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EXECUTIVE SUMMARY

This report summarizes work conducted under Grant Award NuN0#1419-1-2159 the Asia

Pacific Research Initiative for Sustainable Energy System8 @8RRISESB), funded by the

Of fice of Naval Research (ONR) to the Hawai ai
of Hawai @i at MUOnoa ( UH) APRISESB eompises fesearch,n d u c t
development testing, and evaluation [N &E) over a range of tectical areas. These include
Electrochemical Technologies with a focus on fuel cells and batteries; Alternative Fuels including
novel biocarbons from bioresources, marine fuels, and hydrogen; Resilient Energy Systems
including development of novel technoleg for advanced smart microgrids, reliabilignd
resilience for the O&6ahu grid, and a study to
room; and work on advanced materials for energy applications including a novel forward osmosis
water purication system and printable photovoltaicsMakai Ocean Engineering, under
subcontract to the University of Hawai @i , al s
performance, lowcost heat exchangers. A brief summary of results by major taskoll

Task 1, Outreach and Program Management, supported senior fasmdtyproject support
personnelresponsible foroverall program management and coordination, devedop and
monitoring of partner and sumntract agreements, and preparation of repamts outreach
materials folONR and other stakeholders

Task 2, Electrochemical Technologiesncluded RDT&E mainly in the areaof fuel cells
Substantial progress was made in each of theaties

HNEI coninued to supporNRL 6 s at tr i t abl end ihiteed thecsappdrtingpr ogr
laboratory work to implement high temperature solutions. HRNElvided consulting and
computational mo d e | i n gvhich fiopuped omevelbpingnéhRflebecsl pr ogr
architectures aimed targeting the Navilgwers gr ow
costtechnologies HNEI also developed @ cny flow-field platefor usein the existing 50cn?

hardware to support thtesting and development bigh temperature proton exchange (HTPEM)
membrane electrode assembly (MEAitial evaluations of the hardware were performed using

a commercially available Advent Technologies Polybenzimidazole (PBl) HTPEM. M&#al

diagnosics of the new test rig were complete@ihe data produced in these studies will also be



used as a baseline c¢ompar thaugenMEA derelogmenh and ma r K i

development under the attritable fuel cell program.

In a continuation of our affts tounderstand the operation of fuel cells under harsh environment,
HNEI evaluated effects of NlXoncentration in air stream on performance of hayhd lowPt
loaded PEMFCs and their recoveryhe difficulty recovering cell performance after expestor

NO2 and the greater impact ¢ow-Pt PEMFCssupports the conclusiddO. should be removed
from the air streamrior to flow into the fuel cell

Under APRISES8 funding HNEI also continued to explore analytic techniques for analysis and
improvemenbf fuel cell performance. A previously developed limiticigrrent methodology to
assess mass transport limitations was used to compare performance of two differdieldiow
geometries providing important insights into the management of the mass traesigtainces. In

a related task, HNEI continued its development of a computationallggpsbach foto analyze
impedance spectizsed owistribution of relaxation times (DRT)Several publications based on
this work have been published.

Building onprevious work that showed the improved contaminant toleranaeioh exchange
membrane fuel cells (AEMFCgesearch also continued in this ar@ais work continued efforts
to develop contaminant tolerant AEMFC technologyn a new approach to solve water
management problems, HNEI explored the development of new catalystsptwtial porosity,
hydroxide ion conductivity and thickness to insure development of three phase bouradaries
sufficient reagents transport as well as adequate choice of gasodiffagers (GDLS) for better
water managementWork also progressed on the developmenhaimonized testing protocols
and procedures for AEMFC.

Under APRISE$8, HNEI also conducted exploratory research in three :adeaglopment of
transition metatarbide catalysis, vanadium flow batteries using high concentration electrolytes
and solar thermal desalination using ion exchange membranes.nBuifdpast worla bimetallic

TiVC catalystwith low percentage of Ti s shown tancrease stability without affecting the
catalytic activities.Work in this area is continuing. The research in the other two areas showed
promise and proposals have beebmitted to other agenciebut work under the APRISES
awards will be discontinued.

Task 3, Alternative Fuelscontinued research supportithgeesubtasks.

UnderSubtask 3.1HNEI continued experiments and testiogevaluate pressurized carbonization
as atool to treat and stabilize materials representative of veistams from contingency bases.
In past work, reaction conditions leading to the productiontdrasient plastic phase solicere
identified. Under this award, experiments with a varietyfeddstocksdemonstrated that
plasticized biochar can be produced from a variety of different feedstbbksesults also showed



increasing the water conteoit the feedstock while als@ducing the reaction time improves the
mechanical properties of tihéocarbon formed from the plasticized biochar intermediate.

Conventional fossil fuels have a complex compositiodudinga diverse mix of hydrocarbons,
accounting for approximately 980% of the fuel.In addition, certairfit-for-purpose properties,

such as lubricity, electrical conductivity, storage stability, and thermal stability, are significantly
influenced by trace fuel specjgmimarily heteroatomic organic species (HO®)nder Subtask

3.2, incollaboration with personnel from the U.S. Nawels Crosd-unctional Team at Naval

Air Station Patuxent River (NAVAIRNEI continued effort$o identify and characterize trace
quantities of HOS in aviation, maritime, and diesel fuelomparison of HNEI and NAVAIR
characterizations provide a baselimeasurement. The goal of future work will be to create an
acceptedstandard GC x GC method for analyzing other HOS (e.g. sulfur containing compounds
and additives) in fuels.

The primary effort under Subtask 3vgasto support development of refueling infrastructtwe

heavy duty hydrogen vehicles aassessment of theerformancef fuel cellelectric hybrid buses
(FCEBS) using the NELHA test site, busind managed by HNEIUnder APRISES18 funding,
HNEI supportedhe commissioning of the hydrogen statiaich is now fully operationalthe
commissioning of the first MTA fuel cell electric budich was put into service in March 2023
coordination with the County R&D department and MTA to develop deployment concepts fo
three buseas well as initiation of negotiations for the county to assume a large portion of operation
costs andthe development of plans for installation of remote dispensing equipment at the MTA
Hilo bus maintenance facilityWith the system now fly operationalthe focus of future work

will include commissioning of the two other buses for public transit and detailed analysis of the
technical and economic performance data on bus and hydrogen station ogeration

Task 4, Resilient Energy Systemsomprises three distinsubtasksdevelopment of resilient grid
systems, testing and modeling of battery systems, and a smaller task on air quality and energy
efficiency in the butlenvironment.

Under Subtask 4.1 Resilient Grid Systemgsesearchwas condated to develop and assess the
performance ofinnovative technologies and methodologies aimed to improve or ensure the
operability and resiliency of the electricity grid during natural disasters and intentional acts of
disruption, as well as renewable emegeneration and active management and control of the
energy systemsSpecific subtasks included) an energy assessment of kt@ine Corps Base

H a w a b) dnstallation and commissioning of a DC microgrid system on Coconut Island; c)
evaluation of thealgorithms and web system for a bidirectional EV charging demonstration; d)
improvement and maintenance of an advanced conservation voltage reduction system due to
environmental challenges; e) development of a health assessment system for distribution
trarsformers; and f) advancement of PV hosting capacity estimation method applicatioss

wor k was conduct ed EBSITARMErd Sysgem BechndibliésIAdvance@r i d



Research Team).Under a request from thlaval Facilities Engineering and Expeditionary
Warfare CenteiNEI also utilized APRISES18 funding forstudy to develop an understanding
of the existing infrastructure of the Red Hill Tanks

4.1a) Under previous APRISES anthis APRISES18 funding, HNElassisted MCBH in
developing their IESP, delivering a preliminary draft covering Stagebyl October 2020This

draft included an initial analysis of MCBHOGSs
The Marine Corps Installations @wmnand (MCICOM) ultimately took over efforts to complete

IESPs for all installations under its jurisdictiordo we v e r MCBH sought HNE
expertise to address base energy security gaps and explore alternative energy resilience solutions.
Thisresil ted i n the EG&R Assessment, focusing on
MC B H 6 sday ledergy resiliency requiremenifhe assessment evaluated various microgrid
designs, including a basede solution, and smaller microgrid scenarios & shibstation and

feeder levels that maintain power to priority loads on the base.

4.1b)The Coconut Island DC Microgrid Project was initiated under previous APRISES funding
with the objective of demonstrating the performance and resilience of a DC ndalegimgned to
servecritical loads within two buildings on Coconut Island, including reliable power to critical
loads during interruptions of grid supplied power, and providing the island with clean electrified
transportation options powered primarily blgetsun. Under APRISES& funding, HNEI
completed wiring for the entire system, an electric power flow metering system was procured and
installed, installed and tested a new DC to AC inverter, commissioned inverters and charge
controllers, and contractedetmicrogrid controller installation.

4.1c)HNEI is collaborating with IKS Co., Ltd. (IKS) on technology developmentijngsand
demonstration of advanced control of two bidirectional EV chargei8@H) on the campus of

the University of Hia tacklé thiei consplex optibhizatiom problémd and
demonstrate the use of bidirectional EV chargers, HNEISIRRT is developing, evaluating,

and demonstrating the performance of novel algorithms to optimize the charge/discharge of shared
fleet vehicles for energy cost minimizatiddNEI made significant progress across various project
componentsinder APRISES18The conpleted activities include:

A Refinement of theveb-based EV reservation system;

A Finalization of the autonomous control algorithm for optimized charge/discharge

scheduling;

A Integration and development of the reservation system and control algorithms on the
project server, alongside the development of a dedicated database for fleet operational data;

A Facilitated user adoption through comprehensiyesirson user training sessions for HNEI
employees and designated drivers from select UH departments

A Thorough evlation of the system performance and economic viability of the EV

charge/discharge optimization algorithm;



Economic analysis of alternative EV charging methods, including unidirectional charging
with no intelligence, smart unidirectional charging, andrealional charging;

Integration of a telematics system to monitor EV battery status while a vehicle is in on road
operation;

Research exploring various methods to estimate EV energy consumption to more
accurately predict battery status pyedefined tripsand

Studies conducted to evaluate the feasibility of integrating EV chargers into the distribution
grid.

o o Do Do

4.1d) HNEI also continued efforts on the demonstration of an advanced Conservation Voltage
Reduction (CVR) project in Okinawa, JapanUnder previous APRISES awards, control
algorithms and communications between field meters and the CVR controller were validated in a
hardwarein-the-loop test platformand the orsite construction was scoped and procured.
Commissioning of the voltage gelator was delayed until March 2022 due to COMI®
restrictionsand theprojectfacedseverakhallenges due tfailures of thePQube meters that were
installed to measure the voltage at each transform@&hile hardware and software issues
continued to be SaARTteasmworlked to nddelizelthére anGinitiated detailed
data collection and analysis.

4.1e) Monitoring transformer healtis key part of asuringareliable power distributiosysem.
Traditional methods often fall short, as critical component checks and fault prediction often
involve manual processed his can lead to unexpected breakdowns and shortened transformer
lifespans. Under APRISES18, HNEI GrRITART developed an onlinesaessment system
powered by a fuzzy logic evaluation modehtonitor transformer healthThis reaitime system

quickly responds to varying inputs, monitoring transformer health with readily available
measurements and avoiding the need for expensiversensuperational disruption3.he system
analyzes operational characteristics on a central server, recommending maintenance,
reconfiguration, or replacement needs before issues afisese insights are then seamlessly
transmitted to operators.Ultimately, this lowcost and straightforward monitoring program
promises reduced damage, enhanced grid reliability, improved transformer management, and
informed maintenance decisions.

4.1f)HNEI was a sutawardee to the University of Central Florida for a psegiUS. Department

of Energy (DOE) project, Sustainable Grid Platform with Enhanced System Layer and Fully
Scalable Integration.The objective of the project was to meet the loegmgn goal of designing
highly scalable technologies for distribution systeto operate reliably and securely with
extremely high penetration of solar photovoltaic (PV) systetdsder APRISE$8, HNEI has
continued to advance PV hosting capacity estimation method applicalio@smherent stochastic
nature of energy productidoy distributed PV resources, particularly at high penetration levels,
causes issues on distribution circuits, e.g., voltage limit violations, voltage flicker, and increased
transformer tap actionshis research endeavors to develop an automated acidm@fiinethod to



assess and determine the maximum penetration of distributed PV for each distribution circuit
within a wutilityds service territory, whil e
constraints of existing infrastructure and controls

4.19g) In response to a request from Naval Facilities Engineering and Expeditionary Warfare
Center, HNEI requested permission to use a portion of the funding 8obessk4.1, Resiliert

Grid Systemgo support a study to develop an understanding ofxistirey infrastructure of the

Red Hill Tanks, and to develop a preliminary comparison of Energy Storage technologies that may
be applicable for use within the Red Hill Tank volumes and associated infrastrubaiai

Ocean Engineering hateviously analyzed energy storage technologies for i8eNavy, Report

No. N6258309RFTOP, dated 22 October 20IPhis new study was conducted by Makai Ocean
Engineering under contract to HN&hdincluded an updated review of those technologies from
2012 as well as other identified as potential for use at the Red Hill Site.

Under Subtask 4.2, HNEI conducted researcliour main areasa) the continuation of the
development of noimvasive characterization methodologies fofridn batteries diagnosisnd

prognosis b) the implementation of the approach with data driven methgdthe study 6

relaxation patterns in batterjemndd) the evaluation of Prussian blue analogues for desalination
batteries. Test i ng was conduct ed aratoryddd Ehe Oraverdtyadt a L i B
Hawaii at M(hoa campus.The results of this work is documented in numerous publications
referenced in this report.

Under Subtask 4.3, HNEI subcontracted MKThjakegistered dba for Miller Kelley Architects),

to further amlyze the results of a study they had performed previously under other funding.
2022, MKThink conducted a study to assesddihgion and spatial variabilitgpf carbondioxide

(COy) concentratiorin classrooms under a variety of physical configuraioccupanciesand
ventilation configurationsResults showed some interesting trends based on air exchargedrate
location of the exhaust vent compared to the fresh air inlet vent, but the project stopped short of
reaching defined conclusions that could be used to manage air quality while minimizing energy
use. The objective of this work was to further analyze tbsults of the previous wortk orderto

provide additional guidance in the placement of ventilation systems and to identify possible
methods to manage energy from HVAC while maintaining air qualgiyngCO, concentration as

the proxy for air quality Theadditional analysifocused on a subset of the original work including
four inletexhaust location configurations and three different air exchange rates deemed to be
within normal operating ranges of commercial HVAC systes.expected, for the sanvent
configuration, the averag@O, concentration tracked monotonically with the-exchange rate,
decreasing as thar exchange rat@as increasedComputational fluid dynamic modeling of the
various configurations also indicated that the ave@@geconcentratiorcould differ substantially

with different inletexhaust configurationsven for the same a@gxchange rates This work
provided strong indication that air quality could be significantly impacted (i.e. improved) by
correct locabn of the exhaust relative to amnlets, even at the same-aixchange rates.



Task 5, AdvancedVaterials comprises of two subtasks that includes the development and testing
of using forward osmosis technology for energy efficient water purificatnmithe development

of novel thin film materials (primarily GZnSn(S, Se) CZTSSe) for solar energy conversion
using inexpensive and scalable liqiodsed processing.

Forward osmosjswhich useshe osmotic pressure of a concentrated draw solution to pull water
at low pressure with subsequent recovery of the fresh water fromsdtate is considered one

of the promising emerging technologies for energy efficient water desalin&ttmever,the FO
technology still remain challenged by a lack of practical draw solutes that have high osmotic
pressure and can be regeneratéittiently at low energy cost The goal ofthis work is to
contribute to the development of advanced higtter flux and lowtoxicity draw solutes for
forward osmosis water purification Under Subtask 5.1 benchmarking testingising the
commercial system with staté-art draw solutes indicated high dispersion in water flux values
and large deviation of the data from liter&turEfforts were theriocused on fabrication of an
advanced FO testing system to enable accurate determination of water flux and improve the
repeatability of the water flux measurements from the FO syséenadvanced forward osmosis

lab scale water puritation system specifically tailored for HNEI research neeutsiled making

major improvements to the original systdms now been fabricate@pecific improvements are
summarized in the reporfollowing the fabrication of the system, water flux tegtse performed

using cellulose triacetate membrane, commercial draw spartdsdeionized water feed solution

in order to establish baseline performance of the FO systamiterative process of optimization

of operating procedures and adjustments ytstesn components resulted in improvement in
accuracy and consistence of the water flux measurements from thgskEmsin line with
expected results in the literatureuture work will focus on the development and testing of new
draw solute materials.

Under Subtask 5.2, efforts to were continued in the developmemivef thin film materials for

low-c 0 st photovoltaic applicat i onlkisworkcontiguesscal ab
previous ONRfunded efforts to develop novel thin film materigdsimarily CuwZnSnSe: CZTSe

and CulnSg CISe) for solar energy conversion using cheap and scalable-higsetl processing.

With this approach, printable inks containing all the necessary components to form the solar
absorber can be easily coateging highthroughput techniques, such as spin coating and inkjet
printing. Initial efforts under this award focused on modifying the surface energetics of CZTSe
Solar Absorbers via sulfur incorporationVhile sulfur was incorporated into the films, Kitl
improvement in device performance was observet uibclear if the lack of improvement came
from the dose of sulfur being too low, or from the formation of new surface defects with sulfur
incorporation. Subsequent work was then focusediua develoment of new defect passivation
methods using printed CulnSas test solar materialunder APRISES18, the research team at
HNEI developed a novel technique to incorporatgAthroughout the entire solar absorber, using
Culn(S,Se) (CISSe) as test matekiaThis incorporation was achieved by adding an aluminum
source directly into the molecular ink used for the synthesis of the CISSe solar abBaner.

10



conversion efficiency (PCE) as high as 11.6% was measured-GiS&lesolar cell devices, a
value sgnificantly higher than that measured on CISSe baseline cells fabricated with an identical
process but without Al (PCE of champion cell: 8.3%Mhis work is continuing.

Task 6, Advanced Heat Exchanger Developmeaamntinued tosupporithe development dfigh-
performancehin foil heat exchangerdJnder subcontract to HNEVjakai Ocean Engineerirftas

been developing Thin Foil Heat Exchangers (TFHX) for use in seavedtgrerant, akwater, and

waterwater applications. In this report period, Makavaced te TFHX design, reduced the

TFHX fabrication time and cost; and added empirical thermal, hydraulic, and
structural/mechanical performance data to the TFHX database. This work allowed for the use of

new materials to expand capabilities and implenggrlities control processes, while adding to
Makai 60s expertise in the fundamental principl
TFHX technol ogy. Addi tional det ai | IS provi
report, availablen the HNEI website.

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,
conference proceedings, preseiotad and patenapplications.Publications produced through

t hese efforts ar e l i nked bel ow and avali
https://www.hnei.hawaii.edu/publications/project-reports/aprises18/.
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TASK 1: 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 managgartner and subcontract agneents coordinated task
activities as neededind coordinated developmentaiftreach materialand reports for ONR and

other audience$Senior staff alsengaged directly with other DOD organizations, such as the Navy
Facilities Engineering Command (NAYAE) to assess energy needs of bases in the Asia Pacific
region in an effort to continue to build these partnerships, with a focus etenmappportunities

for application of emerging energy technologies into Hawsses and elsewhere in the Asia
Pacific region. Details of the varioupartner, subcontracand outreach activitieare included in
therelevanttask summariebelow.

TASK 2:ELECTROCHEMICALECHNOLOGIES

Task 2 includedesearclencompasiag a range of activitiegor the development and testing of
membranebased energy systems, primarily fuel cell§heseprojectsincluded 1) fuel cell
development and testing®wupport the Naval R e attetable dubl cel a b or a-
program 2) evaluating effects of N{bn proton exchange membrane fuel sgB) validation of

methology on mass transport resistances; 4) application of electrocheimipatance
spectroscopanalysis; 5) evaluation ahion exchange membrane fuel cell technojéyyesearch

to developlow cost and durabléransition metal carbide catalysts applicable to fuel cells, water
electrolyzers, and vanadium redox flow batteri@sgemonstrabn of avanadium flow battery

cell with anion exchange membraneand 8) design of a novel sotlsalination primtypewhich

integrates solar energy collection and membrane desalinafiahd i t i onal | vy, as pa
relocation effort of thédawaid Sustainable Energy Research Fagjlityajor upgrades have been
completed to existing test standsdmuble testing capacities and promote future collaborations.
Details of the work conducted in each of thasgvitiesare described below.

2.1 High Temperature Fuel Cell Development and NRL Support

Insupport HNEI 6 s duelrcdllprogirmant atsolweerldntas NRLOS
program, a new cell was desigriatended to allowperation up to 20C. Specifically, a cn?

flow-field plate was developed to utilize in thexisting 50 cn? hardware to support the
development otontaminant tolerant, high temperature proton exchange (HTPEM) membrane
electrode assembly (MEA) initiatednd reportedunder previous APRISES awarddnitial
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evaluations of the hardware were performed using a commercially available Aécanblogies
Polybenzimidazole (PBI) HTPEM MEA, and the data produced in these studies will also be used

as a baseline compar i s-bonse MBArdevblgomentandaevéldpmenpt H N E |
under the attritable fuel cell program description of theest hardware, initial test results, and
exemplary advanced diagnostics is presented in this section.

The new cell design was produced as commercially available test hardware does not allow the
flexibility to change electrode designs needed for the tyamiecell shapes and designs needed for

the multiple R&D programs at HNEW/ith this hardwargthere is sufficient area to accommodate

cell active areas from 5 &up to 75 crias well as stacking multiple cells to create a short stack.
The hardware lga builtin compression system based on an aluminum piston operated with
compressed air for studying the impact of cell compressidns contrasts with most fuel cell
standard test hardware which used bolts with spring washers to set the compresisstatieaily .

The new cell allows for the compression pressure level to be controlled pneumatically which can
allow automated control when integrated with the test station hardware and software.
Additionally, this allows for more uniform pressure distition with the added Teflon insulator

block which overcomes any minor inconsistencies in the piston surface as the Teflon material has
more pliability. Figure2.11 presents an exploded view of the piston side of the test hardware
along with a view of ta full hardware installed in the statiofihe width of the hardware is 18.8

cm and the height is 10.7 crithe depth depends on the components and the number of cells used.
The gasketed piston sits in a slotted endplate with ports on the opposite rsiaepliiang
pressurized airNext is a 15 mm thick Teflon separator used for pressure distribution as well as
minimizing the heat loss from the cell through the aluminum pistotiin, high temperature 100

W Kapton custom heater is placed underneattbthss current collector which then sits against

the flow field plate.One of the Tn? flow-field plates is shown in the drawing.

Brass Kapton  Teflon Piston Slotted EndPlate

Current Heater Insulator
Collector

Flow-Field
Plate \

N 2
\Y - ¢ >
N # ».
L'y NN i S 3
. ) <
2 [ \ =~ /
v ” 74
., v /
%/

Figure2.11. Exploded view of haltell and components of new HNEI hardwéedt) and a @ll view of
1st generation HNEHTPEM test hardware installation in test statjoght).

The 5 cm flow field dimensions were designed with the intent of using gas flows representative
of a 50 cm test hardware to account for the issues related of gmaling flows to such a small
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area and avoid dowstream effects not representative of fuel scaledelkéelectrodes.The small

area also allows for minimizing the expensive materials used in the MEA development and
multiple iterations involvedUsing 50 cr flow rates in the 5 cAcell effectively allows for near

even distribution of reactants acrdbg entire 5 crharea. This aids in the ability to interpret
various diagnostics utilized in analyzing MEA formulations in upcoming parametric studies in the
MEA development as well as contaminant challenge tdsture2.1.2 shows a picture of the 5

cm? flow field and the high temperature silicone gask&tse channel and land dimensions of the
triple serpentine flovfield developed are presented along with the dimensions of the standard 50
cn? cell developed by GM in the early 2000s which remainesl standard used in many
benchmarking programs.

HNEI 5 cm? Triple Serpentine Test Cell:
Active Area: 22.36 mm x 22.36 mm

Land: 0.73 mm
Channel: 0.75 mm
Depth: 0.70 mm

GM 50 cm?Triple Serpentine Test Cell:
Active Area: 70.71 mm x 70.71 mm

Land: 0.71 mm
Channel: 0.89 mm
E- Depth: 0.84 mm

Figure2.1.2. Five cn? flow field plates and associated flow channel dimensions with comparison to
standard General Motors 80 test cells typically used for benchmarking materials in LTPEM.

The flow channel and land dimensions presentdéignre2.1.2 were determined by elsating
changes in the resulting pressure drop and channel to channel velocity variability using the
Solidwor kés FI ow THgistanting poiht was the @M flow feeld émensions and
then minor variations were needed to fit in the smaller 5area based on square geometry and
iterated through various combinations until an optimal solution was found based on balancing the
pressure drop and the chanteechannel flow variability. Figure2.1.3 shows some examples of

the resulting pressure drap flow rates representative of a 50%tast cell and an example of the

flow model results for the velocity in the horizontal orientation at the middle depth of the channels
for a single flow rate While minimizing the pressure drop is needed to minirtheanlet to outlet
variability of the oxygen partial pressure, some pressure drop is necessary to ensure the channel
to-channel variability is not excessive and do not significantly deviate from the GM standard triple
serpentine dimensions.
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Figure2.13. Calculated pressure drop and flow rate vs. current deffsityanda velocity model
example results used to validate channel to channel uniformity for HNE?# ioewfield design(right).

As a first step in evaluating the new cell desigpmmercidly available HTPEM MEAs were
acquired from Advent Technologig&igure 2.14). Although Advent developed their own
materials for a HTPEM, this MEA type was originally developed by BASF and is the same as their
CeltecP MEA which Advent licensed.

>

T e ¢ h nSocbnumgrcia 5 dhHTREMVPBI MEA with Kaptbn frame

(left) and a toseup view of gas diffusion media in contact with the membrane in the window of the
Kapton framgright).

Figure2.14.Adv ent

The MEA was built into the new hardware with custom Teflon spacing gaskets raalesmand
compressed to 80 psigAfter installing the cell in the test statiothe cell was brought to
temperature and conditi oned upsotoecolg Folodingethet 6 s pr
conditioning a series of hydrogeair polarization curves were performed at X60170C, and

18C°C, at flows representative of the 50 §rwhere the results at@n? areused torepresent the

inlet of a 50cn? cell. During thes testselectrochemical impedance spectroscopy (EIS) tests were
performed and low, mid, and high current densities, i.e. 200, 600, and 1000 mAsc, respectively.
EIS applies a sinusoidal AC excitation at frequencies from 0.1 Hz td120on top of the DC

signal to perturb the reactions occurring and analyze the magnitude and time offset of the resulting
voltage and/or currentThis is a relatively common technique used in electrochemical systems,
where equivalent circuits are used to interpret the resdlteese circuit models represent the
transport and reaction processes occurridg.new technique to analyze the EIS data is the

15



distribution of relaxation times analysis, which essentially is a transform of the data to the
frequency domain, similar to hoa Fourier transform is used to identify frequencies present in
time series data.To analyze the EIS data, an opmyurce python software package recently
released, pyDRTtools, was udédl.

Figure2.15 presents the polarization curve resuli$ie maxnum power density achieved was

on the order of 0.5 W/cfnincreasing with increasing temperatufédiese results were-ine with

the data provided by the manufacturer and will serve as a baseline for future dixdiegles of

the EIS data for threeifterent current densities at 18D and the resulting DRT curves are
presented irFigure2.1.6. The DRT curves can be used to help identify individual processes
occurring in the cell based on the size of the peaks, both area and height, as measured as a resistance
and the time scale as measured in secofidfimnges in the peak shape and identifiggk tfactor

can be used to interpret changes between operating conditions and/or maiérialsype of

analysis will be very effective when contaminant challenge testing is undertaken, as the reactions
occurring in the fuel cell have not been widely chteggzed in the literature throughout the years

for HTPEM, while for LTPEM a large library of contamination results existvhile the data
presented here is only exemplary, it provides a snapshot of the shift from testing and evaluation to
product develoment and highlights the application of the experience and development and use of
advanced diagnostics by HNEI employees to aiding in the R&D process, with all expertise and
capabilities now under one rooUnder future APRISES awards, HNEI will continwesupport

the Fuel Cells for Harsh Environments program underwéys includes the contaminant tolerant

MEA and stack development program working on ahanse developed HTPEM fuel cell as well

as also continuing to s uherbdRandDOEIprogams. u e | cel l
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Figure2.15. Hydrogen/Air polarization curves of Advent PBI MEA at 260 170C, and 18€C to be
used as benchma rHouselMEA devdlopment B Eohténgnatiomchallenge
experiments.
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2.2 Fuel Cell Operation Under Harsh Environment s

In a corinuation of its ongoing efforts to understand the operation of fuel cells under harsh
environmentHNEI evaluated effects of NZoncentration in air stream on performance of high
and lowPt loaded PEMFCs and their recoveiy. addition toestablising limits of the current
proton exchange membrane fuel cell (PEMFC) technology utilizidgaBed electrocatalystsis

work was used tdetermine requirements ftine development and design ofaterials anduel

cell systems for operation at harsh environtnen

NO2 is a common air contaminant originated from natural and anthropogenic sources.
Anthropogenic emissions are mainly due to stationary power generation and transportation.
Concentration of nitrogen dioxide varies from 10 ppb to higher than 100 ppban and roadside
areas.This contaminant is of particular interest due to its emission sources and high concentration
in urban traffic, which is important for exploitation of emerging fuel cell powered vehicles
alongside with internal combustion eng& Moreover, better understanding of environmental
limitations of Pt PEMFCs is critical for deployment of the technology for ONR needs.

Figure 2.21 shows performance of commercially available membrane electrode assemblies
(MEASs) with anode/cathode catalyst loading of 0.1/0.1 (®tvand 0.4/0.4 (higPt) mge cn?

underNQpoi soni ng usi ng HNE/I Thesegnerdeceechdystech alloveslud sy s
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to obtain locally resolved voltage and current responses from the 10 segntéhdEof 6 s har dwar
The performance of MEAs is presented as profiles of individual segment voltage and normalized
current densities.
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Figure2.21. Voltage and normalized current density profiles of individual segments vs. time under
cathode exposure togpm NQ with an overall current density of 1.0 (a) and A.8m? (b) for high- and
low-Pt fuel cells, respectivelyAnode/cathode: Hair, 2/2 stoichiometry, 100/50RH, 150/15KPa,
80 C.

The samples were operated at constant current densities ofd0180aA cn? and were exposed
to 2 ppm NQ in air stream for lowand highPt fuel cell, respectively.The obtained results
demonstrate that NOcontamination led to voltage loss of 80 mV for highMEAs (Figure
2.21a). Operating of the lowPt cell caused voltage loss from 0.640 V to 0.505 V (Fig.zéab).
Operation of the MEAs with pure air after contamination @f-secovery restored thmitial
performance only for higkt fuel cell, while lowPt MEA revealed only partial recoverylhe
effects of NQ concentrations were studied for both Pt loadjrgelthe results are presentéal
Table2.21.

Table2.21. Impacts of the N@&concentrabn in the air feed on the PEMFC performance and fuel cell
recovery.DU refers to the difference in cell voltage between the initial value and that under exposure.

NO, 0.4/0.4 mgicnm 0.1/0.1 mgicm
concentration DU [mV] Selfrecovery DU [mV] Selfrecovery
1 ppm 30 full 60 Partial (10 mV)
2 ppm 80 full 130 Partial (4045 mV)
5 ppm 120 full 200 Partial (130 mV)

The found performance was attributed to electrochemical properties @tk given conditions
and NQ impact on oxygen reduction reactioA. schematic presentation of the processes on the
cathode induced by the presence of.ién be found in Figur2.22 [1-7].
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A NO2 electrooxidation (> 0.9 V)
[NO,J+ 2H,0—> NO; + 4H* + 3e- +[]

09v | NOd*+HO0— NO, + 2H* + e +[]

08V NO, adsorption and decomposition on Pt
NO, +[]1&2 [NO,] +[]—> [NO] +[O]
[NO]—> NO +[] (slow)

0.7V

PEMFC
~0.64-0.67V

NO electroreduction (0.68-0.3 V)

[NO] + NO,q + H* + e—>[HN,0;] r.d.s.
HN,0,] + H* + e—>N,0 + H,0 +[] fast

0.6V

0.5V
0.505-0.585V

04V | NO electroreduction (< 0.4 V)
[NO] + 6H* + 5e—> NH,* + H,0 +[]
Figure2.22. Schematic of possible N®@eactionsunderPBEMFC operating conditions.

During the poisoning tests, 1 to 5 ppm of Nas injected into the cathode feed, and we could
assume that this amount was not enough to reach high coverages on the Pt slinacdere,
under the fuel cell operating conditioO, appeared to transform to NO species adsorbed on Pt.
This adsorption caused Pt ECA loss feradsorption and oxygen reduction, which led to a cell
potential drop from the initial 0.640.670 V to 0.508).585 V for the lowand highPt MEAs at

2 ppmNOz. The cell potentials seemed to be enough to initiate NO electroreduction according to
[7]. The twostep NO electroreduction could explain the observation of thefrlgquency
inductance in the EIS results for the higind lowPt MEAs. The cell potatial for all studied
samples and N£concentrations did not drop below 0.4 V, so we did not think that the formation
of NH4" could take place in significant quantitieBhe contamination of a PEMFC by Nkd to

an increase in the HFR due to the replageinof H with ammonia ions in ionomerddowever,

we did not notice any changes in the HFR in the EIS dedalitionally, the evaluation of oxygen
reduction under NOpoisoning showed a decrease in the available ECA, as well as a significant
decrease in ORR activity [4]Moreover, it was revealed that nitrogen oxides altered the ORR
mechanism from a-électron process to a less efficient combination ah2 4election processes

with H>O> formation [4].

The lack of selrecovery for the lowPt MEAs after exposure to NQ@ould be attributed to the
possible presence of adsorbed nitregentaining species on Pt and by the fact that those MEAs
had less catalyst than theggh-Pt MEAs. In this case, any loss of the active area through catalyst
particle agglomeration as well as the adsorption of the contaminant and its derivatives on the Pt
surface resulted in more severe impacts on the performance and recovery ability.

19



A comparison of the beginning of test (BOT) and end of test (EOT) characteristics showed that
exposure to-5 ppm NQ caused a decrease in the cathode ECA f8.@nd 2123% for the high

and lowPt samples, respectively, which exceeded the ECA loss mefila@nce tests in pure air
(Table2.22). It was established that the performance of theR®WIEAs after exposure to 1 and

2 ppm NQ could be recovered by CV cycling when the possible nitragenaining adsorbates
could be removedHowever, an increse in the NQ@concentration to 5 ppm led to a serious decline

in the lowPt PEMFC performance of 10 to 70 mV depending on the operating current and segment
location even after CV.

Table2.22. Electrochemical surface area of the samples before and aftemioation tests.

NO, 0.4/0.4 mgicm 0.1/0.1 mgtcm
concentration  DECAan[%] DECAca[%] DECAan [%] DECAca[%]
1 ppm 5.1 10.7 10.8 13.1
2 ppm 7.0 17.4 10.1 21.8
5 ppm 6.8 18.1 11.5 22.6
Reference 4.4 12.0 6.0 16.2

Our results clearlgemonstrated that the performance of-BWWPEMFCs was affected by N@

a greater extent than that of higih MEAs. Considering the goal of lorigrm fuel cell operation,

the vulnerability of lowPt PEMFCs towards air impurities significantly compromsigkeir
durability requirements under realistic environmental conditions, which are different from
laboratory tests.To ensure the durability of lolt PEMFCs, it is proposed that W€hould be
removed from the air stream.

More detail of this work iswvalable in theJournal of Power Sourcgsublicationlisted below.
Publications and Presentations
PeerReviewed Publications

1. Reshetenko, T., & Ben, B. L. (2021). Spatial performance of laigti lowPT loaded
proton exchange membrane fuel cells under caterpgesure to nitrogen dioxide.
Journal of Power Sourced492 229657. https://doi.org/10.1016/j.jpowsour.2021.229657

Conference Proceedings and Presentations

1. Reshetenkorl., Randolf G., OdgaardM., Zulevi, B., Serov A., & Kulikovsky, A.
(2020, October 9). Effects of Cathode Proton Conductivity on P&k PEM Fuel
Cell Performancgel03-2686 238" ECS Meeting, Honolulu, HUnited States

2. Reshetenkorl., & Ben B. L. (2020, October 146). Performance of PEMFCs exposed
to harsh enrvonmental conditions Effects of N@content in airstreamKeynote lecture,
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Korean Institute of Chemical Engineers (KIChE) Fall Meeting & International
Symposium 2020, South Korea.
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2.3 Characterization of Mass Transport in PEMFCs

HNEI continued effortso develop and validatereovel methodologyo determire mass transport
resistances in heterogeneous electrode structline. method is based on measurements of the
limiting current distribution over an electrode area and utilizes operation with highly diluted
reagent mixtures (~30 % vol.). Variations in diuent molecular weights (from He talds) and
operating conditions allow ue separate gas phase moleculdiffusion, a Knudsen diffusion and

a diffusion through ionomer/water films.

When operated atigh-power generatignelectrochemical conversion sgms like fuel cells
(PEMFC), direct liquid fuel cellsand metal/air batteriggerformance is often limited kijie mass
transfer of reagents through confined and heterogeneous electrode strugeagsnt transport

from a gas phase to catalyst sitesussdhrough molecular diffusion, Knudsen diffusion in fine
pores and diffusion through thin films within a gas diffusion electrode (GDE), consisting of a gas
diffusion layer (GDL) and a catalyst layer (CL) (Figar8.1). The GDL is a specifically desigde

porous medium that is constructed from an electrically conductive carbon macroporous substrate,
e.g. a carbon paper or cloth treated by a hydrophobic agent like polytetrafluoroethylene (PTFE) to
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achieve the desired wettabilityThe GDL has a thin micrapous layer (MPL) of carbon black
mixed with PTFE to ensure better electrical contact and mechanical compatibility with electrode
layer.

A
Molecular
diffusion
Carbon
paper
y
MPL 1 Knudsen
| diffusion
A
i Knudsen
o diffusion
e
2
= Diffusion
e
S through
ionomer/H,0
v
E
wn =
- ' ionomer H+

Figure2.3.1. Schematic presentation of electrode structure and mass transfer processes.

The type of reagent trangpalepends on GDE components: molecular diffusion takes place at a
carbon paper, when gas molecules collide with each other, instead of pore walls. MPL and CL
have similar mescand micreporous textures with pore sizes of-580 nm that favor Knudsen
diffusion. Catalyst layer is a very complex structure consisting of catalyst agglomerates, partially
covered by water and ionomer films with varied thickness1@-lnm). Thus, reagent mass
transport in the CL proceeds through dissolution in water/ionomer and fdittusion within a

film to a catalyst surface.

The limiting current density distribution model was in details discussed in previous publications
[1, 2] The main assumptions of the model are:

Unit cell has straight reactant channels

Cell performances averaged over the cressannel direction (plug flow reactor)
Cell voltage is constant along the cell length

Isothermal and isobaric operatjand

Reactants follow the ideal gas law.

a s owbdPRE
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For the case of a highly dilute reactant stream the distributitimedimiting currents along flow
field can be presented as:

W o —0Q (Eq.2.31)

wherex is the dimensionless position along the flow field length,
Rwr is mass transfer resistance,
nis the number of electrons exchanged in the electrochemical reaction,
n=4 for oxygen reduction reaction (ORR) and n=2 for hydrogen oxidation reaction (HOR),
pr is the dry inlet reactant stream pressure (Pa),
| is the reactant fraction in the dry inlet reactant stream,

Ris the ideal gas constant (8.3143 Jti6th),

F is the Faraday constant (96500 C Mol

T is the temperature (K),

ie is the inletreactant flow rate equivalent current density (A)pand
fis the inert gas to reactant fraction in the dry inlet reactant stream.

The corresponding average limiting current denisity(A m?) can be obtained by integration of
Eq.2.31:

N Qp Q Y (Eq.2.32)

l1p — —— (Eq.2.33)

The inlet reactant flow rate equivalent current density can be expressed as:
Q — (Eq.2.34)

whereb is oxygen flow rate (ml$),

Alis the active area of the MEA (émnand
Nmis the molar volume (22414 ml myl

The approach is applicable for a single cell operation when determination of the mass transport
resistance can be done with EGs32 and2.33 by varying the reactant flow ratéf] and
measuringave

The validity of the method was demonstrated armdygm using commercially relevant open flow
field design developed by Nuvera Fuel Cell and commercial MEAs provided by Qdre.
obtained data were compared with conventional land/channel flow field~oglire2.3.2 presents
schematics of both architeces.
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Figure2.3.2. Schematics abpenflow field and conventional land/channel architecture.

In this work, performance of MEA with 0.1/0.4 mgn? anode/cathode Pt loading in a single cell
open flow field (SCOF) hardware was studied under two different conditions: subsaturated which
is typical for mobile applications in systems with partial humidification at 50% RH at the cell inlet
at 80 C and exteme oversaturated conditions with 100% RH at the cell inlet &,&0condition
typically present upon transition from high to low powéie conditions for the experimental
work were selected due to their frequent occurrence during operation.

The IV cuwves, HFR and power density values obtained for the open flow field and serpentine
architectures with air feed gas under oversaturated and subsaturated conditions are presented in
Figure2.33. Interestingly, the serpentine flow field showed better peréoce at low current
density (<0.5 A cr), most likely due to the higher cathode pressure, while at high current
conditions, the SCOF demonstrated superior properiié® oversaturated conditions caused a
drastic drop in the serpentine cell potentiatrmgéurrent, while a low humidity and higher cell
temperature improved the cell performancét the same time, the SCOF revealed close
performance under oversaturated and subsaturated conditions, and the cell reached?abaA cm
cell voltage of 0.58.6 V and generated a power density of 1.5 WPcifihus, the SCOF ensured
superior mass transport properties in flooding and dry operating regiidtsthe same MEA or

at least the same membrane thickness, we should note a lower HFR in the SCOF \astiseser
cells.
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Figure2.3.3. Polarization curves for the SCOF and serpentine flow field architectures recorded under
oversaturated (100% RH and &) and subsaturated (50% RH and®pconditions in Hair gas
configurations.

The results of limiting current measurements for the oversaturated and subsaturated conditions are
shown at Figur€.3.4 for oxygen mixtures with He and KrThe IV curves were measured at
different B/5% O + diluent flow ratesThe SCOReached the limiting current under all operating
conditions. The values obtained for the limiting currentsd were used for E®.3.3 to create a

plot of @ €Ep — vs.— and determine the mass transport resistariigures2.3.5a and b

present these graphs for both conditions and five oxygen diluerad.cases, we could see linear
regressions, and the oxygen mass transport resistance can be extracted from the slope of the curves
according to Eq2.3.3 (Table2.31).

Figure 2.3.5c showsthe effect of diluent molecular weight ahe mass transfer resistance and
reveals a linear dependenaes reportegreviously [1]. To reachthe catalyst surfageoxygen
transport involves molecular diffusion thoutiie gas phase ithegas chanel and macropores in
theGDL substrate, Knudsen diffusiontimefine pores of the MPL and CCL and diffusion though
ionomer and liquid water thin films in the electrode structures. The observed linear correlation in
Figure2.35c impliesthatthe application of different diluents affected only @ass transport in

the gas phase.Thus, further separation of oxygen mass trarts@sistance can be achieved by
extrapolation of the curve to 0 molecular wejghihich allows us to extract the mass transfer
resistancesriginating from molecular diffusion (R), Knudsen diffusion and transport through
ionomer/water (R+im) as follows:

YooY YooY GO (Eq.2.35)

whereM is the diluent molecular weight (mofty
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Results of deconvolution of the overall mass transport resistance are shown ia.3able
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Figure2.3.4. IV curves measured for the SCOF with 5%+MHe (a) and Kr (b) at 100% RH and &) as
well as with 5% @+ He (c) and Kr (d) at 50% RH and &
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Figure2.35. Determination of @mass transport resistance using Ed.1for different diluents and
operating conditions for SCOF (a, inpact of the diluent molecular weight on therfFor the SCOF

and serpentine cells

(c).

Table2.3.1. Oxygen mass transport resistances for the SCOF operated under oversaturated and
subsaturated conditions.

Diluent Mr Rwr SCOF [s ]
[g mol] 100% RH, 60C 50% RH, 80C
He 4.003 145.99 95.15
N2 28.014 173.91 110.50
Ar 39.948 184.84 128.87
CO, 44.009 209.21 138.89
Kr 83.8 236.41 217.39
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Table2.32. The obtained mass transport transfer characteristics of the SCOF and serpentine cells
operated under subsaturated and oversatucataditions.

Parameter _ SCOF _ §erpentine _
50%RH, 80C  100%RH, 60C  50%RH, 80C  100%RH, 60C
Rk+fiim [S MY 74.85 144.09 93.35 75.78
Rm,n2 [s MY 35.65 29.85 46.12 64.10

An analysis of the SCOF under subsaturated conditions showedgkthatandRm, n2 were 74.85

and 35.65 s m respectively.These values were found to be lower than those for the serpentine
cell and explained the lowest voltage losses and superi@rpenice of the SCOFThe open

field architecture also had better performance under oversaturated conditions, although it was
characterized by the highé®t:im value of 144.09 s rmvs. 75.76 s m for the serpentine cellAt

the same time, the SCOF had a loweln2 than the serpentine architecture, and the superior mass
transport of SCOF in the gas phase likely compensated for the hindered Knudsen diffusion and
dissolution though films in the electrod@& comparison ofie SCOF and typical land/channel

flow field design revealed that the SCOF ensured gopttadsport in the gas phase, uniform
humidification of the catalyst layer and efficient @ffusion through the ionomer.

A comparison of theR«+fim values and repat pressurendependent resistandother [3]
suggested that molecular diffusion could take place in the CCL and MPL due to the presence of
large pores¥100 nm) despite their typical mesoporous structdieis observation indicates the
further developmerof the proposed method, in particular, the evaluation of back pressure effects
on the mass transport resistances.

The proposed method highlighted the potential strategy of achieving the lowest transport resistance
by studying the balance betwea«im and molecular diffusion as a function of relative humidity
within a complete operation window of given MEAs in a given flow field architecture.

More detailon this workcan be found in th&lectrochimica ActaandElectrochemical Science
Advancegpublicatians listed below.
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2.4 Electrochemical Impedance Spectroscopy for Analysis of Fu el Cells

Electrochemical impedance spectroscopy (EIS) is very powerful tool to analyze processes taking
place in electrochemical conversion systemsluding fuel cells and batteries. However,
interpretation of EIS data is challengifidhe most comprehensiweterpretationcan be obtained
applying physicsbased modelsFitting of model equations to experimental spectra returns model
parametersModel complexity/completeness determines what set of parameters yields the fitting
procedure.However, this approach isually limited by available computer resources, as fitting
algorithms perform numerous calls to the model calculafldre fastest option is to use analytical
impedance models; but analytical formulas are applicaiieat low cell currents, typicallgelow

100 mA cn¥. Models of that type do not cover the most interesting working currents on the order
of 1 A cm?. On the other hand, fitting of largrirrent spectra require multiple calls to numerical
boundaryvalue solvers; this procedure is quitesttp in terms of CPU time.

A complementary and computationally fast approach for impedance spectra analysis is calculation
of distribution of relaxation times (DRTL-5]. The idea of DRT is simpleImpedance of a
parallel RG circuit (Randles cell) is:
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b — (Eq. 2.4.1)

Consider now a fuel cell impedange To a first approximation, it is possible to assume #hat
Zrc, however, in this way a main faradaic arc is taken into accoAninuch more accurate
approximation o arises if in Eq2.4.1, we denoteR C  and idtegrate the right side with the
weight functiono (: U)

a1 Y A A — (Eq.2.4.2)

where’Q W ph is the angular frequency,

Y is the highfrequency resistancand

'Y is the total polarization resistance of the cell obtained by the overall diameter of the
Nyquist curve.

Eq.2.42represents the cell impedance as an infinite sum of paralleifedt with the resistivity
of 'Y [ ‘Qand characteristic time df 'Y & For calculation, we used functié@t :

W1 Y Y — (Eq.2.43)
Sincet pj ¢ Q
rt —, or '0Q — (Eq.2.4.4)

where Qs the regular frequency (Hz).

This means that the dimensiof| is s, while "'O"Q is dimensionless functionThe spectrum

[ "Qor'0O"Qis represented by a number of peaks, the peak freqi@mayvides the characteristic
time of the proces®and the area under the peak is attributed to the impedance of the process
to the'Y

Y oY . rtQt Yy | otQat (Eq.2.4.5)

wheret andt  are the peak boundaries.

Due to the absence of liquid waturing operation, SOFC and FHEMFC impedance spectra

are remarkably smooth and DRT analysis is a-esthblished field for these types of fuel cells.
However, in the case of low temperature PEMRCat er f or mati on resul ts |
spectra wich makes DRT analysis to be a challenging taskthis work DRT method was

applied to evaluate EIS data obtained for-lawd highPt PEMFCs.
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Evolution of the peak frequency positions and resistivities with the cell current density were
analyzed usig EIS data obtained by segmented cell system (FRydr®. The analysis allows us

to attribute the low frequency peak to oxygen transport in the gas diffusion layer (perhaps,
including transport in the channel), the middle peak to unresolved procésbasge transfer and
oxygen transport in the ionomer film, and the high frequency peak to oxygen transport in void
pores of the catalyst layer.

Estimated oxygen diffusion coefficient in the GDL decreases along the air channel, indicating
seemingly accumation of liquid water in the outlet segments of the GD&o, the first peak
represents a process of oxygen transport on the GDL and air chdimeelncrease of the first
peak resistivity along the channel coordinaie then due to the growth of thew frequency arc
diameter with the distan@ To understand the nature of the middle peak, we calculated DRT of
40 local impedance spectra of the standard-Rigtell measured for the currents of 200, 400, 600
and 800 mA cri. Evolution offrequency and resistivity of the middle peak with the cell current
shows that in lowPt cell, this peak represents two merged processes of charge transfer and oxygen
transport in ionomer filmln the highPt cell, the middle peak represents faradaic mseEsonly,

as the role of oxygen transport in ionomer film is negligible in this dgilus, the difference of

the middle peak resistivities in the leRt and highPt cells provides an estimate of the ionomer
film transport resistivity in the lowPt cell. The high frequency peak represents oxygen transport
in void pores of the cathode catalyst lay@he peak frequency position and resistivity allow us

to estimate the oxygen diffusion coefficients in void pores, which shows that the void space in
low-Ptcell is partially flooded.

More details on this work can be found the Electrochimica Actaand Journal of the
Electrochemical 8cietypublicatiors listedat the end of this activity
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Figure2.4.1. DRT G (f) of impedance spectra from the fissigment of a lowrt PEMFC (solid blue line
and stars) and the real part of impedance (blue dots). Red open circles show real part of impedance
reconstructed from the calculated DRT using real gfarhpedance.
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2.5 Anion Exchange Membrane Fuel Cells

A strongmotivation factorfor development ofinion exchange membrane fuel cells (AEMFCS)
technologyhas beerthe possibility of eliminating Pt catalysts frdmoth theanode and cathode,
since intrinsic catalytic activity towards oxygen reduction is higher in alkaline media for platinum
group metal PGM)}free materials than for Based catalysts.Under previouswork, it was
demonstrated that PGiee cathodes in PEMFCs are tolerant forcamtaminants like CO, SO

[1], which allowed us to conclude that PGlflee AEMFCs have potential to be toleraotair
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impurities as well. AEMFCs demonstrated operation at elevated temperatures GL@bich
typically mitigates negative impact of contaminati@and. Last, but ot the least, AEMFCs allow
operation with liquid fuels and oxidants which makes thse of fuel cell to be versatile for
applications and derivative technologie$his work continued efforts to develop contaminant
tolerant AEMFC technology.

Operation of AEMFC requiresAZand water at the cathode, while water production happens at the
anode, the situation is completely opposite compared to PEMFCs (Ridite This fact brings
additional complexity and it is challenging directly transfer PEM MEAs manufacturing
approaches to AEMFCThe main approach to improve AEMFC performance and durability is a
design of catalyst layers with optimal porosity, hydroxide ion conductivity and thickness to insure
development of three phas®undariesand sufficient reagents transport as well as adequate
choice of gas diffusion layers (GDLSs) for better water managentesiddition, there is a lack of
harmonized testing protocols and procedures and development of electrochemical dsagndstic
approaches are critical for AEMFC.

a) PEMFC b) AEMFC
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Figure2.5.1. Sthematic representation of operation of PEMFC (a) and AEMFC (b).

Capabilities were developed to fabricatmall (5 cm) catalyst coated membranes (CCM) and
catalyst coated substrates (Q@Boviding anopportunity for rapid evaluation afew materials
like membranes, ionomerand catalysts available in the limited quantiti€®r the first step of
AEMFCs evaluation at HNEI, we used 50%Pt/C as catalyst for anode and catholdaeiith of
0.4 mg cn?, while ionomer content was chosen to be 25% Fdr MEAs we employed 25BC
as gas diffusion layer and Teflon gaskets with-160nm thickness to ensure compression ratio
of ~20%. Before assembling MEA, CCMs were soaked in 3 M Ks€attution.

Breakin/startup procedure for AEMFCs was established after discussion with material
manufactures and literature reviewhe procedure includes constant voltage hold at 0.4 V at
desired operating conditions (back, pressure, cell temperandehumidity) for several hours
with monitoring HFR response.

34



Figure2.5.2 shows effects of gas humidification on AEMFC performance and produced power
density. It was found that reduction in anode humidification improved the performance since
AEMFC anode s prone to flooding due to water production (Fig@rB.1b). The produced
maximum power density was found to be 800 mWcm

1.4
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Figure2.5.2. IV curves and power density for AEMFCs.

We demonstrated applicability of electrochemical methods like EIS (Fg&8a) and CV
(Figure 2.5.3b) for evaluation of AEMFC and elucidate kinetic and transport procesEes.
obtained results are very critical for future work focusing on reprodiigilwf the CCMs,
transitioning to application of PGlffee catalyst and operation in/dir conditions relevant for
real word operation.
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Figure2.5.3. EIS of AEMFC recorded under voltage control (a) and cathode CV (b).
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2.6 Transition Metal Carbide Catalysts

In our previous work, the cyclic voltammetry experiment indicated that vamachrbide (\¥C;
phase) was not electrochemically stable at potential higher than 0.8 V (vs. Rettause TiC is

the most electrochemically stable carbide (up to 1.5 V vs. RHE), a bimetallic TiVC with minor
percentage of Ti would increase stability withaffecting the vanadium carbide lattice parameter
and catalytic activitiesVanadium carbides were prepared from commercially available TiC (Alfa
Aesar) as carbon sources asdpports at 1000°C (denoted as VxJiG00°C) and 110
(denotedas KTIC-1100°C). As shown in Figur@.6.1, WTiC-1000°C and \LTiC-1100C are a
mixture of V6C7 and (Tb.3V1-0.3)203 phases While VTiC-1000C has some unreacted TiThere

is no phase change foxMC before and after treated in sulfuric acid which mebas ¥TiC is

acid resistant (Figur2.6.1).
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Figure2.6.1. XRD patterns of carbides.

Stability testdfor the carbides were performed in 0.5 M3 at 100 mV st up to1 V for 100

cycles, 1.2 V for 5@ycles, and 1.4 V for 50 cycle#\s shown in Figur@.6.2,in comparison to
VxC, there is nmbvious oxidation current increase oRTVC up to 1.4 V cycling, indicating
excellent electrochemical stabilibf VxTiC.
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Figure2.6.2. Cyclic voltammograms of vanadium carbide at 100 mi\ihsN -saturated 0.5 M $Q; at
25°C.

Water electrolysis is one of the most promising ways for hydrogen produdimmeasure the
electrocatalytic activity of carbides toward hydrogen evolution ima¢HER), the synthesized
carbides were loaded onto glassy carbon electrodes and tested in a standsetbdinoek
electrochemical cell As shown in Figur@.6.3, W\TIC exhibited better catalytic activity toward
HER than \{C with relatively larger catytic current at the same potenti@oth V«C and \{TiC
showed increased HER catalytic activity after up to 1.4V cycliGg?-OES will be used to detect
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possibly dissolved metals in the electrolyte. SEM/EDS will be used for morphological and
elemental malysis. TEM will be used to investigate particle size and structure.

| / mA cm™

_-10 1 A |'r L 1 L 1 L
-0.3 -0.2 -0.1 0.0 0.1

E/Vvs. RHE

Figure2.6.3. Polarization curves of carbides with a rotation rate of 1600rpm at 2hiiv N,-saturated
0.5M H:SQ, at 25°C.

2.7 Vanadium Flow Battery with High Concentration Electrolytes

Under previous APRISES awards, Vanadium Flow Battery (VFB) research was initiated in HNEI
with the objective to demonstrate the potential to improve the energy density, durability, and safety
of the vanadium flow battery by miniming the acid concentration in the electrolytes. A rotating
ring/disc electrode was used to assess the impact of several relevant contaminants on vanadium
flow battery reactionsA simple flow battery system with a 25 ésingle cellwas designed and

built that includedan electrolyte composition determination method, asitin pH, conductivity,

and potentials monitoring system for both electrodes of VHi& stabilities of all four electrolytes
under low acid condition were investigated. The worlciatd that all four vanadium electrolytes

may be stable at low acid concentration down to mrrfadrade. A new electrochemical reduction
method was developed to produce a staBfesdlution with a concentration up to 5.2 motand

acid concentratiofow down to pH ~5. The acid concentration decreases by a factor of more than
30 and the vanadium concentration doubled compared to the state of tidese increased
vanadium concentrations in negative and positive electrolytes imply a potentiale doubl
improvement of the energy density of vanadium electrolytéswever, with a high electrolyte
concentration solution (3 mol~LV solution without acid) and proton exchange membrane
(Nafior®), a clogging occurred in the positive electrode of the singlé during tenth
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charge/discharge cycles, which resulted in a cell failure and a reversibility issue was indicated by
asymmetric charge/discharge curves.special electrochemical characterization was developed

to study the clogging and reversibility i€su The clogging was found to be caused by the
vanadium salt (valences of 5) precipitation in the very low acid environment; the reversibility issue
came from the poor activity in the negative electrode and imbalance of the proton concentration
(net protan migration through PEM) between both positive and negative electrolytes during the
charging/discharging processes.

Underthis award, several modifications were made on the VFB single cell to attempt to solve the
issues based those previous results. hétrhal activation method was established to treat the
different type carbon and graphite felts as the electrodes for the high electrolytes and low acid
concentration VFB; the positive electrolyte was modified to start with a pH~1, 3 ¥ L
solution; andthe PEM was replaced by commerciallyavailable anion exchange membrane
(AEM). The single cell chargdischarge performance was investigated with the high pH negative
solution and low pH positive electrolyte, which contain a certain concentration of sulfuric acid to
avoid vanadium salt (valences of 5) precipitati@ifferent types of anion exchange membranes
were applied to the VFBSingle cells operated with the high concentration vanadium electrolytes
with different AEMs demonstrated good performanc&hallenges were identified as the low
chemical and mechanical stability aheé tigh proton permeability of the AEMs, and the low ionic
conductivity of the AEMs and the negative electrolytes.
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Figure2.7.1. The features of a VFB cell with AEMs.

The key features of a VFB cell with AEM are illustrated in Figarél. During the barge
discharge processes, vanadium redox reactions take place in negative and positive electrolytes; the
bisulfate ions transport through AEM to form the internal electric circ8Bitmultaneously, the

sulfate and proton concentration variation also naanstthe stability of the positive electrolyte.
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The new features avoid the imbalance of the ions concentration in the both sides ok Biglyle

cell with 3 M vanadium electrolytes in both sides successfully demonstrates a good charge
discharge perforrme(Figure2.7.2). The cell performance shows the low overpotentials on for
both positive and negative electrodes, which are benefited from the high electrolyte concentrations.
However, the low ionic conductivity of the AEM and the negative electrqolgesvell the high

proton permeability of the AEM result in large ohmic losses and a low energy efficiency.
Furthermore, due to the poor AEM chemical and mechanical properties, the electrolytes leakage
caused the poor reversibility of charging/dischargiragesses, even the operation failure after the
sixth discharging.

N
2]

L) 3 L)
—— Cell-2 voltage @ 100 mA cm-2

g
(=]
T
1

Charge

-

L]
T
1

-
o
—
—
1

Discharge

o
(3,
T

1

Positive electrode potential
Negative electrode potential

g
(=
T
1

Cell Voltage /Electrode Potential [V vs SHE]

o
o

1 1 1
300 600 900 1200
Time [min]
Figure2.7.2. Chargedischarge cycles of VFB with an AEM and 3 M electrolytes in both sides.
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This project has been terminatduit dependent on other funding could be restarted using a
commercialy availableAEM.

2.8 Solar Thermal Desalination with lon Exchange Membranes

Under prior APRISES awards, HNEI explored the potential application of the proton exchange
membrane fuel cell materials and designs to develop a novekdsty high productivity, and

energy efficient solar thermal desalination systérhe novel water pufication method is based

on both membrane and thermal processes by applying a selective membrane and porous media and
operated below 80°C. Similar to membrane distillation (MD), hot brine/wastewater is fed in one
side of the membrane and permeate coma¢$rom another side as freshwater; the salts, parsticles

or other undesirable molecules are blocked and flow out as concentrate or @Gastpared to
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MD, the novel method employs a dense selective membrane other than porous hydrophobic
membrane.The gparation process is suspectedesubject to a specific driving force of water
activity but not the vapor pressure. The benefits of the novel method include: no phase change
lowers energy consumptipaperation below 80°C facilitates legrade heat utization, selective
membrane increases ions rejection,ratel simple process reduces pretreatment requirements. A
modified fuel cell design was used as a test platform, the purification of a local wastewater and the
desalination of local seawater wereided. The results indicate a purity that exceeds the
freshwater standard (<500 mg/l) of total dissolved solids (TDS) in the permeate, significantly
improved recovery (>30% with >99% ions rejection) and productivity (~8.6 or 9.72kgtm
desalination athwastewater treatment) in comparison to the st&tbe-art MD system A United

States provisional patent was filed for the use of fuel cell materials and designs in membrane
distillers for water purification.

Under the APRISES18 award, a novel solasatieation prototype with a 1 freffective area,

which integrates solar energy collection and membrane desalination, was designed based on prior
HNEI results obtained from a water purification process using an ion exchange membrane and
porous transport lagys. As illustrated in Figure.8.1, the components along the flow sequence
include a seawater pump, a seawater (as coolant) flow field (cold side, thermally conductive
materials), a heat exchanger, a seawater flow field (hot side, transparent matesaisljght
absorption layer (hot side, porous carbon materials), an ion exchange membrane (modified
surface), a fresh water removal layer (cold side, porous carbon materials), a gas/air pump or
blower, a fresh water reservoir, seals and frames to cangiet cell, piping, and thermal
insulation. The porous carbon layers in the novel system transport water as well as efficiently
collect the sunlight thermal energy and transfer the heat to the water circulating on the membrane
surface. The temperature flerence across the membrane acts as the driving force.

Figure2.8.1. lllustration of the solar desalination prototype
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For the prototype system, the water flow rates and temperatures estimated by mass and energy
balances are given in Figu2e8.2. Calculations are based on the following assumptions: the total
solar energy received is 5.5 kWH/faay (US. annual average dict normal irradiance), the light
absorption efficiency is 80%, the heat exchange efficiency is 80%, the seawater has a 20°C
temperature, water losses due to leaks and evaporation are negligible, and heat losses to the
environment are disregardedThe sawater acting as a coolant is pumped into the cold
compartment and is preheated up to 40°C whereas the fresh water permeate simultaneously cools
down to 30°C.The seawater is successively heated up to 60°C in the heat exchanger by the brine
or concentratewhich cools down from 80°C to 45°Q\fterward, the seawater flows into the hot
compartment and is heated up to 80°C by the sunli@bé to the temperature difference between

the hot (70°C average) and cold (40°C average) compartments, tbemusis ad vapor pressure

and capillary pressure differences drive the fresh water through the porous carbon transport layers
and ion exchange membran&he fresh water is finally blown out by the circulating gde
prototype system is expected to treat asl@a0 kg of seawater and produce at least 57 kg of fresh
water per riday, which triples at a minimum the productivity of stéthe-art systems.

Seawater ~40 °C 0.36 I/min ~40 °C

Cold|~30°C
Brine
~45 °C
0.24 l/min

Brine
~45 °C

Iy

Sunlight
absorber

Heat
exchanger

Sunlight
Heat
exchanger

Brine ~80 °C 0.24 l/min
~80 °C

Hot ~70 °C
Seawater ~60 °C Fresh water Fresh water
0.36 I/min ~30°C ~30 °C
Seawater : 2
~20°c 9-12 lmin Seawater 1m ~60 °C
0.36 I/min ~20 °C

Figure2.82. Mass and thermal balances estimates for the novel solar desalination system.

Several propods have been submitted for future potential fundimgcluding 1) A No v e |
desalination process based on ion exchange membrane and porous transport layers utilizing waste
heat o to Bureau of -DOR20HOMMANAoN i hEFOAr aBOR s ol

desalination system with ion exchange membrar
Department of Energy (AmericeMlade Challenges: Solar Desalination Prizg)d 3)i T h e+ ma |
membrane desalination with muttir i vi ng f or ces o t WateNlanovatom a | Al

(FOA: NAWI-BP12020).
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2.9 HISERF Relocation

Under previous APRISES awardss part of the relocation effort, HNEI took the opportunity to

shift from what was primarily a testing and evaluation focusuaHawai Sustainable Energy

Research FacilitfHiISERHF for the fuel cell program, to a solutions provider as a-dadle
reearch and devel opment program now spread out
Electrochemical Power Systems research prograne network of labs is now referred to as the

Fuel Cell Systems LaboratoryCompleting the work on mechanical reations and adding 180

kW of power upgrades to the PakalLi Battery Laboratory are still being impacted by long delays
stemming from multdepartment reviews attién i v er s i t y Facilities NMainteaandei 6 s
Office (FMO) and the extended time from commiitthe updates by the consultant working on

the updated drawing packagRecognizing further delays earlier in the year, the University FMO
offered HNEI the opportunity to split the contract for the power and mechanical upgrades between

the more complexvork required for the battery lab and fuel cell diagnostics lab in the Hawai
Institute for Geophysics (HIG) building and the electrical only work in the Pacific Ocean Science

and Technology (POST) building basement, where the Cell, Stacks, and Sy$tesiodated.

This allowed forthe completion of the power upgrades for the POST laboratory at the end of
October 2023.While awaiting power for this lab, designs were complétediouble the testing

capacity by upgrading each of the three test stanalboiw for operating two cells or short stacks
simultaneously, as opposed to one larger cell which they were originally design&d/toof the

stations are nearly identical with the ability to run up to two 108 am@a single cells or short

stacks. The third station keeps the capability to run up to 1.5 kW stacks to continue to support
NRL6s UAV fuel cell program whi |IVshatdtdckTheg t he ¢
dual station upgrades in the Cell, Stack, and Testing Lab in the PASifidputombined with the

stations in the Cell Testing and Diagnostics Lab in the HIG building bring the total number of fuel

cell testing stations to 9 stations, which is more than that was available at Hi8ERErt of the
marketing efforts to promote ut ur e col |l aborations a ATest Spe
which includes both lalidest standapabilities. The specifications sheets from the brochure for

each lab are presentedfigures2.9.1 and2.9.2.
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TEST STAND ID
Test stand channed

GAS FLOWS

Standard anode flow rangs
Standard anode gasss

Standard cathode flow range
Standard cathode gases

Spare mass flow controllersichannels
GAS HUMIDIFICATION
Standard dew point control

Gas temperature

Humidifier bypass

HEATER CONTROLLERS
Software-linked PID controllers
Stand-alene PID controllers

CELL PRESSURE CONTROL
Standard back pressure contral
Standard number of pressure transducers

LIQUID CELL COOLING
Coolant type

Flow range

Pressure contral

LOAD BANK

Violtage booster power supply
Current, voltage ranges {full scales)

CELL VOLTAGE MONITORING
Standard number of channels

IMPEDANCE CAPABILITIES
1 kiz AC Millichm Meter

Frequency Sweeps
CONTROL SOFTWARE

AUXILIARY EQUIPMENT

| sationt [ Stion2 | Sttion3 ____

1 2 1 2 1 2
100:5 furn-down mass flow controllers, ability io reconfigure manifolds end re-size controllers in-house

007-15npm  007-15mpm  05-40rbm  01-5nkm  007-15npm  007-15 nipm
Hg, Nz Hz, Mg H, Nz Hz, Nz H, Mz Hy, Mz
0.45-3nlpm  0.15-3 nipm zﬁa?mmﬁ 02-13mpm  045-3npm  0.15-3npm
Air 0z, Ny Air 0, Ny o 1o Air, 0, Ne Hir, 0, Nz A, 0, Ny
7 T 2 T
" B~
20 to 90°C - 20 to 80°C 200 80°C 20 bo S0°C: -
Up2200C  Upi220°C  Upto220°C  Upl2X0'C  Upin200C  Upo2200C
Automased . Manual Manual fuiomated .
Inssgrated Washow hester coniroliers and extemal stand-slone controllers
8 4 8 6 8 4
Upind Upio 4 Uptod Upiod Uptod Uptod
Autvenated w integrated gas water condensars, dome-oaded back pressure reguiatoes, inlet or autlet comtral
Up o 350 kPag
4 (2inket, 2 cutiet
Aweilable, notinstalled 2 Flow Controllers Awsilable, not installed
. Dl Water .
. 0—2LPM .
0- 10 LPM
. 0- 300 kPag -

TDIREL42:  TDIRBL232  TDIRBL4S  TDIRBL4SE  TDIRBL4SS  TDIRBLZR
Yes Yes No Yes Yas ‘fas
100, 500, 10004 2,20, 1504 100, 500, 10004 100,500, 10004 100, 500, 10004 2,20, 1504
W, 20, 508 10, 20, 50V 10, 20, 508 10, 20, 50V 10, 20, 500 10, 20, 5oV
5(0M+i0V)  5Hi0+i0v)  E0{pii00v) SE0H0)  SE0me0V)  5{10m+10V)
Integrated 1z Millchm Meters w! EIS capabiliies using audiary equipment

Aglentd338B  HikiBTISE1A Hioki BTISE1A TED Agient 43328 TED
Solsron 1260 Solaron 1260 Solarbon 1250 Solatom 1250 Solarbon 1260 Solseiron 1260

Inchouse designed Madonal Insruments Labview-based Control Software: Wuleana v1.0 wi LUA scripting languags

Ealaryon 1287 Electrochemical Interface/Polentiostat

Solartron 1260 Frequency Response Analyzer (fur EIS)
Gamry Referance 600 Potentiostat
Agilent Controllable Power Supplies (3, 0-3.3V, 0-850A
Additional DAD Channels using MI-CDAQ Accessories for Plug-and-play softwere integration

l-.-l HNEI
' Hawai'i Malural Enengy Insiilube
Univarsity of Hawail &t Minza

Hawaii Matural Energy Institute, Fuel Cell Systems Labaratory
Patific Dcean Science and Technalagy (POST) building

1680 East West Rd. POST 20

Haonolulu, HI 96822

Figure2.9.1. Teststandspecificationgor thePOST 20aboratory as of December 17, 2023
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TEST STAND ID

GAS FLOWS

Standard anode flow rangs
Standard anode gasss

Spare mass flow controllers/channels
GAS HUMIDIFICATION

Standard dew paint control

Gas temperatune

Humidifier bypass

HEATER CONTROLLERS
Software-linked PID comtrollars
Stand-alene PID controllers

CELL PRESSURE CONTROL
Standard back pressure contral

Standard number of pressure transducers

LIQUID CELL COOLING
Coolant type
Flow range

Pressure contral

LOAD BANK

Vaoltage baoster power supply
Current, voltage ranges {full scales)

CELL VOLTAGE MONITORING
Standard number of channels

IMPEDANCE CAPABILITIES
1 kHz AC Millichm Meter

Frequency Sweeps
CONTROL SOFTWARE

AUXILIARY EQUIPMENT

Segmented Cell Grandalytics HIL Station Greenlight Power G50

1005 furn-down mass flow controlizrs, ability io reconfigure manifolds and re-size controllers in-house

0.01 - 5 nipm 0.01 - 20 nlpm 0.1 -5 nlpm
Ha, Mz Ha, Nz Ha, Na
0.01 - 5 nipm 001 - 7O nipm, Air 0.2 - 13 nipm
Air, Oz, Ma, He: 0.5 — 50 nipm Oz, Nz Hir, Og, B
T 2
Teledyne Grandalytics Greenlight
contact Vaporizar contact
20 i 908C 20 ho 800G 20 bo S0OC
Up fo 120 8 Lip fo 1208C Up to 12000
Wanuzl Automated Manual
Integrated heater controllers and extemal stand-alons controllers
] ] B
Upiod Upio4 Up fod
Automated wl integrated gas water condensens, dome-ioaded back pressure regulators, inlet or outlet control
Up to 350 kPag
4 (2inket, 2 outlet)
#yeilable, notinstalled 2 Flow Controllers IManual Flow Contral
- Dl 'Water DM Wiater
: ] o-2uom
00— 300 kPag 01— 300 kPag 0 - 300 kPag
AGILENT N300 TOI REL488 TN RBL23Z
Yes i Yes
30, 60, 120, 40 A 70, 2004 2,20, 1504
10, 20, 50V 10, 20, 500 10, 20, 500
510 1o +10W) B0 fup to 100W) 5(-10 %0 +10V)
Iniegrated 1kHz Miliohm Meters wi EIS capabilifies using auxiiany equipment
- - fyalzok
Grandalytics PX1 Grandalyics MIST Solariron 1260
Grandalyfics designed Mafional Instruments Labview-based Control Software
Solariron 1287 Electrochamical

Solartron 1260 Frequency Respansa Analyzer {for EIS) _
Addisionzl DAQ Channels using MI-CDAQ Accessories for Plug-and-play sofware indegration
Hawaii Matural Energy Institute, Fuel Cell Systems Laboratory l.

Hawail Institute of Geophysics [HIG) building H" EI
2525 Correa Road, HIG 416 .' Haweai'i Malural Energy Institute
Homdlulu, HI 96822 Uinssarsioy of Hawarh &t Minoa

Figure2.9.2. Teststandspecificationsfor the HIG 41@aboratory as of December 17, 2023

TASK 3 ALTERNATIVE FUELS

Task 3includedthreesubtasks focused amovel materials from the constant volume carbonization
of biomass, fiforrpur pose <characterization of mari ne
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fueling infrastructure.Based on work conducted under previous awards, HNEI continued
exploring the conversin of biomass under constardlume reactor conditiortsy furtherstudying
transient plastic phadsochar Details of each research subtask are provided in the following
sections.Under Subtask 3.2, HNEI collaborated with U.S. Navy personnel and goudbntify

and characterize trace quantities of heteroatomic organic species in aviation, maritime, and diesel
fuels. A third subtask alsecontinued tosupportthe developmentasessment, and operatiof
hydrogen infrastructurand vehicle®n the Big Island of Hawai

3.1 Constant Volume Carbonization

Studies into transient plastic phase biochar (TPPB) were conducted to compare how feedstock,
moisture, acetic acid addition,reaction time impacted the formation of TPPB and mechanical
properties.Results show that pyrolysis conditions sufficient for TPPB formation from birch wood

do not lead to TPPB formation from spruce, cellulose (paper plates), or rice sti@awever,

TPPB formation was possible with spruce and rice straw with the addition of water to the initial
material.

Plasticized biochar and ngpfasticized biochar produced from spruce and rice straw were
compared in terms of the charcoal yield, proximate angffgséxl carbon content), and mechanical
properties of pelletized particledDespite observing only minimal differences in the charcoal
yields and fixed carbon contents between TPPB andnaosient plastic phase biochar (NTPPB),
the tensile strengths ofdzhar and biocarbon [calcined at 900°C undgrp¢llets formed from
TPPB were substantially improveiocarbon pellets produced from spruce TPPB and rice straw
TPPB were five and 1.5 times stronger, respectively, than their NTPPB counteAwidisg 75

wt % HO to birch (nominal 8% moisture content) resulted in biocarbon with nearly 10 times
higher tensile strength, despite both biocarbon materials being produced from a birch TPPB
precursor. Birch biochars produced with shorter reaction times pradibeecarbon pellets with
nearly 3x higher tensile strength.

Lastly, measured tensile (39 MPa) and compressive (188 MPa) strength values obtained from
finely ground birch TPPB samples constitute one of the strongest biocarbon materials reported to
dateand would have sufficient mechanical strength to serve as a direct substitute for petroleum
carbon anodes without any bindefhe results demonstrated that plasticized biochar can be
produced from a variety of different feedstocks and increasing thear wahtent along with
reducing the reaction time improves the mechanical properties of the biocarbon formed from the
plasticized biochar intermediate.
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Complete details of this research are available irfEtiergy & Fuelpublicationlisted below.
Publications and Presentations
PeerReviewedPublications

1. Johnson, R. L., Castillo, K., Castillo, C., Bach;\Q, Hihara, C., Wang, L., Skreiberg,
@., & Turn, S. Q. (2023). Biocarbon production via plasticized biochar: Roles of
feedstock, water content, catdljsand Reaction Tim&nergy & Fuels37(20), 15808
15821. https://doi.org/10.1021/acs.energyfuels.3c01660

3.2 Marine Fuels

Conventional fossil fuels have a complex composition, a diverse mix of hydrocarbons, accounting
for approximately 9899% of thefuel. The concentration of these hydrocarbon species, including
n-alkanes, isgaraffins, cycleparaffins, and aromatics, determines the bulk properties of fuels,
such as density, volatility, viscosity, heat of combustion andtéamperature characteristifs,

2]. Certain fitfor-purpose properties, such as lubricity, electrical conductivity, geostability,

and thermal stability, are significantly influenced by trace fuel sp¢8]lesThese trace species
primarily consist of heteroatomic organic species (HOSaturally occurring HOS, containing
oxygen, nitrogen, and sulfur atoms, originatarirthe crude petroleum source or emerge during
the refining processes applied to petroleUrnel additives, such as antioxidants, icing inhibitors
and lubricity improvers, introduce additional HOS to enhance specific propddergifying and
quantifying these HOS are imperative for optimizing fuel properties, ensuring compliance with
industry standards, addressing the evolving needs of transportation sectors, and the development
of renewable fuels.

Comprehensive twdimensional gas chromatograph (GGK) is a multidimensional separation
technique for the identification of volatile and serlatile compounds in complex mixture$o

date, GC x GC has been extensively applied for the identification and quantification of
hydrocarbond1]. A standard GCx GC analysis method was developed in 2022 to perform
hydrocarbon group quantification of gasoline, kerosene, and diesel (ASTM D&38I§)limited

studies, however, focus on the precise identification and quantification of HOS ipfugls In
collaboration with personnel from the U.S. Navy Fuels Ciegsctional Team at Naval Air
Station Patuxent River (NAVAIR), the purpose of this task is to identify and characterize trace
guantities of HOS in aviation, maritime, and diesel fuelNew analytical m#hods under
development can evaluate the composition of fuels currently in use and those stored as strategic
reserves and investigate the impacts of crucial nitrogen and sulfur containing compounds and
additives on fuel properties.
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In 2018, the Universitpy f Hawai 0 at MUnGCa GCdydteM similarrtootiieu r e d
systems at NAVAIR.The UHM systenemploysthree detectors to be capable of analyzing fuel
primary hydrocarbons and HOS with a single injection event (Fig#&). Neat fuels can be

directly injected without requiring solvent dilution or extractidrhe customized GC x GC system

at UHM includes the following primary parts:

1. an Agilent Technologies 7890B Gas Chromatograph {GC)

2. a Zoex ZX%1 thermal modulator

3. two Agilent 7963Aautoinjectors

4. an Agilent G7077BAnass spectrometdetector (MSD)

5. an Agilent 8255itrogen chemilurnmescence detector (NCD)

6. an Agilent 8355 sulfur chemiluminescence detector (SCD)

7. a Zoex Model 1700 liquid level instrument

8. two Agilent/ DB1IMS columnet s (30 m x 25AQA7MS ocoupedtdO D25 & m
1MS, 2.10 m x 100 ;:;anth x 0.10 Om col umn)

9. a micro fluidics splitter or a threghannel electronic pressure control (EPC)

Liquid N,
Modulator

Detectors:
MSD
NCD
SCD

Figure 3.2.1. Schematic of the customized GC x GC system at University ofiHawaiat MUn o a .

The microfluidic splitter and EPC can be used interchangeablyen the splitter is connected,
samples can be split between two detectors, whereas the EPC can direct all the samples to the
target detector based on the analysis requirements.

The collaborative effort with NAVAIR commenced by developing GC x GC NCD methods for
the quantification, classification, and comparison of unknown nitrogen containing compounds
(NCC) in aviation, diesel fuels, and marine gas oil$iis was achieved througtirect sample
injection, eliminating the need for sample extractidine insights gained from this research will
contribute to the creation of a highroughput method, potentially serving as a simplified
screening tool for assessing fuels before usktyggeover, it aims to establish correlations between
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the chemical comgsition and concentration of NCCs with fuel properti&sis work also seeks
to advance our understanding of GC x GC NCD technology.

NCCs, inherent in petroleum fuels, are primarily associated with the nitrogen compounds in crude
oil, typically constituthg less than 1% w8]. These compounds are conventionally categorized

as basic (pyridine, quinoline, benzoquinoline, and their alkylated analogs) and nonbasic (pyrrole,
indole, carbazole, and their alkylated and benzo analogs) (Bd12¥[6], since he basic nitrogen
content is conventionally determined using acid titraf&n

Basic Nitrogen Containing Compounds
e
Jie®ie et (’“}Q
NS Z =
N N N A

Pyridine Quinoline 3-Methylquinoline Benzo[h]quinoline

Non-basic Nitrogen Containing Compounds

Pyrrole Indole 3-Methylindole Carbazole

Figure3.22. Examples of basic and ndasic NCCs.

A 30 m polar primary column (AgilentDB 7 MS, 30 m x 250 em x 0.25 ¢
nonpolar column (Agilent DBAMS 2.10 m x 100 em x 0.10 Om coc
Agilent 7890B GC.The Zoex ZX1 duatloop thermal modulator was positioned (FigGr2.1)

between the primary and secondary colufhe modulation time and hot pulse duration were set

at 4000 an@75 ms, respectivelyThe helium carrier gas flow rate was set to 1.6 mL/nTihe

oven temperature followed a programmed sequence: 1) heating at 5°C/min from 60 to 160°C, 2)
heating at 4°C/min to 310°C, and 3) holding at 310°C for 2 mme setting fothe hot jet of the

modulator includedl) heating from 230 to 310°C at 5°C/min, 2) heating to 375°C at 4°C/min,

and 3) holding at 375°C for 27.25 mimhe Agilent 8255 NCD base and burner temperatures were

set to 280 and 900°C, respectiveltydrogen ad oxygen flow rates were set to 4 mL/min and 8
mL/min, respectively.The chiller temperature wa30°C, and the NCD acquisition rate was 100

Hz. Data analysis was performed using GC Image 2.8 software.

A total of 42 NCCs and 38 NCCs were selected byuH#1 and NAVAIR teams, respectively,

to create the semiqualitative templaidotably, the UHM team included four additional NCCs: 2
Methylpyridine, 4Methylpyridine, 1,2,5Trimethylpyrrole, and Benzo[h]quinolineThe NCCs
were diluted in isopropanol wita nitrogen concentration of approximately 500 ppb and injected
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into the GC x GC NCD to determine their retention times (RTs) from the primary and secondary
columns.Table3.21 presents a comparison of RTs for the 42 NCCs from UHM and the 38 NCCs
from NAVAIR. The RTs obtained by UHM and NAVAIR have the same order and are highly
repeatable.However, the pairs 1) pyridine and pyrrole, 2utylimidazole and @nisidine, and

3) benzothiazole and quinoline exhibited almost identical RTs from both columns.

The RT average values were utilized to establish the boundaries of seven chromatographic bins,
creating the GC x GC NCD template (TaBl22 and Figure&.23). It's important to acknowledge

that the term "chromatographic bin" is more suitable, and s@ssrometry verification would

be necessary for unequivocal confirmation of analyte identity.

Carbazole served as the calibration standard for nitrogen concentration determination due to its
comparable response factor with other nitregentaining componds (e.g., aniline, quinoline,
indole, etc.), except for pyrroles and pyridin@yridines or pyrroles should be used as calibration
standards for fuels containing these compouddse standard solution, prepared in isopropanol,
was used to generate iadar relationship by plotting blob volumes of nitrogen from carbazole
standards against the standard nitrogen concentra#oblob refers to a set of pixels in the
chromatogram identified as a single, separated compound with a response (i.e., bl@).volum

Following this joint effort, the NAVAIR team initiated rousrdbin tests with UHM and the
research group at Navy Technology Center for Safety and Survivability, Naval Research
Laboratory. Under future APRISES funding, a standard GC x GC method émntifging and
guantifying NCCs in aviation, diesel fuels, and marine gas oils will be devel§uedltaneously,

the UHM and NAVAIR team will embark on creating a standard GC x GC method for analyzing
other HOS (e.g. sulfur containing compounds and aabdi}iin fuels.
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Table 3.2.1. RTs of NCCs from primary and secondary columns.

Numerical Measurement 1 Measurement 2 Measurement 3 Bin Measurement 1 Measurement 2 Measurement 3
D Compound RTimin)| RT(s) | RT{min)| RTis) |RT{min}| RT(s) number RT{min}| RTis) |[RTimin)| RT{s) | RT(min}| RT(s)
¥-axis | y-axis | x-axis y-axis | x-axis y-axis ¥-3XI5 y-axis ¥-axis | y-axis ¥-axis | y-axis

2 N,N-dimethylhexylamine 7.35 1.48 7.30 1.49 7.30 1.48 6.93 .26 6.93 .24 6.93 2.24
3 2-amincheptane 7.55 1.45 7.55 1.44 7.55 1.44 ] 7.13 2.20 7.13 2.17 7.13 2.19
4 2-amino-t-methyloctylamine B.65 1.50 8.65 1.49 82.60 1.50 8.13 2.33 8.13 2.29 3.20 2,35
] N,N-dimethyoctylamine 11.45 1.88 11.45 1.89 11.45 1.88 10.93 .62 10.93 261 10.93 2,61
11 N,N-dimethyldecylamine 16.60 2.07 16.60 2.08 16.60 2.06 16.07 177 16.07 .76 16.07 2.76
18 N,N-dimethyldodecylamine 21,65 2.23 21.65 2.23 21.65 2.1 21.13 2.89 21.13 2.87 21.13 2.85
18 N-methyldodecylamine 22.40 202 22.40 2.05 22.40 2.03 2 21.87 2.74 21.93 .70 21.93 271
25 N,N-dimethyltetradecylamine| 26.60 2.45 26.60 2.45 26.60 2.45 26.07 3.08 26.07 3.07 26.07 3.06
26 tetradecylamine 27.00 212 27.00 2.14 27.00 2.11 26.20 2.79 26.20 2,78 26.20 2,77
29 octadecylamine 36.60 239 36.30 240 36.30 243 35.93 2.96 35.87 2.98 35.87 2.95
1 pyridine 6.B5 1.03 6.85 1.02 6.85 1.03 6.67 1.89 6.67 1.87 6.67 1.86
N/A pyrrale 6.90 1.0 6.90 1.00 6.90 1.02 6.67 1.89 6.67 1.87 667 1.86
36 2-Methylpyridine 7.47 1.97 7.47 1.95 7.47 1.94
37 4-Methylpyridine 3 3.60 2.01 .60 1.59 2.60 1.58
5 2,5-dimethylpyrrole 10.50 1.15 10.45 1.16 10.45 1.16 10.00 .02 10.00 2.00 10.00 1.99
7 2.4 &-trimethylpyridine 11.65 1.30 11.65 1.30 11.65 1.29 11.13 2.1a4 11.13 2.12 11.07 2.11
38 1,2,5-Trimethylpyrrole 11.67 2.10 11.67 .07 11.67 206
B 1-methylimidazole 12.80 1.11 12.80 1.12 12.80 1.11 12,13 1.98 12.20 1.98 12.33 1.99
9 aniline 13.05 1.14 13.05 1.14 13.05 1.15 12.53 2.02 12.53 2.00 12.53 1.98
10 N-methylaniline 15.40 1.21 15.40 1.20 15.40 1.21 14.87 1.06 14,87 .04 14.30 2.03
12 4-ethylaniline 18.25 1.25 18.25 1.26 18.25 1.25 4 17.73 2.10 17.73 .07 17.73 2.06
15 N,N-diethylaniline 18.55 1.39 18.55 1.40 18.55 1.38 18.00 211 18.00 2.19 18.00 2.18
14 1-butylimidazole 19.20 1.26 19.20 1.27 19.20 1.27 18.73 .06 18.73 2.04 18.73 2.02
NJA o-anisidine 19.25 1.20 19.25 1.21 19.25 1.20 18.73 .06 13.73 2.04 13.73 2.02
15 2-propylamine 20.10 1.29 20,10 1.30 20,10 1.29 19.53 2.14 19.53 .11 19,53 2.10
16 benzothiazole 21.20 1.23 21.20 1.24 21.25 1.23 20.67 .08 20.67 .06 20.67 2.06
NJA quincline 21.35 1.24 21.35 1.24 21.35 1.25 20.67 2.08 20,67 2.06 20.67 2.06
20 4-tert-butylaniline 21.55 1.35 21.55 1.35 21.55 1.35 21.07 2.16 21.07 .15 21.00 2.14
17 J-azaindole 23.15 1.21 23.15 1.21 23.15 1.20 21.60 1.08 22.60 2.06 22,60 2.04
21 indaole 23.45 1.20 23.45 1.21 23.45 1.20 5 22.87 2.06 22.87 2.05 22,87 2.03
22 1,2,3 4-tetrahydroquinoline 24.00 1.28 24.00 1.29 24.00 1.28 23.47 2,12 23.40 2.10 23.40 2.09
23 3-methylguinoline 24.50 1.33 24.50 1.34 24.50 1.33 23.93 2.16 23.93 .14 23,93 2.14
24 F-methylindole 25.85 1.26 25.85 1.27 25.85 1.26 25.27 .11 25.27 2.10 25.27 2.08
27 2, 5-dimethylindole 28.50 1.31 28.50 1.31 28.50 1.31 27.93 2.15 27.93 2.12 27.93 2,11
28 2,3-dimethylindole 28.75 131 28.75 1.31 28.75 1.31 28.13 2.1a4 28.13 2.13 28.13 2.12
39 Benzo[h]quinaline 37.40 2.22 37.40 2.19 37.40 2.18
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Table3.22. Names of seven chromatographic bins in GC x GC NCD template

Bin # Name of thechromatographic bin

1 alkylamines (CvC10)

alkylamines'(C10)
pyrroles and pyridines (CL8)
anilines (CEC8), imidazoles (CBEC7), pyrroles and pyridinesC8)
quinolines (C9), indoles (C8), and anilines C9)
carbazolesacridines, and phenothiazines
benzo[a]carbazoles, biquinolines, and nitregentaining pyrenes

~NOoO O hAWN

T ko i o o o 30 liea o 24 Bdo e o oz o o o h o o 3 3 o 05 3 loas 4 °
Posibon: (0.067,3.530) [ Value: -35512341 State: Templste | Substate: Select Object(s)

Figure3.23. Template containing seven chromatographic bins with labeled NGQ@snumbers in the
chromatogram denote the numerical ID in Teh21.
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3.3 Hydrogen Refueling Technology

Thi s acti vi t wastesuppartidevelgpmentpioefueling infrastructioeheavy duty
hydrogen vehicles arassessment of thmerformanceof fuel cellelectrichybrid buses (FCEBS)

HNEI manages and operatd®e hydrogen fueling infrastructure installed at the Natural Energy
Laboratory Hawai Authority (NELHA) on the Island of Hawéiand evaluates the technical
performance of three (3) County of Havai Mass Transit Agency (AMTAO
is fitted with a 40kW hydrogen fuel cell drivetrain and is in passengevise. Two buses are

being upgraded with 9RW drivetrains allowing them to be used on routes with much steeper
topographical grades which is a significant challenge in Haw@iperating buses with different

sized powertrains will allowior a more comiete performance analysis and help in bus fleet
selection criteria by the MTA.The knowledge gained in this project will inform the MTA on
benefits and issues associated with transitioning from a diesel bus fleet to a zero emissions FCEB
fleetinsupporb f t he State of Hawai @i and the County

Under APRISES18 funding, HNEI supportdd the commissioning of the hydrogen stati@p;
the commissioning of the first MTA fuel cell electric bu;coordination with the County R&D
department and MTA to develop deployment concepts for three buses), tiedievelopment of
plans for installation of remote dispensing equipment at the MTA Heaintenance facility.

Future work will includeadditional public outreach utilizing the NELHA hydrogen statiemnd
collectingand analyzing technical and economic performance data on bus and hydrogen station
operatiors

3.3aHydrogen Station Commissiofing

Developed under funding from a variety of sources, including previous NRL and ONR awards,
HNEI 6s r ef uel i3.8ag), lecated taitithe MELHAResgarch €ompound on the Island
of Hawai ai , I s de kg o myardgenpproductiompke 24hoyr daly.o Thés 5
dispensing system is designed to dispense hydrogen at 350 bar (5,000 psi).
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Figure3.3a.1. HNEIhydrogenproduction andlispensingstation at NELHA.

As illustrated in Figure3.3a.2, the overall concept is for fuel cell grakgdrogen produced at
NELHA to be delivered to the MTA base yard in Hilo to support hedwty FCEBs operated by
the MTA HeleOn public bus serviceThree trailers (Figur8.3a.3) are available for transporting
hydrogen between the production and fuelgitg. They are certified by the Federal Transit
Administration for use on U.S. public road$he hydrogen cylinders must be recertified every
five yearsand have a legislated operational life of 15 years from their date of manufacture.

MTA Hilo
H2 Dispensing

NELHAH2 H2Transport Trailers.

H2 Production
& Dispensing

Figure3.3a.2. Concepbof the hydrogen transport system

i /m.;:zfmm‘m,,,‘g‘m

Figure3.3a.3. Hydrogertransportrailers.
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The station was fully commissioned in 2021 by HNEI and Powertech, the equipment supier.
station uses a Proton Onsite (now Nel) PEM electrolyzer to produce 65 kg of hydrogen per day at

an outlet pressure of 30 bar (440) psi. A HyBiax compressor (FiguBe3a.4) compresses the
hydrogen to 450 bar (6,600 psi).

Figure3.3a.4. HydroPacompressor.

The dispensing system consists of a dispenser (F&8a®) connected to a Hydrogen Transport
Trailer through a fueling post interface that is connected to the dispenser via an underground
hydrogen piping distribution system. The hydrogen ehsgr system is fully automated for

unattended operation and pr ogr ammepgeratedshufi f ai |
off valves.

HYDROGEN

Figure3.3a.5. Hydrogerdispenser.

The initial operations of this project, particularly operating in a coreosalt air environment,

have provided the opportunity for HNEI technical support staff to study and become familiar with
the hydrogen equipment and control systems and related maintenance challenges. Over time, this
information will be transferred to tf@ounty MTA maintenance staff.
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The total power consumption of the hydrogen system including the electrolyzer, compressor, and
balance of plant is ~210 to 240 kW when operating at the maximum production rate of 65 kg/day
(2.7 kg/hr). This corresponds to appximately 78 to 88 kwh/kg of compressed hydrog@éable

3.3.1 provides the breakdown of the observed power usHgs.represents the largest single load

on the NELHA research campus grid.

Table3.3a.1. NELHA hydrogenstationobservedoowerusage

Electrolyzer in prestart (no other equipment) 550 W
Electrolyzer in standby 740 W
Electrolyzer air cooler 260 W
Electrolyzer/Compressor room 800 W
Compressor chiller 800 W
Electrolyzer filling/verifying A500 tank (air cooler) 850 W
Electrolyzer stack circulation state w/ air cooler 1.05 kw
A500 filling with electrolyzer room fan/air cooler 1.35 kW
Small compressor (only operates in short bursts)] 1.5 kw
Full production with fans, compressor, chillers 210240 | kw

3.3bCommissioning the First MTA 21-Passenger Fuel Cell Electric Bus

The MTA HeleOn 2%tpassenger FCEB (Figuge3b.1l) was pur chased with St a
from the Energy Systems Development Special Fund. This bus, manufactured by Eldorado
National, ancconverted to a hydrogeglectric drive train by U.S. Hybrid, is AD&ompliant and

includes a wheelchair lift and spaces for two wheelchairs.

Figure3.3b.1. HeleOn 2%passengeFCEB.

Onboard hydrogen is stored in composite carbon fiber cylinders ¢boatder the bus with a

capacity of 19 kg. The fuel cell battery hybrid system is integrated with two 11 kWh Litbium

battery packs to provide motive power to a 200 kW electric drive system. At cruising speed, the

fuel cell maintains the battery statecharge within a range that supports the trgn health of

the battery. During deceleration, the electric motor acts as a generator sending power back into
the battery (firegenerative brakingo). Thi s ¢
improves bus mileage.
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The bus fuel cell battery hybrid system was upgraded by replacing the original 30 kW fuel cell
with a new stat®f-the-art 40 kW U.S. Hybrid fuel cell. During commissioning trials, the fuel cell
produced 46 kW, a 15% improvement dhed range increased from 200 miles to 300 miles a 50%
improvement. The range is highly dependent on the route topography and driver skills.

A 10 kW bus export power system (Figd.@b.2) was installed in the 2ftassenger bus to enable

the bus to prode 110/220VAC electric power at full power for up to 30 hours as emergency
power for civil defense resilience operations when the grid power is down. The bus can be refueled
in ~15 minutes providing an additional 30 hours of emergency power.

Figure3.3b.2. Bus export power system.

On July 11, 2023, attendee3d33df itnh eNefsMe eHta wtah & i |
for a photograph in front of t he Hassaa md 6 sCofuinrt
Mayor Mitch Roth said, Al dgbhuadowldat seemsssmoqg |
wat er comi ng o0 ungatwayetdhawe grbea energyl amdhidrogen looks like the

way of the future.o

Figure3.30. 3. fAMeet the @8BBland event on Hawai
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The MTA buses are fitted with sensors and a data acquisition system that monitors bus system
performance.Data is tansmitted by cell phone telemetry to a remote computsiillustrated in
Figure3.3b.4, data includes powertrain energy consumption in kWh per mile and miles per kg of
hydrogen. This data supports management of the bus fleet including identifying deyelop
maintenance problems.

MTA Bus 111 Passenger Service 9/29/23 ROUTE 202

Battery

a A
AN/
fv

\ J

SOC (%)

mrm—— i" 1| N dwt ol
e R

)0 77000 79000 81000 83000 85000 87000 8900«

ROUTE 202 NELHA
NELHA [ *

Powertrain: 1.2 kWhr/mi, 12.7 mi/kG
Distance: 145 M
Elapsed Time: 8.1 hr

Figure3.30.4. Observed performance data from the MTA FCEB

Two 19passenger FCEBs (FiguB3h.5) wer e acquired byVolcamaes MT A
National Park (HAVO). These buses were converted by U.S. Hybrid and are af slesign to

the 21passenger FCEB. Onboard hydrogen capacity is 10 kg giving a projected range of ~125
miles. These buses are being upgraded with 90 kW Hyundai fuel cells and a 33 kWh A123
Lithium-ion battery using funding provided by the County of Havéai
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Powenad

Figure3.3b.5. HAVO 19-passenger FCEB.

They are expected to be put into operation in 2024.

3.3c County and MTA Coordination

Figure3.3c.1 is a conceptual design of a hydrogen fueling dispensing system to be located at the

MTA base yard in Hilacomprised of repurposed new equipment that was originally intended to
support the HAVO buses.

Figure3.3c.1. Concept design of MTA fueling dispensing station.

HNEI consulted with the MTA to select the location for the hydrogen dispensing system. This

single dispenser could support approximately 22 buses ovhoarferiod at a 2éinute fueling
interval.
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TASK4: RESILIENT ENERGY SYSTEMS

Task4 Resilient Energy Systems encompassed three subtasks covering a wide range of activities
in grid technology, the testing and modeling of battery systems, and energy efficuraask

4.1 included six projectsthat continuedthe developnent tesing, and integrabn of secure
microgrid technologyincluding distributed energy resourcasd an initial assessment of the
repurposingo f N eRedyHillsTanksas an energy storage sitSubtask 4.2 included several
activities focused on the characterizatioh Li-ion batteries. Under Subtask 4.&ork to
characterize room air quality under different mechanical ventilation schemes conducted under
other funding was subjected to additioanhlysis

4.1 Resilient Grid Systems

UnderSubtask4.1 Resilient GridSystemsresearch efforts included) an energy assessment of
theMar i ne Cor psb)iBsaagon &hd eommigsioning of a DC microgrid system on
Coconut Islandg) evaluation of the algorithms and web system for a bidirectional EV charging
demastration;d) improvement and maintenancéan advanced conservation voltage reduction
systemdue to environmental challenges); development of a health assessment system for
distribution transformersand f) advancement of PV hosting capacity estimation method
applications. The development and performance assessment of innovative technologies and
methodologies aimed to improve ensure the operability and resiliency of the electricity grid
during natural disasters and intentional acts of disruption, as well as renewable energy generation
and active management and control of the energy systenswditk was conducted primarilyy

HNE | 6 sSSTART (Gnid System Technologies Advanced Research Teddmder a request

from the Naval Facilities Engineering and Expeditionary Warfare Cem&l:l also utilized
APRISES18 funding for atudy to develop an understanding of the existingsgtfucture of the

Red Hill Tanks

4. 1a Energy Resilience Opportunities Assessme
HNEI has assessed energy generation and resilience opportunities (EG&R Assessment) for Marine

Corps Base Hawai @al). ThigstuByseeks(toHdergify and evdluaté needs and
opportunities for implementing cestfective and mature microgrid technologies, such as solar
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photovoltaics (PV), battery energy storage systems (BESS), and backup diesel generation on
me et i ng -deyCeBilency reduidement.

MCBH, while concurrentt

(Source: hitps://www.mcbhawaii.marines.mil)

Figure 4.1.1 Marine Corps Base Haviaat Kaneohe Bay.

On May 30, 2018, the Office of the Assistant Secretary of Defense Energy, Installations, and
Environment (OASEE | & E) i ssued a memor anduimExpaidingst al | .
Resilience and Cybersecurity Update and Expansion of the Requirementto AllBaDt al | at i on
mandating MCBH to prepare an Installation Energy and Security Plan (IESP) for theThase.

| ESP considers MCBHOG s existing infrastruct ul
technol ogi es, aiming to aamdewecavdmpydvmnndoe
through a sevestage process outlined kigure4.1a.2below.
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policy, and guidance  : planning process,
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. and cybersecurity
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Figure 4.1.2. Marine Corps Installations Command Installation Energy Security Plaftaingwork.
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Under previous APRISES and APRISES18 funding, HBE&disted MCBH in developing their
IESP, delivering a preliminary draft covering Stageslly October 2020This draft included an

initial analysis of MCBHOG6s exi st ThearieelCemst r i ¢ al
Installations Command (MCIOM) ultimately took over efforts to complete IESPs for all
installations under its jurisdicionHo we v er , MCBH sought HNEI 6s ¢
address base energy security gaps and explore alternative energy resilience sdhusoasulted

inthe EG&R Assessment, focusing on Stage -506s o0b

day energy resiliency requiremeiithe assessment evaluated various microgrid designs, including
a basewide solution, illustrated by Figure 4.8, and smaller micgrid scenarios at the substation
and feeder levels that maintain power to priority loads on the base.

HNEI GridSTARTemployed a commercial modeling tool, XENDEE Microgrid Decision Support

System (XENDEE)to conduct an idepth techneeconomic analysis @ach microgrid scenario.

XENDEE optimized long er m hybrid microgrid solutions tc
energy and resiliency requirements, considering the capital and operating cost of utility tariffs,
existing and potential PV generation, BES®d backup diesel generatorg\ssessing land
constrained and unconstrained scenaribe, XENDEE modeling revealed opportunities for

MCBH to reduce operating costs through additional PV and BESS installations during normal
operations. These savings ofét the capital and operating costs for the additional generation
needed to meet the by resiliency requirement.

Utility Company Utility Company

@ @ @/ Loss of Commercial Power

Switching
Station

15

c

10

I_l_l I_I_I .\New Generator(s)

1
Substation
Substat

New Central PV(s) /

New Energy Storage System

:|_ Substation

= > = > | |® >

T «n Wl |G w» wl | ™ «»n "

£ S|t B |g B B||E Bt T

:_808 ‘-80“’ hmog L.

S 3f 312 5| 8|2 3||f 3| Existing Assets

New Assets
Priority Loads

Existing rooftop PV
Figure 4.1.3. Conceptuadlesign of aull-basemicrogrid.
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I n February 2022, HNEI del i v e Resilient &rid BBysterhst EG&
Assessment of Energy Generation and Reso |l ienc
to MCBH, empowering the basebs command with a

to support informed decisiemaking regardingfuur e pr oj ects considering
energy targets and resilience requiremerkisliowing further refinements, HNEI submitted the

final version of the report in July 2022, marking the successful completion of this project.

4.1b Coconut Island DC Microgrid Project

Coconut l sl and, al so kacre (1h3,080sn?) Mlankl inlkedhelBayd e , S
of f the island of O&6ahu and is home to the H
Uni versityOmé d¢lfawkdli BB dnske theisldnd and its retearch facilities a

model for sustainable system&s such, it is an ideal site for a renewable energy techndiaggd

test bed, particularly representative of an isolated location vulnerable to energy disruption yet
serving crical power needs essential to the research and educational mission of HIMB.

Coconut Island is an inherent microgrid served via an undersea electrical connection tied to a single
distribution circuit owned and operated by the local utility @afD. Thes | andds tr opi cal
environment elevates its appeal as a unique microgrid tesBbemshg, constant coastal winds and

heavy salt spray provide a miectimate representative of those potentially encountered in the
Navybds coast al ngiamideal setting éot tésting reew maiefidiseamd itechnologies.

The project pursues a dual mission: providing clean and resilient power on the island via a DC
microgrid testbed system and equipping the island with clean,-pohegred transportation
optiors. To achieve this, it focuses on five key goals:

1. Demonstrate the capabilities of cuttindge clean energy technologies within the
microgric

2. Enhancener gy resilience for the cruci al i nfr
the aging undersedeetrical connection to the local utility

3. Establish a researghatformto evaluateDC microgridresources andomponents, such as
energy storage, supporting technology, andfg@@ered equipment, in a coastal tropical
environmertt

4. Increasethe sl anddéds energy sustainabilityandby maxi

5. Offer solar electrigpowered land and sdmsed transportation options for HIMB.

The project integrates a DC distribution system into two existing buildings oislémel, the
Marine Mammal Research Project (MMRP) building and the adjacent Boat House, both shown in
Figure 4.b.1. The energy needs of the two buildings al®served by AC power through one

of the utility-owned electric service transformers locatadte island.
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Figure 4.1.1. Location of Coconut Island and the Diitrogrid projectsite.

Major project activities completed through the support of prior APRISES funding inlclude

To T o Io

Do o Do Do

To I

Project planning and permitting;

Baseline energy use data metering aritction;

Conceptual design of the DC microgrid;

Techneeconomicsimulations to determine the appropriate size for a new rooftop
photovoltaic (PV) system on the MMRP building and a stationary battery energy
storage system (BES®) serve selected loads hih the MMRP building and the Boat
House

Collaboraedwith the Okinawa Institute of Science and Technology (OIST) and PUES
Corporation (PUES) in Japan to specify, design, and precilEecar and Eboat, with

an associatedwappable battergystemand battery charging statiggowered bythe

DC microgrid;

Installedtwo PV systems on the-Boat, one for charging the powertrain batteries and
another for powering auxiliary equipment like onboard radios;

Testd and commissioed the EBoat, including conducting operational sea trials to
ensure its functionality;

Creaed detailed electrical design drawings for the entire system to esatgeand
operabldmplementatiorof the DC microgrid testbed

Competitiveprocuranent ofmaterialsand services tdesign,install, and commission

a 6.2 kW DC rooftop PV system on the MMRP building, serving as the primary source
of renewable energy for the DC microgrid;

Procuedandinstalledan8 kW/ 8kWh stationary battery for ergy storage purposes;
Procuedand instakd an AC/DC powered air conditioning unit and an AC/DC LED
lighting system;
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Procuedand commissioeda DC microgrid controller and its associated components;
Procuedand instakdthec ont r ol s y s tare misng control switeh ®dxes;r s
Completd the installation and programming of the Schneider-RW Inverter and
two Schneider charge controllers;

Compleedt he systembdés wiring;

Procued andinstalleda comprehensive metering system to monitor electrical power
flow in the system under both AC and DC configurations

Installedand testda new DGto-AC inverter for critical plug loads;

Commissioredthe Schneider X\WPro inverter and two Schneider chargatcollers;

and

Commissioedt h e mi c r o getectrital OMpOertIOassystematic dbgp
step approach, with the installation of the microgrid controller being the last remaining
componento operationalize the DC microgrid

o DoTo  To Do Do Io Do

As previously noted, NEI collaborated closely with PUES, a key research partner, to adapt and
enhance their swappable battery charging station and associeéedid Eboat. Figures 41b.2

and 4.D.3 present the installed battery charging station, as well as portable @pubdle battery
units, and the commissionedHoat during sea trials, respectively. FigurebMlshows the
installed 6.2 kW DC rooftop PV system on the MMRP building.

Figure 4.1.2. Swapbatterychargingstation andaortable BESSJnits.
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EENEPRONS

Figure 4.b.4. DC Rooftop PV System Installed on the MMRP Building.

HNEI GridSTART successfully completed the installation and commissioning of the DC
microgrid system under APRISES18 fundirigey stepsn this achievement included:

1. Enhanced MonitoringExtending the metering system with higbltage sensors allowed
for comprehensive power flow monitoring within the DC systé&gure 4.1.5 shows one
of these newly installed meters and its associateghooants.

2. Control SystemThe core of the DC microgrid resides in the OPTO 22 Edge industrial
controller (OPTO22 ControlleFigure 4.b.6). Commissioned in June 2023, it provides
comprehensive control through réshe data processing and advanced autmma
algorithms. The OPTO22 Controller manages both AC and DC operating modes,
establishing a robust platform for future research endeavors exploring more sophisticated
control strategies utilizing secured funding sources.
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3. Tailored Programming The OPTOZ22Controller offers a range of programming
environments for controlOur team utilized Nod®ED and JavaScript to develop custom

control programs specifically for this project.

' High-Voltage
_Sensors

|
1
]
ih

CTid Sensor Hubs

|

System Primary
Meter

OPTO22 Controller

Flgure 4 b 6. Installed OPT022 Controller fomcrogrld anagment am:bntrol
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The DC microgrid underwent a thorough commissioning process following component installation

and uploading of the control code to the OPTO22 Contrallee.commissioning poess involved
anindepth assessment of each componentoés functdi
both AC and DC operational modefkecognizing the complexity of the power and control
systems, a stepy-step approach was implemented to miningagential risks.The detailed steps

of this commissioning process are outlined in the following section.

Step 1 Stationary Battery and X®vo Bidirectional Inverter Commissioning he stationary
BESS was installed and tested to confirm its ability togrotlve DC microgrid and a designated

air conditioner load on its ownAn XW-Pro bidirectional inverter was then programmed and
tested to verify that it would provide grid power to the DC microgrid when the energy in the battery
was depleted. Following cafiguration adjustments, the inverter seamlessly functioned as
anticipated when integrated with the battery and DC air conditionlbe XW-Pro s shown in
Figure 4.b.7a.

Step 2 PV Integration and Power Managemé&mio Schneider Maximum Power Point Traui
(MPPT) charge controller@~igure 4.b.7b) were installed to manage the power flow from the
rooftop PV panels to the DC microgrid@ihe wiring from the PV panels was reconfigured to enable
seamless switching between its connection to the grid invertpraduce AC power and its
connection to the DC microgrid. The MPPT charge controllers were commissioned and
programmed to collaborate with the X®Yo bidirectional inverter and the stationary battdrige
system control logic prioritizes Rbased battgrcharging through the MPPT charge controllers
whenever solar power is sufficientGrid-based charging takes over when solar energy is
inadequate.

a)

=
Figure 4.b.7. Commissiongd XWpProinverter(a) andcommissioned Schneider MPRfargecontrollers

(b).

Step 3 AC/DC LED Lighting System Installation and Test@ power lines and control wires
were installed for operating the LED lighting systenihe LED lights were then tested for
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functionality, includng the ability to switch the lights between AC power supply and power from
the DC microgrid.Figure 4.b.8a shows the AC/DC LED lighting system.

Step 4 D&o-AC Inverter Installation and Performance Validatigh DC-to-AC inverter(Figure
4.1b.8b)was ingalled to supply critical AC loads from the DC microgridExtensive testing
confirmed the inverterds performance in deliywv
connected loads.

a)

Figure 4.0.8. Commissioned AC/DC LEDghting wstem(a)'aindcorﬁmissined D@a@o-AC inverter(b).

Step 5 SysteiWide Validation and Optimizatiohe entire DC microgrid was energized and
operated independently for several weeks to ensure compatibility and functiokttsring data
confirmed that all components operated within expected parameters.

Step 6 Control System Integration and AdvanEadctionality The OPTO22 Controller was
installed, and the HNEdeveloped microgrid operating logic was upload€lis logic effectively
manages loads, facilitating seamless transitions between AC apdWw&ed modes and enabling
the concurrent use dfoth power sources for specific load$he following section details the
system controller and its doubkeyer safety feature incorporated in the control switches.

The OPTO22 Controller (Figure 4.8) was selected for its ability to deliver optimal ftionality,
advanced control capabilities, and seamless integration with future project extenkieys.
hardware components include the controller processor, chassis, power supply, and I/O modules.

NodeRED, a flowbased development environment, was enmgdoyfor programming the

controller logic using JavaScript (Figure B.9). The system incorporates a diayer safety

desi gn, with one | ayer embedded in the codi ncg
robust protection against potential compan&ilures. Further details regarding these safety
mechanisms are provided in the following section.
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LLoLotd - = Coconut Island Controller

Master Switch Single-pole Switch

e e | g parcas DC<—>AC PV Power Mode DC ON
All Power Mode DC<m>AC
Plug Power Mode DC ON
DC<—>AC
AirCon. Power Mode DC_ON
DC<—>AC
megpapos caay pie o e | oy papoan LED Power Mode AC_ON

DC<——>AC ®

Pues Power Mode AC_ON

DC<——>AC 9

Figure 4.1.9. Theco n t r oplogranmidigenvironment featuring theesultantuserinterface (Ul).

DoubleLayer Safety Feature: The project featuaeduatlayer safety system that utilizes both
software and hardwarea f eguar ds t o e n s ur eThisapproashyggatasterd s s a
that if the primary safety mechanism (software) fails, a secondary layer (hardware) remains in
place to maintain system integrittYi t hi n t he software | ayer, the
offers flexibility while stringenty enforcing that each load is powered solely by either the AC or

DC system, never both simultaneouslyoggling the Master switch initiates a systende shift

of all loads to either AC or DC mode, as selected by the user (Figlxd@a)L A deliberate2-

second delay is incorporated into the ksduifting process as a precautionary measure against
voltage spikes and other potential power disturbantds.e sy st emés desi gn accoc
mode operation, allowing the use of both AC and DC resourcesigently, regardless of the

Mast er s wi tHowebes, it mantinstthe tumdamental principle that each load remains
connected to either the AC or DC system exclusively (Figurdsl@hi and c).

b) c)

Single-pale Switch Master Switch Single-pole Switch Master Switch Single-pole Switch

PV Power Mode AC OM PV Power Mode BC ON

DC<—>AC 9 DEe—3AC
Phug Powes Mode AC OM Plug Power Mode DC.ON
Dee—>AC 9 DEe—aAL:

NirCon. PowerBlede  AC ON RirCon. Power Mode DG ON
DCe—3AC ®
LED Power Mode AC ON

LED Pewer Mode oe ON LED Powrer Mode ACON

Dee—>AC "] DE<—sAL ]
Pues. Power Mode AC ON Pues Power Mode AC_ON

DE—3AL [ ]

Figure.4.1b.10. Ul of the OPTO 2 Controllerof the ystemoperating in ACmode(a) and inmixed
mode(b and c)
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Figure 4.b. 11 il lustrates the GI GAVAC contactor 6s
safety feature to prevent simultaneous activation of both the AC and DC contabisotection

ensures that even if both control voltages are present due to a malfuootjoone contactor can
physically close.The GIGAVAC contactor has a switch between its main power terminals, Al

and A2 (Main Power Switch), that is normally op&pplying 24 V to the X1 terminal closes the

Main Power Switch, thereby connecting to tbad. The contactor also has a normally closed
switch between terminals T1 and T2 (Auxiliary Switch) that opens when the switch between Al
and A2 is closed.This interlocked relation, coupled with the wiring scheme depicted in Figure
4.1b.11, guaranteethat activating both AC and DC control inputs can never simultaneously
energize both contactor€ven if the control code malfunctions and sends erroneous signals to
both 1 /0O inputs, closing one contactoimgs Mair
Switch, thereby denergizing terminal X1 on the other contactor, effectively preventing the
closure of the other Main Power SwitchThis fail-safe mechanism eliminates the risk of
accidentally connecting both AC and DC sources to a single load.

I/O for AC Mode

T2 T1

A2 Al
O O
GIGAVAC
for AC

A2 Al
o O

GIGAVAC

X2 for DC X1

|/O for DC Mode

X1

Figure.4.1b.11 lllustration ofthe hardwaresafetyfeatures ircontactorwiring.

A key objective of this project was to evaluate the operational efficiency of the DC microgrid
compared to AC operationTo achieve this, eGauge meters were installed on AGtland DC
circuits, recording power and energy data atwneute intervals over three month€urrently,

the DC microgrid serves four loads: the air conditioner, LED lighting system, plug loads, and
swappable batteries for EV applicationBhe OPTO22 ©ntroller facilitated detailed efficiency
comparisons by alternating the air conditi one
minutes. Due to its steadier load profile, the LED lighting system only switched modes between
AC and DC daily. Plug loadsand swappable batteries were excluded from the analysis because
the plug loads exclusively used AC, while the swappable batteries were recently decommissioned
due to age and increasing rates of failufe.custom spreadsheet utilizing Visual Basic (VB)
programming automated approximately 80% of the data analysis workfldve script filters
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incoming data, ensuring only the most accurate and reliable information is used for the
comparative performance evaluation.

Of the four loads centers served by the DiCrogrid, this analysis focuses on the air conditioner

and LED lights.Figure4.b. 12 presents the air conditionerds
DC modes, revealing comparable leveldowever, the average power consumption of the air
conditioner inAC and DC (Figure 4[4.13) highlights an approximate 4% efficiency gain in DC

mode, suggesting potential energy savings through further system optimization for DC operation.

Power Consumption of Air Conditioner per Minute
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Figure.4.1b.12 Comparativdoadprofile of theair conditioner in AC and D@nodes.
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Figure.4.1b.13. Averagepowerconsumption of thair conditioner in AC versus D@ode.

Figure 4.D.14 shows the distinct power consumption patterns of the LED lights in AC and DC
modes. The yellow line (AC) consistentlyits above the blue line (DC), visually representing the
lower energy demands of DC operatiorkigure 4.0.15 further underlines this difference,
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presenting the average power consumption values for both mdt&squantitative comparison
definitively denonstrates the superior energy efficiency of the LED lights in DC mode, drawing
less power compared to AC operation.

Power Consumption of LED lights per Minute
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Figure. 4.b.14. Power Consumption of LED Lights in AC and DC Modes.

Average Power Consumption of LED lights per Minute

Average in DC mode Average in AC mode
Figure. 4.0.15. Average Power Consumption of the LED Light&@ versus DC Mode.

Building upon the advancements and findings under APRISES18 funding, HNEI has two primary

foci for future research.Firstly, future APRISES funding will enable the retrofitting of the

pr o) eloatbasteryBSystem, transforming itdrd dedicated bidirectional power resource for

the DC microgrid. This development, alongside enhanced control algorithms, will optimize the

DC microgridds resource utilization during bo

Secondly, leveraging the exisggirDC microgrid infrastructure as a valuable research platform,
HNEI actively pursues new funding opportunitiééotably, a resilient microgrid project proposal
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using this microgrid as a pilot site for meygar extended research and development was aedard
in 2023 pursuant to a substantiaBUDOE funding initiative (more than $1 million), thus paving
the way for further comprehensive research endeavors.

4.1c Bidirectional EV Charging Optimization

Although the shift towards electric vehicles (EVs) casegaew challenges to the electric grid
system with increased electricity demand and reshaped grid loads, an immense opportunity exists
to leverage the potential flexibility of EVs to provide user benefits and grid services through
managed chargingThesebenefits and services can deliver economic value to EV owners while
potentially enhancing t hHoweyer, ithd @s8mizatien prolaldmiisl 1 t vy
complex due to the numerous categories and variants of grid services along with tadtas s
potential degradation impact on EV batteries, vehicle owner preferences, and scheduling
requirements.

To tackle the complex optimization problem and demonstrate the use of bidirectional EV chargers,
HNEI GridSTART is developing, evaluating, and demonstrating the performance of novel
algorithms to optimize the charge/discharge of shared fleet vehicles for energy cost minimization.
Project experience and results will not only advance energy resdarclalso informthe
University of Hawai @i 6s consideration of opt.i
advanced car share applications, integration of distributed renewable energy resources on campus,
and the optimal management of campus energy usesahdantainment.

HNEI is collaborating with IKS Co., Ltd. (IKS) on technology development,ingstand
demonstration of advanced control of two bidirectional EV chargei8@H) on the campus of
the University of Theaweadsignategarking ells)indicated byHhe red
rectangle in Figure 4cll, are located adjacent to the Bachman Annex 6 building indicated by the
orange rectangle in the same figufdne HPCS was developed by IKS with support from Hitachi
Limited as part of the elder JUMPSmart Maui smart grid demonstration project, where HNEI
was one of the partners.

75



The research employs two projgebcured EVs, accessible through a secure-based car
scheluling application developed by HNEI GB@TARTand provided to authorized driverBhese

EVs serve dual purposes: firstly, to facilitate energy research and dissemination of findings, and
secondly, to enable the UH administration to evaluate the praictiegration of EVs into their

fleet through project experience.

HNEI GridSTARTO s i n n oRC8& tantwlealgdiithms excel in two key areas: optimizing
shared vehicle utilization and delivering ancillary power and energy sernveshe one hand,
these autonomous controls efficiently manage vehicle scheduling and availability for UH
personnel. On the other hand, they leverage intelligent EV charge and discharge commands to
provide ancillary services, strategically optimizing battery reserves to mingcain@us energy
costs. Additionally, the system can support the local utility operator (i.e., Hawaiian Electric
Company) by supplying grid ancillary services for financial compensati®n. maximize
renewable energy usage, the algorithms integrate-aitdie-art in-house forecasts of campus
building load demand and e@ampus solar photovoltaic (PV) power productidiis prioritizes
renewable energy for both EV charging and buildingl$oaninimizing dependence on costly grid
purchasedrigure 4..2 illustrates the aforementioned system configuration.
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Figure 4.%.2. Functionabystemconfigurationof the HPCS chargers

HNEI made significant progress across various project componedtr APRISES18.The
completed activities include:

o Do o Do

ST ST SR

Refinement of theveb-based EV reservation system;

Finalization of the autonomous control algorithm for optimized charge/discharge
scheduling;

Integration and development of the reservation systemcanttol algorithms on the
project server, alongside the development of a dedicated database for fleet operational data;
Facilitated user adoption through comprehensiMgarson user training sessions for HNEI
employees and designated drivers from selekt departments. The full system,
encompassing EV chargers, EVs, and the reservation system, is now operational for daily
use;

Further enhancement of user convenience via designing an autonomous lockbox system
for streamlined car key pieldp and drogoff;

Thorough evaluation of the system performance and economic viability of the EV
charge/discharge optimization algorithm;

Economic analysis of alternative EV charging methods, including unidirectional charging
with no intelligence, smart unidirectional chargjimnd bidirectional charging;

Integration of a telematics system to monitor EV battery status while a vehicle is in on road
operation;
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A Research exploring various methods to estimate EV energy consumption to more
accurately predict battery status for pri@aied trips, contributing to the development of a
comprehensive model; and

A Studies conducted to evaluate the feasibility of integrating EV chargers into the distribution
grid.

Figure 4.t.3 presents the completed weased EV reservation system user irseef The EV
use scheduling and charge/discharge optimization modethawenin Figures 4.¢.4 and 4.t¢.5,
respectively.The diagram of the car key autonomous lockbox system is showed in Figuée 4.1

Vehicle-to-Grid Demonstration Project
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Figure 4.%.3. User interface of thebﬁ:npletedmebbased EVfeservatiorsystem.
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Figure 4.t.4. Description of the EMseschedulingmodel.
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The charge/discharge optimization algorithm is continuously updated and run at 15-minute intervals,
sending new charge/discharge commands for the next 24-hours ahead to each bidirectional EV charger.

Figure 4.t.5. Description of thehargedlischargeoptimizationmodel.
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The economic analysis accompanye®rh charging approach reveals its -@&tctiveness and
potential economic benefits, thereby informing the implementation of EV charging infrastructure.
HNEI GridSTART compared electricity cost savings across two scenarios, each encompassing
three cases

A Case 1: Building load + 2 EVs with no optimization (charging ohlyise case
A Case 2: Building load + 2 EVs with optimization (smart unidirectional charging)
A Case 3: Building load + 2 EVs with optimization (bidirectional charging)

Figure 4.1.3.7 presents the building load and PV production profiles used in the simulation for
both scenarios, with only the PV production profile differing between théma. electricity price

i s based on Hawai i an T he eostdaving sirbutatiod resules foobbth Us e
scenarios are shown in Tablea 1l
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Scenario 1: Smaller PV production profile
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Figure 4.L.7. Buildingload and P\productionprofiles used in thesimulation.

Table 4.t.1. Costsavingsimulationresults in Scenarios 1 and 2.

Case studies

Electricity cost

Cost savings

Cost savings

[Bidirectional charging, WITH optimization]

per day (USD) | per day (USD) | per day (%)
Scenario 1

Building Load without EVs and PV (reference) 74.84 NA NA
Case 1: Load + PV + EVs + Simple unidirectional charg
(base case) 47.94 NA NA
[Unidirectional charging, NO optimization]
Case 2: Load + PV + EVs + Smart unidirectional charg
[Unidirectional charging, WITH optimization] 43.23 471 9.82
Case 3: Load + PV + EVs + Smaitlirectionalcharging 4209 585 12.02
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Case studies

Electricity cost
per day (USD)

Cost savings
per day (USD)

Cost savings
per day (%)

[Bidirectional charging, WITH optimization]

Scenario 2
Building Load without EVs and PV (reference) 74.84 NA NA
Case 1: Load + PV + EVs + Simple unidirectional charg
(base case) 41.32 NA NA
[Unidirectional charging, NO optimization]
Case 2: Load + PV + EVs + Smart unidirectional charg
[Unidirectional charging, WITH optimization] 36.88 444 10.75
Case 3: Load + PV + EVs + Smaitlirectionalcharging 32 62 8.70 21.06

The results show significant cost savings with smart unidirectional charging, ranging from 9.82%
in Scenario 1 to 10.75% iBcenario 2. Smart bidirectional charging offers even greater savings,
achieving 12.02% cost reductionSoenario 1 and 21.06% Btenario 2.These findings underline

the effectiveness of smart charging in not only reducing cbatsalso maximizing overall PV
system benefitsTherefore, it becomes evident that incorporating smart charging methods holds
great potential for optiming economic advantages in EV charging infrastructure, contributing to

a sustainable and efficient energy landscape.

To monitor battery performance and accurately estimate energy consumption durwgrieal
driving, a telematics system was integrated bth EVs. This system streams live car use data

to a dedicated server databéiSigure 4.L.8).
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Figure 4.£.8. Telematicsystem withserver anddatabasestructure.

The project has been actively exploring diverse methodologies for enhancing the accuracy of EV
energy consumption estimationThe current system utilizes a thystep process in Python,
leveragingGoogle Maps API for trip information, estimating energnsamption based on that

data, and finally predicting the minimum battery level (State of Charge, SOC) required for the trip.
Figure 4.T.9 presentshe current model for priip SOC estimation.

R e e i =
] Google map API < o |
v Estimation model |
Inputs I 9 |
- Destination I - . Distance
- Date T ;’ (miles) EV's SOC
- Checkin, check out time \ ... estimation
- Car specifications Do -
Y R s

Google Maps is the most widely used mapping service in the world. It
provides information such as transit schedules, traffic information, changes
in city layouts and many more.

I
|
| |
I |
| ; |
I I
| |
I

Figure 4..9. Threestepprocess of th& V 6 s eSiM@alon for apre-identifiedtrip process.
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Beyondoptimizing EV usage, HNEI explored the integration of EV chargers into distribution
grids. Building on a comprehensive review of existing models, we developed an evaluation tool
to facilitate a thorough assessmt of EV charger integration feasibility in feeders in Danang,
Vietnam, considering planned unidirectional EV charger deployments for both 2025 and 2030.
Our <coll aboration stemmed from the alignment
promoting seamless EV adoption and integration within larger energy systems, encompassing both
unidirectional and bidirectional charging technologies.

Normally, charging station placement is based on location assessments and area demand forecasts.
This prgect, however, focused on key parameters such as voltage, losses, and harmonics to
evaluate the impact of EV charger integration into the Danang power\§yedhen developed a

simple method to assess whether planned charger locations could poseta theegtid. When

validated on two distribution feeders in Danang with forecasted scenarios for both 2025 and 2030,
this method confirmed their capacity to handle the planned charger deployrrentthe line

projected to experience a voltage drop in 2030, we suggested potential interventions such as
upgrades of the feeder or load sharing with other lirfedgure 4.£.10 details this assessment
process for planned unidirectional chargefhese indings provide crucial guidance for future
decisions regarding EV charging infrastructure development within distribution grids.
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Figure 4.£.10.Flowchart of theassessingnethodology folintegratingplannedunidirectional EV
chargers into thélistribution grid.

Leveraging the accomplishments achieved under APRISES18 fumhthiig), presented the work

at the IEEB #Asia Meeting on Environment and Electrical Engineering in November 2023. The
presentation highlighted findings such as the EV energy consumpgstimation model.
Additionally, two academic papergere publishedh theEnergiesandClean Technologjournals

to further disseminat Moreidfoematipm anjthese thies woksdrei e v e

noted at the end of this activity.
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Future APRISES funding will allow HNEb delve deeper into optimization algorithm&e plan

to evaluate their performance under alternative objectives, such as grid ancillary services, and
refine the EV charging management system to maximize fleetatitiz and charge/discharge
schedules.The integratedelematics system will facilitate precise figp energy consumption
estimation, enabling rediime adjustments to fleet operations to account for unforeseen
circumstances such as delays, vehicle ssard traffic fluctuationsWe will also develop an
analysis tool to quantify the potential economic benefits of smart fleet charging, highlighting the
advantages of integrating EVs with renewable energy resources for a more sustainable
transportation fture.

PeerReviewed Publications

1. Tran, Q. T., Roose, L., Vichitpunt, C., Thongmai, K., & Noisopa, K. (2022). A
comprehensive model to estimate Electric V
scheduled trip based on energy consumption estimatieanTechnologies5(1), 25
37. https://doi.org/10.3390/cleantechnol5010002

2. Nguyen, N. H., Tran, Q. T., Nguyen, T. V., Tran, N., Roose, L., Sepasi, S., & Di
Silvestre, M. L. (2023). A method for assessing the feasibility of integrating planned
unidirectionalEV Chargers into the distribution grid: A case study in Danang, Vietnam.
Energies 16(9), 3741. https://doi.org/10.3390/en16093741

Conference Proceedings and Presentations

1. Tran, Q.T, RooselL. R., Thongmai, K., Vichitpunt, C& Noisopa, K (2023, Novemler
13-15). An improved method to estimate energy consumption for light duty electric
vehicles based on road characteristics and ambient temperdEE& Asia Meeting on
Environment and Electrical Engineering (E&&), Hanoi, Vietham.

4.1d Conservation Voltage Reduction Demonstration

The primary goal of tis project is to demonstrate energy efficiency through advanced
Conservation Voltage Reduction (CVR) on a section of the distribution circuit that supplies the
Plaza Housing complex at.& Marine Corps (USMC) Camp Butler in Okinawa, Japdrhis
project involves the development, field implementation, testizwgd evaluation of grid
improvement technologies.

Working in close collaboration with USMC Facilities personnel in Okinawa, a 13dskibution
circuit call ed AFeeder F6 A0 wadlbis segel feedet sl f or
approximately 56 distribution service transformers and is fed by a large substation transformer that
provides power to a total of ten feeders. acheve the project objectives while keeping the project

within its research scope, budget, and implementation scale, a section of Feeder F6A that serves
the Plaza Housing complex was identified for the CVR contibhe CVRcontrolled feeder

section was isafted with a voltage regulator (VR) to manage and control the voltage at
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fdownstreamo service transfor mer s, essentiall
transformer for the limited section of the feeder under test.

Specifically, seven distoution service transformers located at a branch end of Feeder F6A were
identified for the CVR demonstrationFive out of the seven distribution service transformers
already had existing advanced metering infrastructure (AMI) meters and communications
installed. A new distribution padgnounted VR, in conjunction with near reaahe voltage
recordings taken at the transformers and communicated back to the VR controller, regulates the
primary voltage of these seven service transformbrdurn, the VR willmanage the customer
service voltages to the lower limit of tk&% acceptable American National Standards Institute
(ANSI) voltage rangeA reduction in energy consumption in the range of 0.7% to 0.9% for every
1% reduction in voltage is expectedhis reduction in energy consumption is the primary value
proposition of effective CVR implementatiomeduced energy use by more effective management
of customer service voltage.

Figure 4.1.1 below shows an electrical olire schematic of the project aredhe existing

electrical infrastructure integrated with new technology deployed under this project includes the
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.g., Oof f
residential housing), metering at service transformers and AMI radio network communications, an
HNEI GridSTART developed reactive power voltage management source and controller installed

at TH 415, and a 5 kW rooftop photovoltaic (PV) system located onldirtguserved from TH

415.
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Figure 4.1.1. Electricaloneline schematic of thegrojectdemonstratiorarea.

The CVR control system was commissioned under previous APRISES fundugder
APRISES18 funding, a paramount focus has been directed toward the meticulous improvement
and maintenance of the deployed systems and performance data collection and aDalysgs.
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Oct o b e to o&adkade, lightreng i c e

strikes, or overheating was found in a main control boaftie project team has diligently
addressed the intricate task of rectifying issues stemming from these admersemental
conditions employing a systematic approachensure the restoration of optimal functionality.
This proactive measure not only contributed to the overall progress of the phjeciso

under scores

t he
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ever since.
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fully address.To overcome this limitation, the team levezdghe hardware-the-loop (HIL) test
platform in HNEb Advanced Power System Laboratory otafu. This platform allowed us to
replicate the environmental and network conditions of the deployed system, a necessity due to

cybersecurity measures isolagin t h e

fiel

dés AMI
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lab environment, HNEI replicated the data dropouts and implemented curative atteniseld
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deployed communications system was accordingly updated remotely with the assistance of the
USMC Camp Butler team.

The remedial actions implemented by HNEI GTRRT have significantly reduced live stream

data dropouts of the deployed systeriihe Oki nawa CVR demonstrati
geographic location combined with the netwgsdcurity isolation underlines the importance of
developing robust and satbntained systems capable of functioning autonomously in
environments devoid of conventional online connectivity, thereby contributing to the project's
resiliency and overall succes

Due to the AMI network isolation, the USMC Camp Butler team assists with field data collection

on a weekly basisThis data is then used by HNElo assess the systemds f
The data is recorded from three different sources: 1) lecalrding of data from smari@@be

meters located at each distribution service transfqr@lemput and output data of the CVR
controller, including information from the VR using the DNP3 protocol, and data fronQineeP

meters transmitted via the ModbUEP protocol with a higher resolution ragend 3) data from

the VoltVar Control (VVC) controller relevant to the managed dispatch of reactive power
produced by power inverters located at TH 415.

A Network Time Protocol (NTP) server is used to ensure synehronization for time series data
from different sourcesFigure 4.1.2 shows the frequency measurements at the moment when the
configuration of all Bube meters were updated to connect to the NTP server.

Local frequency measurement

13:30 14:00 14:30 15:00 15:30 16:00 16:30 17:00 17:30 18:00 18:30 19:00
== PSET4029 Frequency (1-cyc) Avg(Hz) == PSET4038 Frequency (1-cyc) Avg(Hz)
== TH415-PRI Frequency (1-cyc) Avg(Hz) == TH415-SEC Frequency (1-cyc) Avg(Hz)

TS4100 Frequency (1-cyc) Avg(Hz) == TS411B Frequency (1-cyc) Avg(Hz) == TS4125 Frequency (1-cyc) Avg(Hz)
Figure 4.1.2. RQubefrequencymeasurementiollowing update.

HNEI has developed a comprehensive database for storing and evaluating data from various
sources, enabling analysis of device operation, communication network performance, and the
functionality of the CVR and VVC controllers.

The CVR systm is fully operational for managing and controlling voltage at downstream service
transformers by autonomously adjusting the tap change of theTWe.operation of the CVR
system is depicted in Figures 4.3 and 4.8.4. The CVR controller is programmed follow a
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onedayon, oneday-off schedule for efficiency assessment and CVR factor estimakagure

4.1d.3 illustrates the active phasghen the controller is activated (indicated by the red line, with

the Tap to neutral active parameter is set to 0), the voltage at the secondary side of the VR (yellow
line) drops to the desired controlled value (gray area) based on the current tap (gsiiotine).

Figure 4. 4 demonstrates voltage profiles during
successful voltage reduction within the acceptable ANSI voltage range at all service transformers.
When the tap changer position (blue line) is smettto a lower position, the voltage of the entire

feeder section is stepped down accordingly, delivering CVR system energy reduction benefits to

end use customers:igure 4.1.5 shows voltage statistics at the secondary side of the VR during

the CVRsyg més on/ dhi scyaréedver confirms the CVR co

CVR operation

05/05 00:00 05/06 00:00 05/07 00:00 05/08 00:00 05/09 00:00

Voltage (V)

05/05 00:00 DS/06 ( 0 05/07 00:00 05/08 00:00

Figure 4.1.4. Voltagepr of i | es during CVR systembs on/ c
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Figure 4.1.5. CVReffect measured at theoltageregulatorsecondaryside.
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HNEI GridSTART has successfully commissioned, tested, and placed into operation the hardware
and control systems for reactive power voltage management at the TH 415 distribution service
transformer tied to the 5 kW PV system and buildiraplkd The main objective of this system is

to eliminate voltage drop across the service transformer at the point of lowest voltage on the feeder,
thereby enhancing the overall performance of the CVR controller system at theJw&er
APRISES18, continuoumonitoring and improvement of the VVC controller operation were
carried out.

To provide input for the VVC controller, the existing AMI meter is leveraged to measure the
bidirectional flow of reactive power, rather than relying on measurements fronQtteePneter.
Additionally, an on/off schedule is implemented to assess the effectiveness of the controller.
Figure 4.1.6 demonstrates that the voltage drop (represented by the red line) across the
transformer impedance is reduced when the VVC contralenabled, and reactive power (blue
line) is generated by the power inverters under control.

Voltage drop at TS415 vs Inverter's reactive power

(A) doup abejjon

%
>
o
3
z
o
Q.
o
=
o
©
L5}
¢4

0
08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00 02:00 04:00

Figure 4.1.6. VCGenabledreactivepoweralleviatesvoltagedrop.

To evaluate the effectiveness of the CVR system, we calculate the CVR factor ustaglfestted

data. High-resolution smart meters enable a direct approach for estimating this faboCVR

factor @ w "Yrepresents the relationship between the percentage change in power or energy and
the corresponding percentage change in voltaljethe direct method, the voltage and load
variations are calculated based on data obtained during sudden voltage changes triggered by tap
adjustments in the VR Subsequently, the CVR factor is estimated by dividing the percentage
change in load power by tipercentage change in voltage.

66y Z— (EqQ. 4.1d.1)
Under APRISES18, HNEI GreITART conducted a rigorous measurement campaign to acquire
data on voltage, active power, and tap positions at regular intefMalsollect a comprehensive
dataset of tajghanger events, we implemented many manuathapger switches while ensuring
that voltages remained within an acceptable ranfeis implementation used a measurement
interval with an appropriate level of graatity to capture a sufficient number of CVR events,
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thereby increasing the statistical accuracy of the calculatin@sldition, to ensure that the voltage
response magnitudes significantly exceeded natural voltage fluctuations, tap operations were
adjuged by larger increments.

Figures 4.4.7 and 4.4.8 illustrate an instance of an abrupt voltage change event at two distinct
measurement points: the VR and the service transformer TS 41@@th figures, the blue line
represents the tap position of t&, which is suddenly increased.his abrupt increase in tap
position leads to a corresponding rise in voltage on the feeder, depicted by the greés kne.
result of the higher voltage, the power consumption, represented by the yellow line, experience
slight increase Each of these events is accounted for when calculating the CVR factor.

Tap position
Voltage (V)
(M) 1emod aanoy
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~
.

<
-— \- -

15:00:00 15:00:05 15:00:10  15:00:15  15:00:20 15:00:25
== 3nalog-in_VR1 Load Voltage Secondary == analog-in_VR1 Tap Position

== analog-in_VR1 kW Load

Tap position
Voltage (V)

=
0
=
<
@

5=
=]
=
(1]
=

—_ _ 22000
‘*__1___1

| e T—

21500
15:00:00 15:00:05 15:00:10 15:00:15 15:00:20 15:00:25
== TS-4100_v1 == analog-in_VR1 Tap Position == TS-4100_p1

Figure 4.1.8. TS 410(ower andvoltageresponse ttapchange.

Based on the CVR assessment, it was found that the CVR factor for the feeder that supplies power
to the seven service transformers varies between 0.75% and Ov@Bét. CVR control is active,
there is an approximate 2.25% reduction in voltage comparetdn ®VR control is inactivate.
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With a recorded total monthly energy consumption of 97 MWh in aggregate for the seven service
transformers under CVR control, a monthly energy savings of 1.82 to 2.26 MWh can be achieved.

In October 2023, Typhoon Khanun foethin the Western Pacific and brought heavy rain and
sustained winds up to 140 mph as it barreled north, impacting every island in itsUgadh.
making landfall in Okinawa, the extreme weather conditions inflicted heavy damage upon
electrical infrastruatre, leaving 220,000 residents without power, including some facilities within
USMC Camp Butler [1]Duringpostt y phoon power restoration effo
field crews, it was determined that an electrical fault had occurred within thecGiivlled VR

or its associated underground cableAs a result, the VR, along with its source anddo
underground cables, were removed from service and bypassed utilizing the-ipsigietd
bypass switch cabinefThe regulator bypass switches worked as designed, allowing power to be
quickly diverted around the regulator and preventing any delaysase restoration efforts.
Importantly, all communication equipment associated with the project remained functional despite
the impact of the typhoon, evidencing the effectiveness of the waathafing approach and
materials applied as part of the praje€igure 4.1.9 shows the CVRontrolled voltage regulator

and bypass switch cabinet.

Figure 4.1.9. The CVRcontrolledvoltageregulator (ight) andbypasssmitch cabinet (eft).

The CVRcontrolled VR and its cables currently remain bypassed and eshitom service while

HNEI and USMC Camp Butler collaborate to diagnose the cause and location of the electrical

fault experienced during Typhoon Khanuive aim to determine whether the regulator equipment

can be returned to service or needs regais costly to have equipment specialists flown in from
locations outside of Okinawdn an effort to minimize such costs, HNEI and USMC Camp Butler
personnel are working to leverage the experience and equipment of local resources at Camp Butler
and Okinawdor the VR diagnostic efforts and potential repairs to the fullest extent practicable.
Figure4.d. 10 shows the current state of the volt a
plan to identify the fault location.
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Figure 4.1.10. Currenstate ofthe voltageregulatorswitches andgreliminaryfaultlocationidentification

plan.

While the CVRcontrolled VR remains out of service, other equipment installed at Camp Butler

continues to provide benefit to base electrical neé&tie. PV panels installed on the building roof

served by T

H 415 cont i

nue

twith 5kW.pAglditierrally, ritte

t he

VVC controller remains enabled with localized reactive power management of power inverters
installed at TH 415 delivering improved power quality to served loddBIEI GridSTART

continues its research efforts on the injecbbreactive power utilizing invertdsased resources,

methodically dispatching and analyzing data from the installed units.
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4.1e RealTime Health Assessment of Distribution Transformers

Ensuring reliable power distribution is crucial and monitoring transformer health plays a vital role
in achieving this. Traditional methods often fall short, as critical component checks and fault
prediction often involve manual processé&his can lead to unexpected breakdowns and shortened
transformer lifespansDistribution transformer failures occur due to various factors such as oil
leaks, thermal overload, harmonics, and unbalanced loading, ultimately impacting both the cost

and relidility of power delivery. Continuous, automated, and-site health monitoring can
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significantly mitigate these issues by enabling proactive interventidfith the increasing
integration of distributed photovoltaic (PV) systems, electric vehicles, aed etergy resources,
this becomes even more critical, as these can stress distribution transformers further.

Under APRISES18, HNEI Gr8ITART developed an online assessment system powered by a
fuzzy logic evaluation model to address these challenfi@s. realtime system quickly responds

to varying inputs, monitoring transformer health with readily available measurements and avoiding
the need for expensive sensors or operational disruptidop. oil temperature, vibration, and
transformer loading servas key parameters to assess overall health through fuzzy logic
integration. The system analyzes operational characteristics on a central server, recommending
maintenance, reconfiguration, or replacement needs before issuesTdrese insights are then
seamlessly transmitted to operatordltimately, this lowcost and straightforward monitoring
program promises reduced damage, enhanced grid reliability, improved transformer management,
and informed maintenance decisions.

Assessment Indicators for ServiEransformer

Based on a comprehensive literature review, three key parameters were chosen to assess service
transformer health: top oil temperature, vibration, and transformer loading. These indicators are
estimated remotely at the central server usiagitg available daté current, voltage, and ambient
temperature at the service transfornieeliminating the need for expensive sensors at the
transformer itself.

Top oil temperaturgdoi) i's a cruci al i ndi cat ofradidnallya t r an
measuring the windingds peak temperature reqg.l
inconvenient method. Our system, however, leverages an IEEE thermal model and readily
available data from t he t r Bousentovoltage,raidsambéenter gy
temperaturé to estimate top oil temperature indirectlyhis equation accurately calculates the
temperature rise compared to the rated conditions, considering various factors like load and heat
generation.The equation is expssed below.

zS’/_ﬁ -|- z

Y— (Eq. 4.1e.1)

whereqabi represents the increase in top oil temperature from the ambient temperature at the
current operating conditions, shown in degrees Celsius (°C)

gqbirr epresents the rise in top oil temperat ul
in °C,

Risther ati o of heat generation from the transf
windings at rated loadlt is a dimensionless factor that reflects the relative contribution of

each component to overall transformer heat production

K is the load factg which represents the actual load on the transformer relative to its rated
capacity. It is a dimensionless factor, typically ranging from 0 (no load) to 1 (full Joad)
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Uois the thermal time constant of the transformer, measured in, lzmars
n is the oil exponent, a factor that accounts for the-lm@ar relationship between the
transformerodés | oad and the rate of top oil t

Recognizing the importance ofibration and noise for gauging transformer quality, HNEI
GridSTART selectd it as a key indicator for assessing service transformer he¥litiration
primarily originate from windings and cor&hile complex computational models often estimate
vibration in power transformers, this approach can be simplified for smaller seansérmers

with lower power capacitieDespite electrodynamic and magnetic forces scaling with the square
of current and voltage squared, respectively, a simpler equation can effectively approximate
transformer tank vibration, as shown below.

H ] rz— zE r 12— 20 (Eq. 4.1e.2)

where U, b, 2, and U are coefficients that
dimensions.These coefficients are determined through specific calculations or measurements
basedonthearn s f or mer 6s geometry; U represents the
(V). Voltage is a key factor in generating magnetic forces within the transformer, which
contribute to vibration; and i repree@ents t|
Current, in turn, produces electrodynamic forces that also contribute to vibration.

Transformer Loading Transformer loading is simply the measured load divided by the
transformero6s rated powe IConsistest overlpadg exposes the on i |
transformer to potential failures, as excessive heat can damage insulation of temiéfore,

loading serves as a crucial parameter for evaluating transformer health.

The online monitoring systemrelies on an energy monitoring device installed near the service
transformer. This device diligently records grid information, including voltage, current, and
ambient temperature, every secotis. powerful microcontroller crunches the data, estimatgs k
health indicators, and transmits them wirelessly to a central gateway, or a host Beevenline
monitoring program, running at the gateway, gathers this data and calculates transformer health
index. Finally, it presents the results to the oper#ttoough a user interfacd& his seamless flow

of information empowers operators to make informed decisions about their transfoFigers

4.1e.1 shows the scheme diagram of the online monitoring system.
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Figure 4.2.1. Schemaliagram of theonline monitoring system.

In contrast to conventional methods, fuzzy logic excels in handling uncertainty and imprecision,
making it a natural choice for transformer health assessm&hts mathematical approach
employs a threstep control system: fuzzificationnference, and defuzzification.In the
fuzzification step, it transforms realorld input values into fuzzy sets, allowing for a more flexible
and adaptable representation of transformer health charactelistios.inference step, it analyzes

and inteprets the relationships between different levels of health indicators to reach a conclusion
about the overall transformer conclusidn.the defuzzification step, it translates the fuzzy output
back into a clear and quantifiable health index, providirtgraible assessment for decision
making. Figures 4.&.2 and 4.2.3 visually depict the system model and its underlying structure,
respectively.

Figure 4.2.2. Model of theassessmerdystem

97






































































































