
because of their open framework structure that allow insertion obm¢awith high reversibility

and rapid kinetics. For this work, and to increase thkechnology readiness levelRL), we
investigated different practical and scale aspects simultaneously, notably electrode material,
electrode architecture, and cell dgsi

Performance and durability results of our best material are preserftgguine2.25. Our best
material started with a salt adsorption capability above 120 milligram (mg) per gram (g) at low
rate and above 80 mg/g at rates above 100 mg/g/minute. (M} is far above classic CDI
material performance at around 10 mg/g at a rate of 30 mg/gAfter. 1,000 cycles, our material

still maintained a salt adsorption capability around 50 mg/g at rates above 100 mghy/iliz.

this promising, some sigmant challenges remain. First, the performance at low salt
concentration is poorSecond, there seems to be a high impact of the synthesis, washing, drying,
storage condition, and electrode architecture on performanias. limits reproducibility of tie
results which is a big issue for potential sege These challenges will be investigated in
APRISES18 onwards.
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Other Works Produced

In addition to the research presented above, APRISES17 funding was also used to publish a review
and two perspective articles.

In anticipation of the work on inhomogeneities that will be reported under APRISES18, a literature
review was conducted on thepic Beck et al, 2021). Battery degradation is a fundamental
concern in battery research, with the biggest challenge being to maintain performance and safety
upon usage.From the microstructure of the materials to the design of the cell connectors in
modules and their assembly in packs, it is impossible to achieve perfect reproducttigil
manufacturing or environmental variations will compound big repercussions on pack performance
and reliability. This review covered the origins of cédl-cell variations and inhomogeneities on

a multiscale level, their impact on electrochemical performance, as well as their characterization
and tracking methods, ranging from the use of kmg@e equipment to ioperando studies
(Figure2.26).
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Figure2.26. Summary of topic covered in our review on battery inhomogeneities.
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Looking at the perspective articles, one was on battery testing in gdhialr(y & Baure, 2020

and the second was focused exclusively on incremental capacity anBlybery & Ansean

2022. Laboratory battery testing is a much more complex task that it apgeemserly defined

and executed plans expedites a deeper understanding of the performastatearfchealthfOH)

of commercial batterieslnadequate validation can delegitimize a good studybarry & Baure
(2020)presented best practices for simple and effective testing of batteries based on the protocols
developed irhouse for the past decade of work under APRISES funding andsoilnees. For

the most part, execution only requires a multichannel potentiostat/galvanostat without the need for
other complex instrumentationThis will allow characterization of not only the cédtcell
variations but also evolution of SOH throughout thetiine of the cellsAlthough this publication

was centered on single cell testing, the same approach can also be used for modules or packs if
safety controls are in place so that no single cell can be overcharged or overdischiénged.
Dubarry & Baure(2020)discussed the importance of the analysis of the voltage response of the
cell; another perspective articlBubarry & Ansean(2022),was necessary to fully cover the topic

of incremental capacity analysis, a technique proven to be an effectiveimadile tool for iR

situ diagnosis of L-ion batteries.This publication presented best practices with detailed examples
for the majority of the battery chemistry available to dd&€ey takeaways to ease its application

are summarized beloin Table 2.21.

Table 2.2.1. Key takeaways noted in Dubarry & Ansean (2022).
Process Remarks

- Limit environmental and procedural errors
- Ensure environmental consistency throughout testing (temperatures and physical loce

Test preparation

- Reference testing at constant current at lova@s (C/25) and regular intervals (typically
Batterytesting | every 100 cycles, 1 month o426 capacity 10ss)
- Data sampling at 1 to 2 mV or 2,000 points per step

- Filter data to reduce noise atadset a fixed voltage interval step (generally 2 mV)

- Smooth filtered voltage data if necessary. Check for possible distortions
-Proceed with the derivation of the vol
- Verify correctness of IC curve (no peak movement or intensity changes)

Data processing

- Incremental Capacity is chemistry dependent. Refer to literature for expected peaks
Electrochemistry| - Identify andnumber all peaks on the derived IC curves according to the reactions in th
and NE

- Fundamental understanding of the degradation modes, LLI, LAMs, ORI and FRD is
required for cell diagnosis. Refer to literature
- Fundamental undeending of the clepsydra analogy

Degradation
modes

- Resistance estimation of the tested cells. Custag methods can be applied

- Determination of the limiting electrodes

- Estimation of the initial loading ratio (LR) and offset (OFS)efiectrode matching,
emulations, or using common values from the literature

Cell parameters
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- Review of the degradation maps for the tested chemistry. Maps can-gerssifted or
extracted from literature (see supplementary material for most commonezoiaim
chemistries)

- Use of the lookup tables for IC peak evolution with degradation modes

- Extraction of most sensitive FOIs for the tested cell technology

- Evaluate ORI

- Evaluate the degradation mode that causes capacitfidessifying limiting electrodes and
compare to degradation maps and tables)

- Evaluate remaining thermodynamic degradation modes via FOI analysis

- DVA could be best strategy to get LAM

- Evaluate kinetic limitations if peak shapggexplainable

Degradation
maps

Cell diagnosis

- Blends must be separated for analysis

- IC during charge or discharge, use most relevant for application. Peaks always broadt
Other towards enebf-regime

considerations | - Peak area analysis is useful only if IC peaks go back clasrdadefore next peak starts

- If reversible plating, new feature should be visible. If not, likely irreversible and increas

LLI
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TASK 3 BIORENEWABLE RESOURCES

This section present&/o research subtasks focused on the use of biorenewable resources to serve
Navy needs, including fuels, waste treatment, and novel materials. Fuels are omnipresent across
the Navybés operating environments anfdelsarai nt ai
introduced to supply systems is of the utmost importance. Needs for waste treatment span a range
from forward Marine units to baseale installations. Biorenewable resources provide unique
feedstocks for developing new materials for advanqaaliGations to support the warfighter.

Details of each research subtask are provided in the following sections.

3.1 Constant Volume Carbonization for Waste Management

Solid waste and biosolids present management challenges for forward contingencyntdases a
larger scale installations. Environmental impacts may be reduced by converting waste to stabilized
solids that can be safely disposed for biological degradation or more readily converted to useful
forms of energy. The constant volume carbonization GQCYrocess [#4] has potential to
accomplish both goals with low emissions. The purpose of this task is to evaluate the CVC process
for use in stabilizing and homogenizing solid waste and/or biosolids representative of waste
streams relevant to the Navii N E | 6 s bjectiveswereo

1. Evaluate pressurized carbonization as a tool to treat and stabilize materials representative
of waste from contingency bases
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2. ldentify pressurized carbonization reaction conditions that produce transient plastic phase
solid productsand

3. Characterize the products from pressurized carbonization of waste under different test
conditions

Materials andViethods Characteristics of waste streams at contingency bases described elsewhere
[5-7] were used to create two synthetiaste recipes that could be readily reproduced for CVC
experiments (Table 3.1.1). The recipes included five ingredienid waste, mixed paper, plastic,

wood, and rubber. The standard recipe was based on an average waste stream from the force
providerwaste studies and the polystyrene recipe contained higher polystyrene content compared
to the standard recipe. Plastics are common in force provider waste streams and present a
challenge in higher concentrations.

Table 3.1.1. Composition of the standa®d Yand polystyrene (PS) recipes for waste simulation.

Standard Polystyrene
Material Remp_g Remp_g Material Description
Composition | Composition
(wt. %) (wt. %)
Food 35 32 25% Gravy Train® Beef Dry Dog Food,
Waste 75% deionized water
'\F",g‘ggr 30 27.3 Cellulose particles from paper food trays
Plastic 15 22.5 Polystyrene particles from plastic forks
Wood 15 13.7 Norwegian birch wood particles
Rubber 5 4.5 Rubber particles from tires
Total 100 100

The schematic of the experimental CVC test bed is shown in Figure 3ielreactor design is

based on a 12.5 mm stainless steel tubing with Swagelok fittings with a reactor body length of 255
mm. Common CVC reaction temperatures ranging from ~2900t5are imposed on the sealed
reactor by immersing it in a temperatwentrolled sand bath (Techne, model SED). The

reactor is loaded with ~12 g of the feedstock, flushed with nitrogen, sealed, leak checked, and then
placed in the sand bath. Aftepeescribed reaction time, the reactor is removed and allowed to
cool to ambient conditions. CVC products are recovered from the cold reactor in a fume hood and
component masses (solid, free liquid, evaporative loss, and gas) are determined. The solid mas
is characterized by observation and proximate (moisture, volatile matter, fixed carbon, ash
following ASTM D1762) analysis (LECO Corporatiost. Joseph, M Thermogravimetric
Analyzer (TGA) 801). Selected solid samples were analyzed using a Perki@Bb0dp produce
detailed thermal analyses and identify differences in chemical structure.

Two sets of experiments were conducted: 1) a fractional factorial design (two levels, four factors)
experiment using the ST and PS waste recipes, and 2) a serigpeviments using two
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components, birch and polystyrene, at varying ratios identified as the BPS tests. The former was
used to provide initial information on the impacts of independent reactor variables on CVC product
distribution. Based on earlier worikjtial (pretest) reactor Npressure (0.0 and 1.7 MPa), CVC
reaction temperature (350 and 30} and reaction time (30 and 90 minutes) were selected in
addition to the two waste recipes. In all cases, the feedstock (ST and PS ingredients) were prepared

in 1 to 2 mm particles prior to the reactor test.

Conditions are identified by date and by the

combination of reactor conditions as summarized in Table 3.1.2 below.

Table 3.1.2Fractional factorial design (two level, four factor) for CVC experiments.

Date-#

2208262

2209151

2209221

2209281

2209152

2209222

2209282

2209291

Recipe
ST
ST
PS
PS
ST
ST
PS

PS

Initial Pressure

00

1.72

00

1.72

00

1.72

00

1.72

45

Temperature
350
350
350
350
500
500
500

500

Reaction Time

30

90

90

30

90

30

30

90
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Figure 3.1.1. Schematic diagram of the constant volume carbonization test bed.
Results

This section presents the results of the fractional factorial design experiments using ST and PS
feedstocks and the two component bipdtystyrene (BPS) experiments.

Fractional Factorial DesignExperimentsFigure 3.1.2 presents images of the CVC solid products
from the fractional factorial experiments. The solids appear uniformly colored for @agies
indicating that the CVC reaction conditions were effective in thermally degrading the mixture of
polymers. Color differences are noticeable between samples, indicating that the varied test
conditions may have produced differences in the solid pteddhe sample images also provide
evidence that the 1 to 2 mm feedstock particles have become aggregated during the CVC reaction.
While the particle sizes may have been reduced by the effort needed to recover the sample from
the reactor, the aggregatsiucture is a desirable characteristic.
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a) 220826-1-ST-0-350-30 220915-1-ST-1.72-350-90 220915-2-ST-0-500-90 220922-2-ST-1.72-500-30

b) 220922-1-P$-0.1-350-90 220928-1-P$-1.72-350-30 220928-2-P$-0.1-500-30 220929-1-P$-1.72-500-90

_ 4 K
Figure 3.1.2. Images of solid products from the fractional factorial CVC experiments. Coin outer diameter
is 22 mm and the center hole is 4 mm. (a) ST waste recipe and (b) PS waste recipe.

Figure 3.1.3 summarizes the product component yield distribution for the fractional factorial
experiments. Reaction temperature exhibits the greatest impact on yield distribution, with higher
temperature producing less solid product as the synthetic wastponents undergo more
extensive depolymerization. In these preliminary experiments, the gas yield was not determined
guantitatively, but would account for a | arge

47



Reactor Conditions:

At End of 6.3 MPa 9.0 MPa 10.7 MPa 14.3 MPa 5.6 MPa 8.4 MPa 9.7 MPa 14.4 MPa
Reaction: 350°C 345°C 492 °C 347°C 350°C 484°C 490°C 500°C
After Cooling: N/A 3.5 MPa 3.5 MPa 3.9 MPa 2.3 MPa 3.2 MPa 2.9MPa 4.2 MPa
23.2°C 23.2°C 23.2°C 23.2°C 23.2°C 23.2°C 23.2°C 23.2°C
100%
23.3% 23.8% 23.8%
o o D 2745 30.0%
32.8% 2 32.7%
80% 41.7%
22.7% 23.8%
60% 30.6% 23.4%
31.0%
28.8% - i 30.0%
8.2% 0.0%
0.0%
30.9%
40%
11.2% 10.6% 8.9%
0.6%
: 50.6% 49.2%
46.1% 45.4%
20%
26.8% 27.2% 28.5% 28.4%
0%
220826-2 220915-1 2209152 220922-2 220922-1 2209281 220928-2 220929-1
Waste Recipe:  Standard Standard Standard Standard pPS PS PS PS
Initial Pressure (MPa): 0.0 1.72 0.0 1.72 0.0 1.72 0.0 1.72
Temperature (°C): 350 350 500 500 350 350 500 500
Reaction Time (min): 30 90 80 30 90 30 30 90
Feedstock (g): 9.84 89.81 9.89 9.90 9.76 9.82 9.84 9.85
Solid Free Liquid Fvaporated Loss Undetermined

Figure 3.1.3. Summary of CVC product componasitrithutions for the fractional factorial design

experiments.

The two reaction times selected for the experimental design show little influence on the CVC
product distribution. The data suggest that the heat transfer and kinetic phenomena inherent in the
reactor system have approached geggiilibrium by the 30 minute mark of each individual test.
Extended reaction times may influence the final product distribution and composition, but the
addition of 60 minutes is not sufficient to make this apparent.

The two initial reactor pressures (0 and 1.72 MPa) showed little impact on solid yield, but had
influence on the formation of a free liquid phase product. The higher pressure produced elevated
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free liquid from the ST feedstock, at both reaction tempemstimat the same trend was not
apparent for the PS feedstock, where the free liquid phase shows clearer dependence on reaction
temperature. These results indicate that the feedstock, temperature, and pressure variables are not
affecting the product distrittion independently but interactively. This is further supported by
difference between feedstocks under similar reaction conditions. At the lower reaction
temperature, the PS feedstock produced a greater solid yield and this may be due to the greater
polystyrene content of the PS feedstock and the higher depolymerization temperature of the
polystyrene compared to the other PS recipe components.

The proximate analysis results for CVC solid products from the fractional factorial design
experiments are preasteed in Figure 3.1.4. The higher reaction temperatures that produced lower
solid yields in Figure 3.1.3 are also responsible for elevated fixed carbon contents in those samples
and this is consistent with enhanced depolymerization. The PS solids dfso t@ss fixed carbon

and more volatile matter that their ST counterparts.

Dry Fixed Carbon Dry Volatile Matter Dry Ash

100%

3559 e s s 3.24% 3.49% e c o1
90%
s 31.11% 29.14% 31.25%
35.83%
70%
64.30% 61.34% .
o 69.84% T
0
50%
20%
62.67% 64.35% 63.24%
30% 58.44%

20%

32.15% SR

26.92% E

10%

0%
220826-2 220915-1 220922-2 220915-2 220928-1 220922-1 220928-2 220929-1

Test Condtions: ST-0.1-350-30 ST-1.72-35090 ST-1.72-500-30  ST-0.1-500-90  PS-1.72-350-30 PS-0.1-350-90  PS-0.1-500-30  PS-1.72-500-80

Figure 3.1.4Summary of proximate analyses of the solid CVC products from the fractional factorial
design experiments.
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Birch-PolystyreneTwo ComponenExperimentsFigure 3.1.5 presents images of the CVC solid
products from the two component BPS experiments. The sample images are uniformly colored
indicating that both components participated in the reaction to form a composite product. The
images also provide evidence thhe 1 to 2 mm feedstock particles have become aggregated
during the CVC reaction. Upon opening the reactor after the test, samples may be adherent to the
inner walls and particle sizes may have been reduced by the effort to remove them. Nonetheless,
the aggregated structure is a desirable characteristic for a stabilized waste product.

100% Birch 70% Birch 50% Birch 30% Birch 0% Birch
0% PS 30% PS 50% PS 70% PS 100% PS

Figure 3.1.5. Images of CVC solid products from the BPS test series with varied mixture ratios of the two
components. Experimental conditions are 500°C reaetoperature, 30 minute reaction time, and initial
reactor pressures of (a) 0 MPa and (b) 1.72 MPa. Coin outer diameter is 22 mm and the center hole is 4
mm.

Figures 3.1.6 and 3.1.7 summarize the product component yield distribution for the BPS
experiments The CVC test series was performed with a series of birch and polystyrene mixtures
(B10OPSO, B70PS30, B50PS50, B30PS70, BOPS100 where B=birch and PS=polystyrene and the
numbers are the component mass percentage in the feedstock mixture) at 500°CifowBB m

two initial reactor pressures, 0 and 1.72 MPa. Birch and polystyrene single component tests
(B1OOPSO and BOPS100) provide limiting case expectations for the product distributions.
B100PSO results show little variation between the two pressutiesugh the degree of solid
product aggregation is much higher for the 1.72 MPa condition. The two BOPS100 tests show
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differences in response to pressure, with the higher pressure resulting in less solid product
formation, and both pressures produce amdhance of free liquid, 70 to 90% of the feedstock
mass. The three mixtures of birch and polystyrene show solid product yields more closely aligned
with the B10OPSO product distribution, regardless of initial pressure, and little free liquid. This
indicaes that even modest amounts of birch in the mixture can shift the CVC product
characteristics toward solid formation with minimal free liquids.

Reactor Conditions:

At End of 1100 psi 1090 psi 350 psi 725 psi 360 psi
Reaction: 499°C 500°C 497°C 4898°C 485°C
After Cooling: 440 psi 400 psi 350 psi 250 psi 140 psi
23.2°C 23.2°C 23.2°C 23.2°C 23.2°C
100% 1.5%
10.8% 6.5%
° 15.1% 14.7% -
21.6% e
80%
18.7% 17.7%
33.6%
17.3%
60%
26.7% 27.9% 72.5%
19.0% 28.1%
40% 0.6%
2.4% 8.4%
0.4%
20% 38.9%
34.2% 37.6% 31.3%
17.3%
0%
B100PSO B70PS30 B50PS50 B30PS70 BOPS100
Test Day-#: 230112-1 221131-1 221214-1 221215-1 230201-1
Feedstock: 5.00g 6.97g 6.97g 7.00g 10.99g
Solid Free Liquid Evaporated Loss Gas Undetermined

Figure 3.1.6. Summary of CVC product component distributions for the BPS experimiggisirch and
polystyrene mixtures (B100PSO0, B70PS30, B50PS50, B30PS70, BOPS100 where B=birch and
PS=polystyrene and the numbers are the component mass percentage in the feedstock mixture) at 500°C
for 30 min with initial reactor pressure of 0 MPa.
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Reactor Conditions:

At End of 1390 psi 1700 psi 1465 psi 1220 psi 905 psi
Reaction: 500°C 490°C 500°C 500°C 499°C
After Cooling: 570 psi 600 psi 535 psi 440 psi 360 psi
23.2°C 23.2°C 23.2°C 23.2°C 23.2°C
100%
2.3% " 4%
8.8% 4.4%
20.8%
0 24.7%
29.7%
80%
36.2%
21.7% 14.0%
60% 17.1%
26.7% 89.1%
20.0% 16.1% 23.2%
40%
1.7%
1.8% : 0.0% 0.0%
20%
33.2% 35.4% 34.3% 34.6%
0,
0% 3.9%
B100OPSO B70PS30 B50PS50 B30PS70 BOPS100
Test Day #: 2301121 221130-1 221214-1 221215-1 230131-1
Feedstock: 5.00g 6.97 g 6.97g 7.00g 10.99g
Solid Free Liguid Evaporated Loss Gas Undetermined

Figure 3.1.7Summary ofCVC product component distributions for the BPS experimesitegbirch and
polystyrene mixtures (B100PS0, B70PS30, B50PS50, B30PS70, BOPS100 where B=birch and
PS=polystyrene and the numbers are the component mass percentage in the feedstock mixitee) at 50
for 30 min with initial reactor pressure of 1.72 MPa.

Figure 3.1.8 presents the proximate analysis results for the BPS experiment series. Higher
polystyrene content in the feedstock results in reduced amounts of fixed carbon in the CVC
product, but not in direct proportion to its percentage in the mixture, e.g. the increase from 30 to
50% polystyrene content results in only a 4% decrease in fixed carbon content. The higher initial
reactor pressure produced a higher fixed carbon contdft @bsolute) for the B70PS30 and
B50PS50 cases. These results show that process control points may be used to affect stabilized
CVC product characteristics.

52



Dry Fixed Carbon Dry Volatile Matter Dry Ash

100% 1.25% 7.54% 2.38% 1.95% 1.43% 1.72% 2.13% 1.61%
90%
L 25.55%
e 32.40%
32.02% =
80% 36.79%
39.22% ’ 40.82%
70%
60%
50%
40%
74.87% 73.02%
69.88%
65.61% 65.89%
30% 58.84% 61.07% e
20%
10%
0%
B100PSO B70PS30 B50PS50 B30PS70 B100PSO B70PS30 B50PS50 B30PS70
Test Date-#: 230112-1 221129-1 2212141 221215-1 230112-2 221130-1 221214-2 221215-2
Initial 1.72 MPa Atmospheric

Pressure:

Figure 3.1.8. Summary of proximate analyses of the solid CVC products from the BPS expexiaent s
usingbirch and polystyrene mixtures (B100PS0, B70PS30, B50PS50, B30PS70, BOPS100 where B=birch
and PS=polystyrene and the numbers are the component mass percentage in the feedstock mixture) at
500°C for 30 min.

Figures 3.19 and 3.1.0 present thermograms (TG) and derivative thermograms (DTG) for the
birch and polystyrene parent material feedstocks. Birch exhibits two mass loss costypicait

of the depolymerization of hemicellulose (~310°C peak DTG) and cellulose (377°C peak DTG)
fractions present in biomass. Polystyrene exhibits a single depolymerization event in a window
from 310 to 465°C with peak weight loss at 428°C.
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Figure 3.1.9Thermograms of birch and polystyrea® single components
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Figure 3.1.10 Derivative thermagns of birch and polystyreres single components

Figures 3.1.11 and 3.1.12 present thermograms and their derivatives for the CVC solid products
from the BPS test series. Consistent with the proximate analysis in Figure 3.1.8, increasing levels
of PS inthe feedstock produced CVC solids with increasing volatile matter and the volatile matter
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fraction depolymerization is greater at lower temperatures. Maximum rates of mass loss occur at
temperatures below 310°C and at a single peak at ~610°C. Thetéongerature range has a
single maximum of ~190°C for birch and shifts to multiple DTG peaks at higher temperatures with
increasing polystyrene feedstock fractions. All CVC samples excepting the BOPS100 share a
common DTG maximum at 610°C.

100

S0

&0

70

60

Weight Percent (%)

50

40

30

——B100P50 - 0.0 ——B70P530-0.0 B50PS50 - 0.0 ——B30P570-0.0 ——BOP5100-0.0

——B100P50 - 1.72 ——B70P530 - 1,72 —— B50P550 - 1.72 ——B30P570 - 1.72 ——BOPS100 - 1.72
20
110 210 310 410 510 610 710 810 910 1010

Temperature (°C)
Figure 3.1.1 Thermograms dEVC reaction solidérom the BPS experiment serigsingbirch and
polystyrene mixtures (B100PS0, B70PS30, B50PS50, B30PS70, BOPS100 where B=birch and
PS=polystyrene and the numbers are the component mass percentage in the feedstecnohixid and
1.72 are intial reactor pressures in MBB500°C for 30 min.
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Figure 3.1.12 Derivative thermograms of birch and polystyrene from the BPS experimeniseges

birch and polystyrene mixtures (B100PS0, B70PS30, B50PS50, B30PS70, BaRr&té®=birch and

PS=polystyrene and the numbers are the component mass percentage in the feedstoanohixidrend
1.72 are intial reactor pressures in NIBB500°C for 30 min..

Perhaps the most important finding from these tests is that the DKS glearacteristic of the
polystyrene parent material and the BOPS100 are not present in the CVC solids from birch
polystyrene mixtures. This suggests that under CVC conditions, the two materials have interacted
to form composites with different structuridggn the parent feedstocks. Initial reactor pressure
also has some influence on this structure, with differences in peak mass loss appearing with
changes in feedstock mixture ratio and pressure. Future work will use hyphenatetiaBSA
spectrometry to étter understand the structure of the CVC solids.

In summary, CVC experiments using model waste mixtures show that pressurized pyrolysis can
produce a stabilized, aggregated solid product with minimum amounts of free liquid product. The
CVC process cleaylresulted in a physical transformation of the parent material and modified the
polymeric structures of the waste mixture components. Signatures of polystyrene and its
degradation products were not present in CVC solids derived from mixtures of polgsayren

birch wood. These findings suggest that the CVC process as a waste management technique
warrants further research to understand 1) the underlying physical and chemical mechanisms and
2) how process controls can be used for improve product chasticteri
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3.2 Marine Fuels

One of the critical issues in for marine fuels is maintaining fuel quality over extended periods of

time. Antioxidants have been developed and blended with fuels to improve storage stability. This
work conducted comprehensive measurements of the compoaitd properties of biodiesel

derived from waste frying oil (B100 WFO) and investigated the impacts of antioxidant (AO)
concentration on its oxidative stability. Biodiesel was used as a model fuel because of its
availability from the manufacturer beforeommercial antioxidants were added and after
commercial antioxidants were added. This allowed the preparation of samples across a range of
antioxidant concentrations. B100 WFO with antioxidants added was found to have similar
physicochemical propertie® B100 derived from waste cooking oil and catfish oil. It also
demonstrated better oxidative stability due to the AO addition and its lower content of
polyunsaturated fatty acid methyl esters (FAMESs). Modified ASTM D525 method was employed

to study the gidation process of B100 WFO with@®. 24 %v/ v commer ci al Bi oE
and its impacts on fuel properties. Bi oExtend
and polymerization reactions as demonstrated by the viscosity, density, and cold flovtyproper
measurements after 16 and 48 h stress tests, and a higher concentration of AO commensurately
extended fuel storage stability.
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A manuscript summarizing this work has been submitted to a special issue of the fusinal
organized by the International #&ciation for Stability, Handling and Use of Liquid Fuels (IASH).
Articles in the archival l'iterature wil!/l be a

TASK4: RESILIENT ENERGY SYSTEMS

Task4, Resilient Energy Systemsomprised multiple projects itwo areas of research. Under
Subtask4.1, HNEI and its industrial partnerelosEnergy,developed tools and provide analysis

of Hawai @i 6s r esour ceThia wak faguseddn prowiting anpioved t y |
understanding ofhe impacts oHawai an El ectri ¢ Comp antjitypssalepl ans
solarplus storage projects as replacement for the existing thermal generation Umniter
Subtaskel.2HNEI built upon previous funding and eng
Pacific region to develop enabling technology for integrating new technology and reliable control

at the grid edge, and to conduct comprehensive analysis and planningdoetgg systems and
critical infrastructure on Odahu and other Ha
resiliency needs. The work describedhese five subect i ons was primarily
Grid System Technologies Advanced Resediedm (GriéTART).

4.1 ( A x AGid Eeliability and Resilience

Prior to 2018, analysisokingatt he i nt egr ati on of r enehsavilyl es 1 n
focused orunderstanding the ability to increase the penetration of variable renewabletiganera
systems without significant curtailmentPrior workutilizing U.S. Department of Energy and

Hawaid State funding included a number of studjasailable on the HNEI websit@volving

both onisland and offisland wind and solar as well as emay and twoway transmission

between the islands.

The focus of renewable energy devel opment in
2019, the Hawaiian Electric Company (HECO) received regulatory permission for seven solar
plus-storage projects comipmg over 250 MW of solar and more than one GWh of stqfageSt a g e
10) These projects for O6dispatchable variabl €
significant reduction in the cost of gritale energy storage, specificallyibn batteris.

In early 2020, HECO then selected an additional 16 projects totaling 460 MW of solar and an
additional 3 GWh of storage for developménii St a. g\dth tReée)additions to their grids, the
state of Hawai 0i and HECO ackiing prablerhsassociated witha t i o n
high percentages of variable renewable generation.
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Figure4.11 shows the expected systevide production of electricity by resource for the three
HECO company systems assuming full buildout of these Stage 2 systems.thWefel have been
delays due to both local technical and global supply chain issues, ongoing planning indicates that
the HECO service area will go beyond the penetration |shelan
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Figure4 . 1. 1. HECOOG6s expected electricity prStagel2cti on,
solar+ storage projects.

While the availability of coseffective gridscale storage alleviated many of the curtailment issues,

the geographic isolationbfh e i sl ands6é el ectricity grids and
makes Hawai @i 6s challenges of variable renewa
experience. Specifically, reliability issues, both resource capacity and grid stahilitpec
exacerbated by the relative few, large generating units that make up the thermal generation
component of the energy mix. In response to this concern, HNEI and its primary partner in these
efforts, Telos Energy, have been actively engaged in demglopols and conducting analysis to

better understand the impacts of these significant change to grid operations id.Hawai

During the initial period of this award, these efforts focused on the development of new tools to
address grid reliability and $t#ity when faced with the stochastic variability of the solar resource.
The criticality of these efforts were enhanced due to the, at that time, pending 2022 retirement of
the AES coal plant on @hu. These activities were cofounded under this awatdosit share

from the State of Hawdi Outcomes from the work have been used by the utility and by the
Hawaii Public Utilities Commission in their decision making. These efforts, summarized briefly
below, are described in more detail in a seriepuadect summarieggroupedand available at
https://www.hnei.hawaii.edu/publications/projegeports/aprised 7/.
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StochasticModeling for High RenewableGrids: As the amount solar and storage integration
increases in Hawai i, accurately capturing tfF
critica. | n addi ti on, with the relatively smal/l n
correlated outagesid maintenance of the remaining thermal generation can significantly decrease
reliability. The objective of this activity conducted by HNE collaboration with Telos Energy

was to develop novel methodologies and tools to properly evaluate systemdigie likelihood

of capacity shortfalls in high percentage renewable grids by probabilistically simulating solar
variability, generator outages, and storage availability. A novel methodology to capture the impact

of solar variability, generator outag@d storage availability on the reliability of high percentage
renewable grids was developed’he methodology captures inherent solar variability, outlier
weather events, and the impact of generator outage®l-year dataset of solar irradiance and
production profiles as well as detailed probability distributions of generator outages and

mai ntenance schedules were developed to all ow
grids. This new analysis technique helps answer key questions for poteen gf@nning that are

missed by traditional resource adequacy analysis such as:

How much solar, storage, and thermal capacity is required to maintain grid reliability?
What is the effect of increased forced outages and maintenance schedules on reliability?
How much legacy thermal capacity can be retired?

How do multiday low solar and extreme weather events affect reliability?

= =4 =4 =9

Integrated Sability and Cost Production Analysis As t he Hawai Qi grids t
penetrations of solar plus storage toetngeneration needs, conventional stability tools that
typically utilize a limited number of snapshots of operations expected, from experience, to show
worstcase conditions (i.e. an evening peak load) cannot capture the range of grid conditions that
are mportant to evaluate stability on high percentegygewable grids.The objective of this
activity was to develop a new tool to survey grid stability for every hour over the entire range of
operations expected throughout the course of a y@aluating gid risk at every hour of the year
enables grid planners to understand both the magnitude and duration of risk to the grid, providing
valuable context for informing mitigation decisioné. second objective of this activity was to
integrate both stabilitand cost production into one tool, with a significant improvement over
traditional tools that cannot eaptimize production cost and grid stability.

The HNEI team has successfully developed a new screening tool that quantifies the stability risk
to the gid using a probabilistic approach across alb® hours of grid operation instead of just at
preselected conditions of expected riskhis technique yields probability distributions of the
frequency excursions for grid events such as-tdggeneration. This new tool provides a more

comprehensive means for assessing stability
generation is retired and replaced by variable renewables systems. The accuracy of this new tool
was calibrated using the full dynamico d e | of the Od&ahu grid and v

transmission planning.
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Grid Reliability with AESRetirement and @hu Grid Reliability: The AES Hawai @i co
the | argest power plant on OQdThihratirementadsecreasedet i r e
the amount of dispatchable fossil capacity available to the utility by more thanTl®&ughout

2021 and 2022the HNE}Telos Energ team conducted extensive reliability analysis of the
retirement to brief HECO, t hHPULClwaiadnid R unbel iCGoo v
Power Past Coal Task Force on the impacts of this retirement in light of project delays and
cancellations obeveral of the proposed solar plus storage projebi® objective of this study

was to evaluate the ability of proposed solar + storage resources to provide the required energy
needed while also maintaining grid reliability amid the changes to the ahgeneration mix.

This work continues today, as is expected to have important implications for power system

pl anning and policy for Odahu, and in partictu
future fossil fuel plant retirements.

Stochastia@nalysis, developed earlier in the award, were used to assess capacity reliability risks
associated with the AES retirement, updates for utility plans, and possible impacts due to delays

in solar project schedules and notadc r e ases | n HH&O mtes-{,ghemeeentat or
failure of Kahe 4 <), project delays-{, and a reduction in load that occurred with the onset of
COVID-19 (+). Analysis shows that with the retirement of AES in September with only one
replacement resource available (Mililani, 39 MW) , Odahu would exper
deficit until other Stage 1 and 2 solar + storage resources went online.

Fortunately, although | argely past COVID, the
lower than prepandemic levels. Subseznt to the end of this APRISES award but during the
preparation of this report, updates on reliability expectations were presented to both HECO and to
the HPUC. This reduced load is sufficient to mitigate much of ti@reliability risk through

the endof 2022 and into early 2023Vith the everchanging delivery schedules due to both local

issues, such as interconnection requirement studies, permitting, and global shipping delays, this
work is ongoing and will continue until sufficient resources apayed to ensure capacity needs

for the island are met.

Clean Firm Energy Need# addition to concerns regarding resource adequacy a<he Qrid
transforms from one which is predominantly thermal generation to one that relies in a large part
on varidle renewables and battery energy storage to meet demand, there has recently been

ongoing discussion and |l egislative efeismg t s to
grid reliability (adequate capacity) is maintained. This activity was uakdrtto inform both
ongoing procurement by the wutility and propos

characterized as fAdThs pralyss lscaudhl te determinentie maimemr g vy .
amount of firm power that the system would requat various levels of wind, solar, and storage
additions. The study is also intended to inform decisions on whether to integrate more variable
renewable energy today, considering that these decisions may shut the door on futureTdpsions.
information can be used to determine characteristics of future sydtemgrm decisions on ail

61



fired power plant retirements, procurement of new resources, and to quantify robustness issues
that might result from a system with variable renewable energy andetaiane.

The results of this study are helping to frame the ongoing discussions, debates, and planning related
to the role of firm renewable energf. he f i ndi ngs i ndicate that on
penetration of energy from variable renewable energy and storage grid (e.g. over 70% by energy),
there is very likely to be a need for firm capacity of @@ MW. While the need for capacity
remairs high, the use of these systems decreases significantly as the penetration of the variable
generation increases. In this future clean highable energy system, these resources would run
sparingly. However, when they do run, it could be for multiplesecutive days at a timdhis

detailed analysis of firm energy is helping to identify potential resources to provide this unique
grid service and help inform recommendations for policymakers, regulators, and grid planners
related to the longerm role é firm renewables.As was the situation for the resource adequacy
studies, subsequent to the end of this APRISES award but during the preparation of this report,
updates on reliability expectations were presented to both HECO and to the HPUC. WaKk in thi
area will be continued under future APRISES awards

Further detail on theseffortsar e av ai | ARRISES 17 tHawdi Resilierit Systems
Project® document a v hatpsV/vanvy hreei.hawaa. édu/publications/project
reports/aprised 7/.

4.2 Grid Technology Development

Under this subtasid N E | built upon previous funding and e
Asia-Pacific region to develop enabling technoldgy integrating new technology and reliable

control at the grid edge, and to conduct comprehensive analysis and planning for the energy
systems and critical infrastructure on O@ahu
security, and resiliesy needs. The work describedtirese five sukections was primarily done

by HNEI 6s Grid System TechnolSTARTes Advanced R

Coconut Island Microgrid

Coconut Islandalso known ag1o k u  Qis b P8&cee (113,000 m?) island k U n e Bayh e

off the island of @ahu and is home to th¢a w alnstitute of Marine Biology (HIMB)which is
partof the University of Hawdli. The island isan ideal site for a renewable energy technology
based tesbed, particularly representative of an isolated location vulnerable to energy disruption
yet serving critical power needs essentiaktsearch and educational initiatives.
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HIMB has set a goal of making Coconut Islamdl its research facilities a modet gustainable
systems. Taisland is an inherent microgrid served via an undersea electrical connection tied to
a single distribution circuit owned and operated by the local utility @@ Its tropical marine
featurespersistent onshore winds, angbegure to highly corrosive salt spray make it an attractive
and unique test bedor microgrid technology These conditions represent thecro-climate
challenges that may @mcountered in coastal installationgrgérest to théNavy.

The Coconut IslanddC Microgrid Project wagstablished througprevious APRISES funding
with the project objective of demonstrating the performance and resilience of a DC michidgrid
project aims teserve loads within two buildings dhe island, providingeliable powe to critical
loads during interruptionand offeringclean electrified transportation optiotheat areprimarily
powered by the sunOtherproject goalsnclude

1 Demonstrate innovative new clean energy technologies;

1 Reduce island energyependence upon the local utility and the existing aged undersea
electrical service tie, enhancing energy resilience for the selected critical loads;

1 Provide a research platform to study DC microgrid resources and loads; e.g., energy storage
and supportingechnology and DC power appliances, in a tropical coastal environment;

1 Increase island energy sustainability; and

1 Provide solar electric powered land and-based transportation options for HIMB.

The project integrates a DC distribution system into twisteg buildings on the island, the
Marine Mammal Research Project (MMRP) building and the adjacent Boat Housef tadtich
aredepicted inFigure4.2.1. The energy needs of getwo buildingswere historicallyserved
exclusivelyby AC powersuppliedthrough one of the utilispwned electric service transformers
located ortheisland.

\%

&, Boat House

Oahu, HI 1

’

) Project Site F% :
\ T/*’/ "'—1 SR (\ ‘\.:‘\

Figure4.2.1. Location of Coconut Island and the DC Microgrid project site.
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Major project activities completed through the support of prior APRISES funding éclud

1 Project planning and permitting;

Baseline energy use data metering and collection;

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

1 Energy use and economic modelingajapropriately size a new rooftop PV system for
installation on the MMRP building and a stationary battery energy storage system,;

1 In collaboration with the Okinawa Institute of Science and Technology and the PUES
Corporation (PUES), Japaspecifying, desiging, and procuring an electricdar and E
boatas well amergency power source powered by swappable BESS units charged via a
swap battery charging station to be fed by the DC microgrid;

1 Developing and installing two PV systems on thédat, one systento charge the
swappable batteries on the boat and the other system to power auxiliary loads such as an
onboard radio;

i Testing and commissioning theHoat, including operational sea trials

1 Performing a due diligence assessment for potential partnetiingien Electric Co., Ltd.

(Sion Electric), a Japanesengpanywith innovative DC microgrid controller technology
that has been integrated with stationary BH3S powered lighting and air conditioning
loads in the course of prior technology developmentkwo Japan. Unfortunately, the
collaboration with Sion Electric did not prove to be a feasible option for this project;

1 [Initiating competitive procurement of the materials arstiallationservices for the MMRP
building 616 kW DC rooftop PV system to see as the primary source of renewable
energy for the DC microgrid;

=a

1 Commissioning thé.16 kW rooftop PV systenon the MMRP building;

1 Procuring an 8 kW/8 kWh stationary battery;

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

1 Developingand procuring the DC microgrid controlland associated enclosures for the
control system;

91 Developing detailed electrical design drawings of the system;

1 Procuring contactors for engineering and electrical systems installation work;

1 Installation of hree University of Indonesia TREC 2.5 kiAC to DC convertedevices
that manage voltage and current to powemtierogrid DC loads from the 48WDC bus

1 Installation and testing tiglue lon Stationary Battery System

1 Installation of four Contactor boxes of thecrogrid Control System,;

1 Installationand programming of thBchneideiXW-Pro Inverter and two Schneider charge
controllers; and

1 Completion of thédC bus wiring
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As noted aboveHNEI GridSTART collaboratedtlosdy with PUES, acrucialresearch partner on
the project, tomodify, enhanceand install their swagablebattery charging station and associated
E-car and Eboat. Figures4.2.2 and Figure4.2.3 show the installed battery charging station,
portable swappablbattery energy system (swappaBIESS units, and the HBoat undergoing
sea trials. The 6.16 kW DC rooftghotovoltaic PV) systeminstalledon the MMRP building is
shown in Figuret.2.4.

Figure4.2.2. Swap battery charging station and portable BESS units.

Figure4.2.3. EBoat in operation itk U n e @ayhHawaii.
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Figure4.2.4. DC rooftop PV system installed on the MMRP building.

Under APRISEST funding, HNEI GridSTART accomplished the following activities:

=

Completed the wiring for the entire system;

Procurel and installeca comprehensive metering syst@mmonitor electrical power flow

in the system unddyoth AC and DC configuration§~igure4.2.5 showsone of themetes

and its accessorigs

Installed and tested a new DC to AC inverterdiatical plug loads;

Commissioned th8chneideXW-Pro inverter and two Schneider charge controllers; and
Completed the @ammissioningof the electrical components of the micragysystem in a
systematicstepby-step approach, with the installation of the microgrid controller being
the last remaining stephis commissioningprocess is described in more detaglow.
(Figure4.2.6 illustrates the overathicrogrid conceptual desn).

Figure4.2.5. Installed meter to monitor AC and DC power flow.
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Figure4.2.6. 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 themicrogrid. The PV system capacity was sized at 6.16 kW DC, which will generate

enough ene

the excess energy the DC microgrid when needed to minimize the use of utility

rgy to support the
designed to provide the necessary input DC voltage for effective integration with the DC
microgrid controller;
Rectifier to manage the power provided to the DC bus from the grid;
Charge controller to manage power to the DC bus from the PV system;
An 8 kW/8 kWh stationary BESS used to store excess PV energy produced and export

buil dingsbd

supplied power during normal operation and to maintain service to the specified critical
loads in the event of utility service disruption;
Three Univ
current to power the DC loads of the microgrid from the 48V bus;
Inverter with a capacity appropriate to supply designated critical AGusadoads
within the MMRP building served by the DC microgrid (e.g., computers;Mietwork,

etc.);

ersity of

| n d o resthat rmanafdrvilt@ge 2nd 5

targ

k W

An air conditioning unit that is able to operate with either a DC or AC power source. Its
operating performance and efficiency under both DC and AC modes of operation will be
assessed and compared;
A swap battery charging station, designed arahufactured by PUES, will charge the
swappable BESS units used interchangeably in thedf, Ecar and a portable power

fisui

tcase

batteryo

system.

Thi

S

st at.i

units through the microgrid DC bus. Theaaity of each BESS unit is rated at 1.4 kW
and 1.4 kWh;
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 contoller that monitors and controls the operation of the microgrid; and
12) Contactor switches to control the mode of operation (AC or DC) of the microgrid.
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Due tothe complexity of bdt the power and control systems, a systematic approach was taken in
commissioning the systeto minimize potential damage its components The steps involved
in the commissioning process are outlined below.

Step 1- Commissioning XWPro Inverter, Battery, and DC air conditioner:hd XW-Pro
bidirectionalinverte serves as a backup power source from the utility for the DC microgrid
in the event that the power from the PV system and battery is insufficient to meet the load
demand The batery stores power from the PV system and provides power to the DC system
and the DC air conditioner. Both the inverter and battery were installed and commissioned
successfully, performing as expected with the DC air conditioner. The inverter was also
utilized to charge the battery using power from the utility, since the PV system was not yet
connected to the DC systenfhis inverter is shown in Figus2.7a.

Step 2- Commissioning Schneider MPPT Charge Controllers: To power the DC system,
two Maximum Pwer Point Tracking (MPPT) charge controllemsre utilized to manage the
energy produced by the PV panels installed on the roof of the MMRP building. The
configuration of the wires from the PV panels was altered to allow them to switch from
providing pover to the grid to powering the DC system through the MPPT charge controllers.
After successful installation and commissioning, the MPPT charge controllers were
programmed to work with 82XW-Proinverterand lattery. The system is designed to first
charg the battery from the PV system through the MPPT charger controllers if power is
available, and then from the grid through the R inverter. The MPPT charge controllers
are shown in Figuré.2.7b.

Step 3- Commissioning LED Lights: The DC power linasd control wires for the LED
lights were installed, and after the wiring was completeglLED lightsveretestedo ensure
that they were functioning properly. The LED lights are showfignre4.2.8a.

Step 4- Commissioning DC to AC Inverter: AewDC to ACinverter was installed and
tested in conjunction with the battery amg@lugload. The invertemperformed agxpected,
providingstable power supply to the loa@ihe DC to AC inverter is shown in Figu4e.8b.

Step 5- Testing the EntireSystem without the Controller: Befomstegrating the system
controller, the entire systemas testedor several weeks withll of its components.The
power flow monitoring indicated that all components were functioning as expected.
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A1

Figure4.2.7.

Figure4.2.8. @) AC and DC LED lightandb) DC to Aé nveer

Under future fundingfrom APRISES, HNEI Gri®TART will complete the system by
programming andommissioing the system controllerThis will pave the wayo moveon tothe
testing and evaluation phase of the reseprofect HNEI GridSTARTwill monitor, characterize,
andassesshe performancef the DC systenin comparison to legacy AC supplylhe energy
efficiency benefits and limitations of DC operatiaiill be examined, anthe sustainability and
resiliency advantages of aenewable energpowered DC microgrid ands integraton with
electrified transportatiosolutions will be evaluated

Power Grid Monitoring and Controls

Increasing use of renewable and distributed power generation creates opportunities for customer
resources to support power system operations by adjusting power consumption and generation to
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address grid needs, based gstemwide and local grid conditionsIn particular, grid edge
technology has the potential to relieve voltage constraints with local cewexe volt/var
control, identify and help mitigate local thermal violations through energy and load shifting,
provide data for more refined and readily updapddtovoltaic PV) hosting capacity analysis,
identify power quality issues such as harmonic distortion from increasing amounts of power
electronic devices, and assist in fault location and anomaly detecitdnas pending transformer
failure and unmetered loads.

Toward that end, the objective of thdvanced Realime Grid Energy Monitor System
(ARGEMS)project is to develop a higberformance, lowcost, fully integrated and highly flexible
platformfor grid power monitoring, data analytics, and controls to provide enhanced situational
awareness to utilities and distribution system operators (DSOs) near the edge of the grid; allow
tighter, localized, reaime measurement, coordination and control of distethenergy resources
(DER) such ag?V; and ultimately support the reliableesilient and sustainablategration of
higher DERpenetrations. ARGEM®&ncompasses custom bodeslel hardware drivers, and
applicationlevel software methods to gather, reppprocess, storand respond tmeasurements
from the builtin power quality meter or externaletersand DER, as well as to control DERsd
web-enabled interfaces and application program interfaces (APIsjdktime andhistorical data
retrieval visualization, and other interactioAs a resultARGEMS has the potential to provide
significant advancements in these areas beyond the commercial state of ARRIBES1Avas

the final funding period for the project, acoimmercialization is now begpursued outside HNEI.

ARGEMS can be programmed to support a wide variety of use cases. It offefigl@iigyvoltage

and current measurement, numerous communications optionsjateEvey eventriven
messaging, precise GRfased timing, backup poweuapply, and powerful processing for real

time data analysi® all in a small weatheresistant enclosurelt provides highfidelity, low-
latency measurement by utilizing carefully selected technology at the intersection of Internet of
Things (loT), radio fequency (RF) mesh communications, open source software, single board
computers, and ofhe-shelf integrated circuits (ICs) for the power quality meter analog front end
(AFE), field programmable gate array (FPGA), GPS, and power management.

ARGEMS devabpment, initiated under prior APRISES funding, has continued for several years

and has now transitioned from conceptualization and fundamental hardware and core software
development, to use cases and applications of the system involving analytics, maaing

controls for infield deployment, test and evaluatioiithe project has enabled and fostered new
collaborations, funded research, and outreach. Research has included distributed volt/var control,
optimal electric vehicle (EV) scheduling and chagy and novel methods of fault location.

Fourteen undergraduate students and eight international interns have been involved in the project.
ARGEMS devices have been successfully depl oy:e
University, Chulalongkorn Uwersity (Thailand), and in Okinawa, Japdrhe platform has shown

the flexibility to serve the objectives of multiple research projects among HNEI and its partners
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while also gaining commercial interest for grid operatidngarticular ARGEMShas ber used
in the following projects of HNEI Gri8TART using APRISES funding

1 Automated Distribution Circuit PV Hosting Capacity Estimati@viork includeduseof
the core computer and ultimately the power measurement capabilities to model and
estimate distribution power flow for-situ PV hosting capacity analysis.

1 ReatTime Health Assessment of Distribution Transforméefbie electrical/thermal
transformer modehas been implemented in real time, using power measurements, to
estimate transformer core temperature as a stress indicator. iwloidedincorporaing
temperature and vibration sensors in an external module for additional insight into
transformer hedit

1 Conservation Voltage Reduction (CVR) Demonstrat#todevice is installed in Okinawa,
Japan to record power measurements and control two Fronius inverters for reactive power
injection according to HNEI &s CVR ad gorit|
validate its voltage readings against the vestiablished PQube3 commercial instrument.

1 Hawaid BESS + PV Virtual Power Plant Demonstratidgiour power monitors have been
installed in a larger data acquisition box to measlegenchannels of powerldw and
implement algorithms for economic optimization of battery energy storage for customer
and grid services.

1 Coconut Island DC MicrogridThe core computer (without power measurement circuitry)
is retrieving and reporting DC and AC power metrics framSMA inverter every four
seconddor purposes of performance analytics

1 Advanced Power Systems Laboratoffie core computer (without power measurement
circuitry) is retrieving and reporting AC power metrics from four Fronius inverters every
four seconds.

1 Bi-Directional EV Charging Demonstration Projech device has been installetith
capabilityto runcharge optimization algorithms and also as a field test of the hardware
reliability. This project uses some of the programs and functions for data mgssag
storage, and web presentation.

1 Distributed PV Inverter Control for CVRARGEMS was used for distributed PV inverter
control for CVR under an Office of Naval Research (ONR) Defense University Research
to-Adoption (DURA) project led by Arizon&tate University (ASU), with HNEI as a sub
awardee.

1 PEA InternshipUn d er HN Eftndesl ARRNSA project, ARGEMS is a basis for
research collaboration and fieldployment with Chulalongkorn University (Thailand) and
a Thai distribution utility, the Prancial Electricity Authority (PEA) of Thailand. In
particular, six engineers from PEA visitedNEI for an eightweek internship in 2020 and
studied three different use cases that could be implemented on the platform.
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The project background, original madivon, several rounds of prototype development, and web
interfaces were covered in the APRISES14 report. The project achieved its original goal of
establishing a lovzost, highfidelity power monitor. Key specifications were provided in that
report and @main unchanged, but a relatively minor hardware redesign was performed under
APRISES15 funding to fix issues with the backup power supply and LTE modem, as well as to
add an interface for a Landis+Gyr wireless mesh node and migrate to a graphic LCptdispla
show more information in the field.  After additional improvements primarily for
manufacturability, 25 devices were produced.
DURA project (described above). Most of the printed circuit board (R@&)jufacturing and
assembly was performed by MacroFab, Inc. (Houston, TX); this was the first time the production
was outsourced tmdustry.

Under APRISES15 funding, ARGEMS software modules were added to gather data from SMA
inverters and the Tesla Ener@ateway 2. Also, under APRISES15 funding, the device was
featured in ThinkTech Haw@aj at theSOEST Open House, and UH Sea
Sea.

A U. S. patent was awarded to the University
Discussions regding potential use cases and demonstrations have Hedenvith utilities in
Hawai @i, Al aska, and Thai |-documiented aldtesteds Oriboarda r e

power flow simulation capabilities have been establisfiéut pinted circuit boad (PCB) design
is well-refined. Commercial assembly indicated that costs are competitive with traditional
distribution service transformer monitors.

During this funding period, HNEGridSTART added and deployed software interfaces on the
ARGEMS to monitorand control additional devices, improved the volt/var control algorithms,
and improved the reliability and command line interface of the system. Documentation and
training content were also developed and improved.

The ARGEMS hardware and software weresigeed to serve specific research needs and
opportunities in renewable energy integration at HNEI, while also considering that the technology
could be commercialized in the futuréhe device and system will be maintained for use on other
projects, but ndurther active development by HNEI is expectedr. Kevin Davies, the lead
developer of ARGEMS, left HNEI in June 2022 to explore the commercialization of ARGEMS,
among other opportunities. The commercialization effort is under Renewable Edgelibhi&ch
liability company registered in Hawai The company has engaged in several business incubation,
customer discovery, and p8BIR development programsOf note is that a report by RTI
International www.rti.org) identified strong commercial potential in the area of advanced
distribution transformer power monitoring.
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Solar Forecasting

Solar technologies provideduch ofthe newest capacity to the United Statesgrrreceht years.
According tothe Solar Energy Industries Association (SEIA) Solar Market Insight R2p&et

Q3, the US. solar market installed 4.6 G)Abf solar capacityn the second quarter of 2022, which

is a 12% decrease from the same period il 202 a 12% increase from the first quarter of 2022.
Despite the decrease, solar accounted for 39% of all new eleetrgsigrating capacity added to
the US. grid in the first half of2022. The solar industry igpresentlyfacing supply chain
constrairts and trade policy issues, which have suppressed gravah Inflation Reduction Act,
passed in Augus2022is expected to be a growth catalyst for the solar industry, with total solar
deployment expected to increase by 62 dg\6F 40%, over the next fevyeard1].

Continued solar capacity growth i Haesap@&ci alsl ¥
most petroleundependent state with the highest average electricity retail pridewever,
plentiful solar insolation and high electricitycdse ve al so made Hawai Qi an

and it was the first state to reach grid parity for PV systems.

Power output from PV systems is directly related to the power of the radiation striking the panel

or irradiance, defined as the radiant flux pguare meter. At high penetrations, irradiance

variability causes fluctuations in PV production, increasing the difficulty of balancing power and
regulating grid stability, while the uncertainty of upcoming PV production complicates reserve
management anthn lead to inefficient grid operationB.V i nt er connecti on i Ss
particularly problematic, as each island maintains its own isolated electric grid.

Irradiance variability is driven by both extraterrestrial and atmospheric efféatg. of the
atmosphere (TOA) irradiance varies with sarth geometry and changes in solar output that
occur on the nearly periodic d/kar solar cycle.As downwelling radiation passes through the
atmosphere, it is attenuated through a complex serieglettions, absorptions, and reemissions
due to interactions with air molecules, and atmospheric particles and partic2jlaidsd key step

in solar resource prediction is assessing the state of the atmosgjhere [

The goal of this project is to dewgl methods and technologies that reduce the uncertainty of solar
power generation.Project activities include research to capture and characterize solar resource
variability and the development of solar forecasting methods and technologies.

Under previos APRISES funding, HNEI developed an operational solar forecasting system for
the Hawaiian regionThe system generates probabilistic forecasts using ensemble techniques that
combine overlapping forecasts from separate forecasting components, sucimagsky satellite
images, anchumerical weather prediction (NWP)This approach allows for predictions of
irradiance or PV power output over a range of timescales, from minutes to days dinead.
approach also allows flexibility in the generation fraggyeand temporal resolution of output
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products. The system was also designed to forecast distributed solar systémsystem can
quickly generate forecasts for numerous PV systems that vary in size, type, and orientation.

The HNEI solar forecasting siem is fully automated, producing operational forecasts without
human interventionThe automation is controlled by the Forecast Management and Visualization
System (FMVS), which is responsible for monitoring the state of the forecasting system, sending
email alerts if problems are detected, transferring data to internal and external sources, and
displaying reatime predictions and observations using vi@lsed tools. The FMVS also
monitors computational resources (tasks are run on three rackmounskamnercontrols the

timing of new processes using a queue system. Development and testing of the operational
forecasting system was completed in the fall of 2020 and has generated operational forecasts
without interruption since.

Under APRISES17 fundingiINEI has developed new methodology to allow for improved
modeling and prediction of irradiance under clslegy conditions. Modeling irradiance under
clearsky conditions is a crucial first step in solar resource prediction.

The definition of cleasky caditions varies. The more common definition is a state in which
there is an absence of clouds in the sky dehd{it under this worka more appropriate definition

is a state in which clouds are not affecting the solar resource or resulting PV posiestipro

Under cleatrsky conditions, the attenuation of downwelling irradiance is primarily modulated by
the state of aerosols, particulates suspended in the atmosphere ranging in size from 1 nm to 5 nm,
and atmospheric water vapd-§]. Aerosols origimte from both natural and anthropogenic
processesCommon aerosols include salts froms@a interaction, smoke and soot emitted from
fires, ash and dust erupting from volcanoes, sulfates from burning of coal and oil, and black carbon
released during cooustion of heavy petroleumThe state of aerosols and atmospheric water
vapor is influenced by photchemical activity, local emissions, mesoscale circulation, wind
ventilation, and atmospheric temperatur@ [ Clearsky attenuation can be quantified ngpi
broadband turbidity indices, such as the Linke turbidity factor (TL), a unitless index that
incorporates the optical depth of aerosols, combined with the optical depth of watet8apor [

Numerous methods have been developed to quantify local atmasfuineidity conditions for use

in clearsky models.These methods require observations of atmospheric conditions which capture
clearsky conditions, be it from remote sensing or in situ instrumenta@amrent satellitdbased
methods rely on data fronolar orbiting platforms, which severely limits temporal sampling.
Groundbased methods can provide increased temporal sampiihgzurrent methods requnmg
instrumentation that directly measure the direct or diffuse component of irradéa®®.[ Such
instruments are relatively expensive ($30,000) and contain moving parts to either track or block
the sun, which require routine maintenance, cleaning, and calibration and limit the lifetime of the
instrument.Because of this, operational instrumentsdacing reatime are rare, and HNEI is not

aware of any instruments currently operationa
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These factors motivated the development of a new method to estimate turbidity conditions from
pyranometer measurements, or directly from PV power oukgia. Pyranometers have become

a standard radiation measurement instrument, providing the most readily available type of
standardized solar radiation data global\so, neafreattime data from distributed PV systems

is becoming increasingly availabkthrough sharing services such as pvoutput.dfgwever,
guantifying atmospheric turbidity from pyranometer measurements is problemAtifew
methods have been proposed using archived pyranometer observations, but with limited
application. Pyranometes measure global irradiance, which has a dampened turbidity signal due
to an exchange between the diffuse and direct components of irradiance; diffuse irradiance varies
with turbidity, while direct irradiance varies inversely with turbidity.

The turbidityestimation method is computationally inexpensive and designed to provideakar
time information for operational solar nowcasting and forecasting applicatibhs. method
utilizes a long shosterm memory (LSTM) recurrent deep neural network (DNNintmdel the
complex nodinear relationship and extract the dampened sighhe DNN acs as a separation
model, extracting diffuse and direct components of irradiaiite DNN ingests clearness index
and clearsky index values derived from pyranometer RW power data using a clesky
irradiance model combined with a PV simulation todPeriods of cleasky conditions are
identified using a cleasky classification algorithm which can ingest either pyranometer or PV
power data. Turbidity is then estimad using an inversion of the Ineichen and Perez direct
irradiance model.

Figure4.2.9 shows sample day of method input (A) and method output (B througDNE)
feature inputs are shovim Figure4.2.9B. DNN-derived diffuse and direct components of
irradiance are shown in Figude2.9C and D, respectivelyDNN-derived turbidity estimates
(occurring during cleasky conditions) are shown in Figu4&.9E. Data used to validate the
method is also shown iigures4.2.9C through E.

The method, and validation of the methisdjiscussed furthen: Matthews, 203 (see the
Publications and Presentations section at the end of this subtask).
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Figure4.2.9. A sample day of method input, method output, anddatitbn data from the La Ola Solar
Farm on the island oflhad.

In this work, we apply and validate the method using horizontal pyranometer data from the island
of Ofahu (spanning 1.5 year), horizontal pyranometer data from the islarfidhaf (spanning 3
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years), and plane of array (POA) pyranometer data and PV power output data from the island Maui
(spanning 2.5 yearsKey results of the validation include:

9 DNN-derived diffuse irradiance replicated Rotating Shadowband Radiometer (RSR)
measwements with errors of: 43.2 WMRMSE (5.3% nRMSE) and 2.9 WnMBE
(0.35% nMBE) when ingesting horizontal pyranometer data, 45.2°\RIMSE (6.06%
nNRMSE) and 2.07 W/AMBE (0.28% nMBE) when ingesting POA pyranometer data, and
50.87 W/nt RMSE (6.8% nRMSExnd-0.35 W/nt MBE (-0.05% nMBE) when ingesting
PV power data;

1 DNN-derived direct irradiance replicated R8Brived measurements with errors of: 71.2
W/m? RMSE (6.5% nRMSE) and1.93 W/nf MBE (-0.17% nMBE) when ingesting
horizontal pyranometer data, 66.7M RMSE (5.69% nRMSE) ané.2 W/nt MBE (-

0.44% nMBE) when ingesting POA pyranometer data, and 119.7W/m2 RMSE (10.2%
NRMSE) and 11.9 W/AMBE (1.01% nMBE) when ingesting PV power data;

1 The DNN performance was compared against six standapdration models and
demonstrated RMSE reductions of 43% to 60% for diffuse irradiance and 39% to 54% for
direct irradiance; and

1 DNN-derived turbidity estimates replicated R8&rived turbidity estimates with errors of
0.33 RMSE (6.89% nRMSE) when ingesfihorizontal pyranometer data, 0.39 RMSE
(8.33% NnRMSE) when ingesting POA pyranometer data, and 0.46 RMSE (8.51% nRMSE)
when ingesting PV power data.

Conservation Voltage Reduction Demonstration

The primary goal of the project is to demonstrate energyeaity through advanced Conservation
Voltage Reduction (CVR) on a section of the distribution cirthat supplesthe Plaza Housing
complex at US, Marine Corps (USMC) Camp Foster in Okinawa, Japan. This project involves
thedevelopmenof technologyfield implementation, testg, and evaluation of grid improvement
technologies.

Working in close collaboration with USMC Facilities personnel in Okinawa, a 13.8 kV distribution
circuit call ed NnNFeeder F6AO0 was s elfeederthasd f or
approximately 56 distribution service transformers and is fed by a large substation tranfarmer
providespower to a total of ten feeders. To achieve the project objectives while keeping the project
within its research scope, budget, anglementation scale, a section of the Feederth@fsenes

the Plaza Housing complex was identified for the CVR control. The-GffRolled feeder

section was isolated with a voltage regulator (VR) to manage and control the voltage at
idownst rieedransformmeesy egsentially behavingtas load tap changer @substation
transformer for the limited section of the feeder under test.
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Specifically, seven distribution service transformers locatedbranch end of Feeder F6A were
identified for theCVR demonstration. Five out of the seven distribution service transformers
already had existing advanced metering infrastructure (AMI) meters and communications
installed. A new distribution pachounted VR in conjunction with near redime voltage
recordings taken at the transformers and communicated back to the VR conigliéate the
primary voltage of these sevemrvicetransformers. In turn, the VR will manage the customer
service voltages to éhlower limit of thet5% acceptable ANSI voltage range. A reduction in
energy consumption in the range of 0.7% to 0.9% for every 1% reduction in voltage is expected.
This reduction in energy consumptios the primary value proposition of effective CVR
implementatio® reduced energy use by more effective management of customer service voltage.

Figure 4.2.10 below showsan electrical ondine schematic of the project area. The existing
electrical infrastructure integrated with new technology deployeéruiis project includethe

new VR and its HNEI Gri8TART developed controls (with associated bypass switch) located at

GS 32, seven distribution service transformers powering an array of loads representative of those
normally found on a military base ¢e. |, Of ficerbés club commerci al
residential housing), metering at service transformers and AMI radio network communications, an
HNEI developed reactive power voltage management source and controller installed at TH 415,
and a kW rooftop PV system located on a building served from TH 415.

BOQ) Barracks
) Install Service higher resclution
A / Load & Voltage Montormg
27
S;;j — =1 Emergency Siren
BOQ Barracks
— Airforce housing
e T Airforce housing
;v )
SEW PV
t .."-' )] .
) Housmg
Officer's Club () ™M ﬁ Reactive Power Voltage
— - Management System

Figure4.2.10. Project demonstration area electrical-ine schematic.
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Under APRISES14 funding, the proposed CVR control algorithm and the associated
communications between the field meters #mel CVR controller were validated utilizing the
hardwarein-the-loop (HIL) test platform in HNE #dvanced Power System Laboratory. In
addition, a useinterface was developed to provide USMC Okinawa personnel with information
aboutthe status of the VRnd HNEIcontroller. Webpages hosted on the HN&htroller allow

for remote monitoring of the system. The HIL testing and user interface were discussed in more
detail in the APRISES14 Final Technical Report.

Working closely with USMC Okinawa base perseh HNEI also completed the electrical
installation drawings and developed the bid package for the final construction and field installation
work for the VR and bypass switch installation and all associated electrical ties. The bid package
was issued, aha construction contract was awarded. To ensure that the VR installation, site
acceptance testing, and equipment commissioning would be performed properly, HNEI carefully
defined the scope of work for this elementtloé project executionn close collabration with

Eaton, the manufacturer of the VR and bypass switch.

The construction services that were initially scoped and procured under APRISES14 were
essentially completed under APRISES15, except for the final commissioning work due to-COVID
19 travel estriction delag, as discussed further below. Fortunately, with the strong support of
USMC GF Facilities Engineering Division of Camp Butler, HNEI was able to obtain the services
of Seabees companies deployed to Okinakiald construction work onur project was utilized

asa part of their training on building electrical infrastructure. HNEI obtained all the required
building materials and the Seabees provided the labor to install the underground electrical
conduits and concrete pad required for tigtdllation of the VR and bypass swiféliigure4.2.11).

The installation required the coordination of multiple system power outages, with each outage
required to be on a Monday wunless it conf |l ic
Furthemore consecutive outages had to be scheduled at least two weeks apart. These limitations
along with a rotation of Seabee companies during the \wedulted in some scheduling
challenges; notwithstanding, the infrastructure work was completédeb$eabees in February
2020.
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Figure4.2.11. Seabees working to install the conduits and concrete pad.

Once the =electrical infrastructure was i nst
reconfigure the distribution circuits coming from GS 32ntcorporate the VR and bypass switch
into the distribution system serving the seven transfor(kégsire4.2.12).

l-’”’,’ L . A\ .’:A .
Figure4.2.12. HNEI 6s el ectrical contractor installing

The electrical contractérs  wwhiclk overlgpped slightlywi t h  t he Seaimeeso6 f
February 2020was completed in March 2020 with the installation of the VR and bypass switch
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(Figure4.2.13). Unfortunately, as the electrical work was being completedltizal COVID-19
pandemiovas acceleting, resulting in severe restrictions or prohibitionsrernational travel.
Due to theextendedravel restrictions, HNEI Gri8TART wasunable to travel to Okinawa to
commission the VR and place it into serviggil March 2022 when travel restrictions were finally
eased

Figure4.2.13. Installed VR and bypass switch.

During and after the installation of the VR, HNEI GBIDART continued its research partnership

with USMC GF Facilities Engineering Division,adde s si ng i ssues rel ated t
AMI mesh communication system that will be used for data transfer and control by the CVR
system. The communication issues were suspected to stem from salt air corrosion of the antennas

at some of the existingMI meter sites. HNEI Gri8TART contracted with another important

partner on this project, Okinawa Enetech, to replace and weatherize the problematic antennas.
These repair@-igure4.2.14) were successful in fixing the communication issues.
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Figure4.2.14 Example of the antenna replacement work.

The projectfacedseveralchallenges due ttailures of the pQube meters that were installed to
measure the voltage at each transformer. The pQube manufacturer suspected that the failures were
due tocondensatiofinduced moisture buitdip in the meter enclosure (a function of the humid
tropical environment in Okinawayvhich caused supercapacitors in the pQube meter to corrode
and fail. The pQube meters were tested to see if they could operate wstpoercapacitors to
eliminate the mode of failure. It was determined that the pQubes would operate sufficiently
without the supercapacitors, and the pQube manufacturer agreed to remove the supercapacitor
from spare meters that HNEI GB@TART had in its nventory. In addition, a small adhesive strip
heaterwasinstalled in the meter enclosures to drive out condensate in the box and reduce the
likelihood of further pQube failures.

Under APRISES7 funding, HNEI GrilSTART engagd Okinawa Enetech tamplement the
pQube meter exchange and heater installafiigure 4.2.15. Once the COVIBP19 travel
restrictionswereeased HNEI GridSTART was able tdravel to Okinawautilizing the Status of
Forces Agreement (SOFA) commission the VR and placaerito service(Figure4.2.16).
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Modified PQube

Heater Element

Figure4.2.15 PQube enclosure with modified PQube and heater element installed.

Figure4.2.16 VR Commissioning.

HNEI GridSTART personnel also field installl and operationalizkthe CVR system controls,
enabédall system communications, and initidtell operation,tesing, and initial evaluation of
the CVR systen(Figure4.2.17).
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