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Final Technical Report 

Asia Pacific Research Initiative for Sustainable Energy Systems 

Grant Award Number N00014-19-1-2159 

March 4, 2019 through November 27, 2023 
 
 

EXECUTIVE SUMMARY 

This report summarizes work conducted under Grant Award Number N00014-19-1-2159, the Asia 

Pacific Research Initiative for Sustainable Energy Systems 2018 (APRISES18), funded by the 

Office of Naval Research (ONR) to the Hawaiʻi Natural Energy Institute (HNEI) of the University 

of Hawaiʻi at Mānoa (UH).  The work conducted under APRISES18 comprises research, 

development, testing, and evaluation (RDT&E) over a range of technical 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 technologies for advanced smart microgrids, reliability, and 

resilience for the Oʻahu grid, and a study to characterize air quality in a mechanically ventilated 

room; and work on advanced materials for energy applications including a novel forward osmosis 

water purification system and printable photovoltaics.  Makai Ocean Engineering, under 

subcontract to the University of Hawaiʻi, also continued their ongoing efforts to develop high-

performance, low-cost heat exchangers.  A brief summary of results by major task follows. 

Task 1, Outreach and Program Management, supported senior faculty and project support 

personnel responsible for overall program management and coordination, development and 

monitoring of partner and subcontract agreements, and preparation of reports and outreach 

materials for ONR and other stakeholders.   

Task 2, Electrochemical Technologies, included RDT&E mainly in the area of fuel cells.  

Substantial progress was made in each of these activities.   

HNEI continued to support NRL’s attritable fuel cell program and initiated the supporting 

laboratory work to implement high temperature solutions.  HNEI provided consulting and 

computational modeling support to NRL’s program which focused on developing new fuel cell 

architectures aimed targeting the Navy’s growing interest in the development of attritable, lower 

cost technologies.  HNEI also developed a 5 cm2 flow-field plate for use in the existing 50 cm2 

hardware to support the testing and development of high temperature proton exchange (HTPEM) 

membrane electrode assembly (MEA).  Initial evaluations of the hardware were performed using 

a commercially available Advent Technologies Polybenzimidazole (PBI) HTPEM MEA.  Initial 

diagnostics of the new test rig were completed.  The data produced in these studies will also be 
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used as a baseline comparison for benchmarking HNEI’s in-house MEA development and 

development under the attritable fuel cell program.   

In a continuation of our efforts to understand the operation of fuel cells under harsh environment, 

HNEI evaluated effects of NO2 concentration in air stream on performance of high- and low-Pt 

loaded PEMFCs and their recovery.  The difficulty recovering cell performance after exposure to 

NO2 and the greater impact on low-Pt PEMFCs supports the conclusion NO2 should be removed 

from the air stream prior to flow into the fuel cell. 

Under APRISES18 funding, HNEI also continued to explore analytic techniques for analysis and 

improvement of fuel cell performance.  A previously developed limiting-current methodology to 

assess mass transport limitations was used to compare performance of two different flow-field 

geometries providing important insights into the management of the mass transport resistances.  In 

a related task, HNEI continued its development of a computationally fast approach for to analyze 

impedance spectra based on distribution of relaxation times (DRT).  Several publications based on 

this work have been published. 

Building on previous work that showed the improved contaminant tolerance of anion exchange 

membrane fuel cells (AEMFCs), research also continued in this area.  This work continued efforts 

to develop contaminant tolerant AEMFC technology.  In a new approach to solve water 

management problems, HNEI explored the development of new catalysts with optimal porosity, 

hydroxide ion conductivity and thickness to insure development of three phase boundaries, and 

sufficient reagents transport as well as adequate choice of gas diffusion layers (GDLs) for better 

water management.  Work also progressed on the development of harmonized testing protocols 

and procedures for AEMFC. 

Under APRISES18, HNEI also conducted exploratory research in three areas: development of 

transition metal-carbide catalysis, vanadium flow batteries using high concentration electrolytes, 

and solar thermal desalination using ion exchange membranes.  Building on past work, a bimetallic 

TiVC catalyst with low percentage of Ti was shown to increase stability without affecting the 

catalytic activities.  Work in this area is continuing.  The research in the other two areas showed 

promise and proposals have been submitted to other agencies, but work under the APRISES 

awards will be discontinued. 

Task 3, Alternative Fuels, continued research supporting three subtasks. 

Under Subtask 3.1, HNEI continued experiments and testing to evaluate pressurized carbonization 

as a tool to treat and stabilize materials representative of waste streams from contingency bases. 

In past work, reaction conditions leading to the production of a transient plastic phase solid were 

identified.  Under this award, experiments with a variety of feedstocks demonstrated that 

plasticized biochar can be produced from a variety of different feedstocks.  The results also showed 
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increasing the water content of the feedstock while also reducing the reaction time improves the 

mechanical properties of the biocarbon formed from the plasticized biochar intermediate.   

Conventional fossil fuels have a complex composition, including a diverse mix of hydrocarbons, 

accounting for approximately 98-99% of the fuel.  In addition, certain fit-for-purpose properties, 

such as lubricity, electrical conductivity, storage stability, and thermal stability, are significantly 

influenced by trace fuel species, primarily heteroatomic organic species (HOS).  Under Subtask 

3.2, in collaboration with personnel from the U.S. Navy Fuels Cross-Functional Team at Naval 

Air Station Patuxent River (NAVAIR), HNEI continued efforts to identify and characterize trace 

quantities of HOS in aviation, maritime, and diesel fuels.  Comparison of HNEI and NAVAIR 

characterizations provide a baseline measurement.  The goal of future work will be to create an 

accepted, standard GC × GC method for analyzing other HOS (e.g. sulfur containing compounds 

and additives) in fuels. 

The primary effort under Subtask 3.3 was to support development of refueling infrastructure for 

heavy duty hydrogen vehicles and assessment of the performance of fuel cell-electric hybrid buses 

(FCEBs) using the NELHA test site, built and managed by HNEI.  Under APRISES18 funding, 

HNEI supported the commissioning of the hydrogen station which is now fully operational; the 

commissioning of the first MTA fuel cell electric bus which was put into service in March 2023; 

coordination with the County R&D department and MTA to develop deployment concepts for 

three buses as well as initiation of negotiations for the county to assume a large portion of operation 

costs; and the development of plans for installation of remote dispensing equipment at the MTA 

Hilo bus maintenance facility.  With the system now fully operational, the 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 operations. 

Task 4, Resilient Energy Systems, comprises three distinct subtasks: development of resilient grid 

systems, testing and modeling of battery systems, and a smaller task on air quality and energy 

efficiency in the built environment.  

Under Subtask 4.1 Resilient Grid Systems, research was conducted to develop and assess the 

performance of innovative 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 energy generation and active management and control of the 

energy systems.  Specific subtasks included: a) an energy assessment of the Marine Corps Base 

Hawaiʻi; b) installation and commissioning of a DC microgrid system on Coconut Island; c) 

evaluation of the algorithms 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 

transformers; and f) advancement of PV hosting capacity estimation method applications.  This 

work was conducted primarily by HNEI’s GridSTART (Grid System Technologies Advanced 
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Research Team).  Under a request from the Naval Facilities Engineering and Expeditionary 

Warfare Center, HNEI also utilized APRISES18 funding for a study to develop an understanding 

of the existing infrastructure of the Red Hill Tanks. 

4.1a) Under previous APRISES and this APRISES18 funding, HNEI assisted MCBH in 

developing their IESP, delivering a preliminary draft covering Stages 1-4 by October 2020.  This 

draft included an initial analysis of MCBH’s existing electrical infrastructure and load demands.  

The Marine Corps Installations Command (MCICOM) ultimately took over efforts to complete 

IESPs for all installations under its jurisdiction.  However, MCBH sought HNEI’s continued 

expertise to address base energy security gaps and explore alternative energy resilience solutions.  

This resulted in the EG&R Assessment, focusing on Stage 5’s objective: identifying solutions for 

MCBH’s 14-day energy resiliency requirement.  The assessment evaluated various microgrid 

designs, including a base-wide solution, and smaller microgrid scenarios at the substation 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 microgrid designed to 

serve critical 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 by the sun.  Under APRISES18 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 contracted the microgrid controller installation.  

4.1c) HNEI is collaborating with IKS Co., Ltd. (IKS) on technology development, testing, and 

demonstration of advanced control of two bidirectional EV chargers (H-PCS) on the campus of 

the University of Hawaiʻi at Mānoa (UH).  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.  HNEI made significant progress across various project 

components under APRISES18.  The completed activities include: 

• Refinement of the web-based EV reservation system; 

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

scheduling; 

• 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; 

• Facilitated user adoption through comprehensive in-person user training sessions for HNEI 

employees and designated drivers from select UH departments;  

• Thorough evaluation of the system performance and economic viability of the EV 

charge/discharge optimization algorithm; 
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• Economic analysis of alternative EV charging methods, including unidirectional charging 

with no intelligence, smart unidirectional charging, and bidirectional 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 for predefined trips; and 

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

grid. 

4.1d) HNEI also continued efforts on the demonstration of an advanced Conservation Voltage 

Reduction (CVR) project in Okinawa, Japan.  Under previous APRISES awards, control 

algorithms and communications between field meters and the CVR controller were validated in a 

hardware-in-the-loop test platform and the on-site construction was scoped and procured.  

Commissioning of the voltage regulator was delayed until March 2022 due to COVID-19 

restrictions and the project faced several challenges due to failures of the PQube meters that were 

installed to measure the voltage at each transformer.  While hardware and software issues 

continued to be an issue, HNEI’s GridSTART team worked to resolve them and initiated detailed 

data collection and analysis.   

4.1e) Monitoring transformer health is key part of ensuring a reliable power distribution system.  

Traditional methods often fall short, as critical component checks and fault prediction often 

involve manual processes.  This can lead to unexpected breakdowns and shortened transformer 

lifespans.  Under APRISES18, HNEI GridSTART developed an online assessment system 

powered by a fuzzy logic evaluation model to monitor transformer health.  This real-time system 

quickly responds to varying inputs, monitoring transformer health with readily available 

measurements and avoiding the need for expensive sensors or operational disruptions.  The system 

analyzes operational characteristics on a central server, recommending maintenance, 

reconfiguration, or replacement needs before issues arise.  These insights are then seamlessly 

transmitted to operators.  Ultimately, this low-cost and straightforward monitoring program 

promises reduced damage, enhanced grid reliability, improved transformer management, and 

informed maintenance decisions. 

4.1f) HNEI was a sub-awardee to the University of Central Florida for a previous U.S. 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 long-term goal of designing 

highly scalable technologies for distribution systems to operate reliably and securely with 

extremely high penetration of solar photovoltaic (PV) systems.  Under APRISES18, HNEI has 

continued to advance PV hosting capacity estimation method applications.  The inherent stochastic 

nature of energy production by distributed PV resources, particularly at high penetration levels, 

causes issues on distribution circuits, e.g., voltage limit violations, voltage flicker, and increased 

transformer tap actions.  This research endeavors to develop an automated and efficient method to 
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assess and determine the maximum penetration of distributed PV for each distribution circuit 

within a utility’s service territory, while maintaining reliable and quality service within the 

constraints of existing infrastructure and controls. 

4.1g) In response to a request from Naval Facilities Engineering and Expeditionary Warfare 

Center, HNEI requested permission to use a portion of the funding under Subtask 4.1, Resilient 

Grid Systems to support a study to develop an understanding of the existing 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 infrastructure.  Makai 

Ocean Engineering had previously analyzed energy storage technologies for the U.S. Navy, Report 

No. N62583-09RFTOP, dated 22 October 2012.  This new study was conducted by Makai Ocean 

Engineering under contract to HNEI and included 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 research in four main areas: a) the continuation of the 

development of non-invasive characterization methodologies for Li-ion batteries diagnosis and 

prognosis; b) the implementation of the approach with data driven methods; c) the study of 

relaxation patterns in batteries; and d) the evaluation of Prussian blue analogues for desalination 

batteries.  Testing was conducted at HNEI’s PakaLi Battery Laboratory on the University of 

Hawaiʻi at Mānoa campus.  The results of this work is documented in numerous publications 

referenced in this report.   

Under Subtask 4.3, HNEI subcontracted MKThink (a registered dba for Miller Kelley Architects), 

to further analyze the results of a study they had performed previously under other funding.  In 

2022, MKThink conducted a study to assess the dilution and spatial variability of carbon dioxide 

(CO2) concentration in classrooms under a variety of physical configurations, occupancies, and 

ventilation configurations.  Results showed some interesting trends based on air exchange rate and 

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 the results of the previous work in order to 

provide additional guidance in the placement of ventilation systems and to identify possible 

methods to manage energy from HVAC while maintaining air quality, using CO2 concentration as 

the proxy for air quality.  The additional analysis focused on a subset of the original work including 

four inlet-exhaust location configurations and three different air exchange rates deemed to be 

within normal operating ranges of commercial HVAC systems.  As expected, for the same vent 

configuration, the average CO2 concentration tracked monotonically with the air-exchange rate, 

decreasing as the air exchange rate was increased.  Computational fluid dynamic modeling of the 

various configurations also indicated that the average CO2 concentration could differ substantially 

with different inlet-exhaust configurations even for the same air-exchange rates.  This work 

provided strong indication that air quality could be significantly impacted (i.e. improved) by 

correct location of the exhaust relative to air-inlets, even at the same air-exchange rates.   
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Task 5, Advanced Materials, comprises of two subtasks that includes the development and testing 

of using forward osmosis technology for energy efficient water purification and the development 

of novel thin film materials (primarily Cu2ZnSn(S, Se)4: CZTSSe) for solar energy conversion 

using inexpensive and scalable liquid-based processing.   

Forward osmosis, which uses the osmotic pressure of a concentrated draw solution to pull water 

at low pressure with subsequent recovery of the fresh water from draw solute, is considered one 

of the promising emerging technologies for energy efficient water desalination.  However, the FO 

technology still remain challenged by a lack of practical draw solutes that have high osmotic 

pressure and can be regenerated efficiently at low energy cost.  The goal of this work is to 

contribute to the development of advanced high-water flux and low toxicity draw solutes for 

forward osmosis water purification.  Under Subtask 5.1, benchmarking testing using the 

commercial system with state-of-art draw solutes indicated high dispersion in water flux values 

and large deviation of the data from literature.  Efforts were then focused 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 system.  An advanced forward osmosis 

lab scale water purification system specifically tailored for HNEI research needs, entailed making 

major improvements to the original system, has now been fabricated.  Specific improvements are 

summarized in the report.   Following the fabrication of the system, water flux tests were performed 

using cellulose triacetate membrane, commercial draw solutes, and deionized water feed solution 

in order to establish baseline performance of the FO system.  The iterative process of optimization 

of operating procedures and adjustments to system components resulted in improvement in 

accuracy and consistence of the water flux measurements from the FO system, in line with 

expected results in the literature.  Future work will focus on the development and testing of new 

draw solute materials.   

Under Subtask 5.2, efforts to were continued in the development of novel thin film materials for 

low-cost photovoltaic applications using scalable “printing” processing.  This work continues 

previous ONR-funded efforts to develop novel thin film materials (primarily Cu2ZnSnSe4: CZTSe 

and CuInSe2: CISe) for solar energy conversion using cheap and scalable liquid-based processing.  

With this approach, printable inks containing all the necessary components to form the solar 

absorber can be easily coated using high-throughput 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 incorporation.  While sulfur was incorporated into the films, little 

improvement in device performance was observed.  It is unclear 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 focused on the development of new defect passivation 

methods using printed CuInSe2 as test solar material.  Under APRISES18, the research team at 

HNEI developed a novel technique to incorporate Al2O3 throughout the entire solar absorber, using 

CuIn(S,Se)2 (CISSe) as test material.  This incorporation was achieved by adding an aluminum 

source directly into the molecular ink used for the synthesis of the CISSe solar absorber.  Power 
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conversion efficiency (PCE) as high as 11.6% was measured on Al-CISSe solar cell devices, a 

value significantly higher than that measured on CISSe baseline cells fabricated with an identical 

process but without Al (PCE of champion cell: 8.3%).  This work is continuing.   

Task 6, Advanced Heat Exchanger Development, continued to support the development of high-

performance thin foil heat exchangers.  Under subcontract to HNEI, Makai Ocean Engineering has 

been developing Thin Foil Heat Exchangers (TFHX) for use in seawater-refrigerant, air-water, and 

water-water applications.  In this report period, Makai advanced the 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 implement qualities control processes, while adding to 

Makai’s expertise in the fundamental principles of laser welding and further understanding of the 

TFHX technology.  Additional detail is provided in this report and in Makai’s final technical 

report, available on 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, presentations, and patent applications.  Publications produced through 

these efforts are linked below and available on HNEI’s website at 

https://www.hnei.hawaii.edu/publications/project-reports/aprises-18/. 

  

https://www.hnei.hawaii.edu/publications/project-reports/aprises-18/
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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.  Under this task, senior 

HNEI staff developed and managed partner and subcontract agreements, coordinated task 

activities as needed,  and coordinated development of outreach materials and reports for ONR and 

other audiences  Senior staff also engaged directly with other DOD organizations, such as the Navy 

Facilities Engineering Command (NAVFAC) to assess energy needs of bases in the Asia Pacific 

region in an effort to continue to build these partnerships, with a focus on near-term opportunities 

for application of emerging energy technologies into Hawaiʻi bases and elsewhere in the Asia 

Pacific region.  Details of the various partner, subcontract, and outreach activities are included in 

the relevant task summaries below.  

 

TASK 2: ELECTROCHEMICAL TECHNOLOGIES  

Task 2 included research encompassing a range of activities for the development and testing of 

membrane-based energy systems, primarily fuel cells.  These projects included: 1) fuel cell 

development and testing to support the Naval Research Laboratory’s (NRL) attritable fuel cell 

program; 2) evaluating effects of NO2 on proton exchange membrane fuel cells; 3) validation of 

methology on mass transport resistances; 4) application of electrochemical impedance 

spectroscopy analysis; 5) evaluation of anion exchange membrane fuel cell technology; 6) research 

to develop low cost and durable transition metal carbide catalysts applicable to fuel cells, water 

electrolyzers, and vanadium redox flow batteries; 7) demonstration of a vanadium flow battery 

cell with anion exchange membranes; and 8) design of a novel solar desalination prototype which 

integrates solar energy collection and membrane desalination.  Additionally, as part of HNEI’s 

relocation effort of the Hawaiʻi Sustainable Energy Research Facility, major upgrades have been 

completed to existing test stands to double testing capacities and promote future collaborations.  

Details of the work conducted in each of these activities are described below. 

   

2.1 High Temperature Fuel Cell Development and NRL Support  

In support HNEI’s contaminant tolerant fuel cell program, as well as NRL’s attritable fuel cell 

program, a new cell was designed intended to allow operation up to 200°C.  Specifically, a 5 cm2 

flow-field plate was developed to utilize in the existing 50 cm2 hardware to support the 

development of contaminant tolerant, high temperature proton exchange (HTPEM) membrane 

electrode assembly (MEA) initiated and reported under previous APRISES awards.  Initial 
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evaluations of the hardware were performed using a commercially available Advent Technologies 

Polybenzimidazole (PBI) HTPEM MEA, and the data produced in these studies will also be used 

as a baseline comparison for benchmarking HNEI’s in-house MEA development and development 

under the attritable fuel cell program.  A description of the test 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 variety of cell shapes and designs needed for 

the multiple R&D programs at HNEI.  With this hardware, there is sufficient area to accommodate 

cell active areas from 5 cm2 up to 75 cm2 as well as stacking multiple cells to create a short stack.   

The hardware has a built-in compression system based on an aluminum piston operated with 

compressed air for studying the impact of cell compression.  This contrasts with most fuel cell 

standard test hardware which used bolts with spring washers to set the compression level statically.  

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 distribution with the added Teflon insulator 

block which overcomes any minor inconsistencies in the piston surface as the Teflon material has 

more pliability.  Figure 2.1.1 presents an exploded view of the piston side of the test hardware 

along with a view of the full hardware installed in the station.  The width of the hardware is 18.8 

cm and the height is 10.7 cm.  The depth depends on the components and the number of cells used.  

The gasketed piston sits in a slotted endplate with ports on the opposite side for applying 

pressurized air.  Next is a 15 mm thick Teflon separator used for pressure distribution as well as 

minimizing the heat loss from the cell through the aluminum piston.  A thin, high temperature 100 

W Kapton custom heater is placed underneath the brass current collector which then sits against 

the flow field plate.  One of the 5 cm2 flow-field plates is shown in the drawing.   

 
Figure 2.1.1. Exploded view of half-cell and components of new HNEI hardware (left) and a full view of 

1st generation HNEI HTPEM test hardware installation in test station (right). 

The 5 cm2 flow field dimensions were designed with the intent of using gas flows representative 

of a 50 cm2 test hardware to account for the issues related of down-scaling flows to such a small 
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area and avoid down-stream effects not representative of fuel scale fuel cell electrodes.  The small 

area also allows for minimizing the expensive materials used in the MEA development and 

multiple iterations involved.  Using 50 cm2 flow rates in the 5 cm2 cell effectively allows for near 

even distribution of reactants across the entire 5 cm2 area.  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 tests.  Figure 2.1.2 shows a picture of the 5 

cm2 flow field and the high temperature silicone gaskets.  The channel and land dimensions of the 

triple serpentine flow-field developed are presented along with the dimensions of the standard 50 

cm2 cell developed by GM in the early 2000s which remained the standard used in many 

benchmarking programs. 

 
Figure 2.1.2. Five cm2 flow field plates and associated flow channel dimensions with comparison to 

standard General Motors 50 cm2 test cells typically used for benchmarking materials in LTPEM. 

The flow channel and land dimensions presented in Figure 2.1.2 were determined by evaluating 

changes in the resulting pressure drop and channel to channel velocity variability using the 

Solidwork’s Flow Simulation package.  The starting point was the GM flow field dimensions and 

then minor variations were needed to fit in the smaller 5 cm2 area based on square geometry and 

iterated through various combinations until an optimal solution was found based on balancing the 

pressure drop and the channel-to-channel flow variability.  Figure 2.1.3 shows some examples of 

the resulting pressure drop at flow rates representative of a 50 cm2 test 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 minimize the inlet 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.  

HNEI 5 cm2 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 cm2 Triple Serpentine Test Cell: 

Active Area: 70.71 mm x 70.71 mm 

Land:       0.71 mm 

Channel:  0.89 mm 

Depth:  0.84 mm 
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Figure 2.1.3. Calculated pressure drop and flow rate vs. current density (left) and a velocity model 

example results used to validate channel to channel uniformity for HNEI 5 cm2 flow field design (right). 

As a first step in evaluating the new cell design, commercially available HTPEM MEAs were 

acquired from Advent Technologies (Figure 2.1.4).  Although Advent developed their own 

materials for a HTPEM, this MEA type was originally developed by BASF and is the same as their 

Celtec-P MEA which Advent licensed. 

 
Figure 2.1.4. Advent Technologies’ APM-5 commercial 5 cm2 HTPEM PBI MEA with Kapton frame 

(left) and a close-up view of gas diffusion media in contact with the membrane in the window of the 

Kapton frame (right). 

The MEA was built into the new hardware with custom Teflon spacing gaskets made in-house and 

compressed to 80 psig.  After installing the cell in the test station, the cell was brought to 

temperature and conditioned using Advent’s proprietary conditioning protocol.  Following the 

conditioning, a series of hydrogen-air polarization curves were performed at 160°C, 170°C, and 

180°C, at flows representative of the 50 cm2, where the results at 5 cm2 are used to represent the 

inlet of a 50 cm2 cell.  During these tests, electrochemical 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 to 10 kHz on top of the DC 

signal to perturb the reactions occurring and analyze the magnitude and time offset of the resulting 

voltage and/or current.  This is a relatively common technique used in electrochemical systems, 

where equivalent circuits are used to interpret the results.  These circuit models represent the 

transport and reaction processes occurring.  A new technique to analyze the EIS data is the 



16 

distribution of relaxation times analysis, which essentially is a transform of the data to the 

frequency domain, similar to how a Fourier transform is used to identify frequencies present in 

time series data.  To analyze the EIS data, an open-source python software package recently 

released, pyDRTtools, was used [1].   

Figure 2.1.5 presents the polarization curve results.  The maximum power density achieved was 

on the order of 0.5 W/cm2, increasing with increasing temperature.  These results were in-line with 

the data provided by the manufacturer and will serve as a baseline for future studies.  Examples of 

the EIS data for three different current densities at 160°C and the resulting DRT curves are 

presented in Figure 2.1.6.  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 seconds.  Changes in the peak shape and identified time factor 

can be used to interpret changes between operating conditions and/or materials.  This type of 

analysis will be very effective when contaminant challenge testing is undertaken, as the reactions 

occurring in the fuel cell have not been widely characterized in the literature throughout the years 

for HTPEM, while for LTPEM a large library of contamination results exists.  While the data 

presented here is only exemplary, it provides a snapshot of the shift from testing and evaluation to 

product development 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 roof.  Under future APRISES awards, HNEI will continue to support 

the Fuel Cells for Harsh Environments program underway.  This includes the contaminant tolerant 

MEA and stack development program working on an in-house developed HTPEM fuel cell as well 

as also continuing to support NRL’s fuel cell efforts and other ONR and DOE programs. 

 
Figure 2.1.5. Hydrogen/Air polarization curves of Advent PBI MEA at 160°C, 170°C, and 180°C to be 

used as benchmark data for HNEI’s in-house MEA development and contamination challenge 

experiments. 
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Figure 2.1.6. Exemplary results of advanced diagnostics at 160°C and three different current densities of 

200, 600, and 1000 mAsc (left) and EIS raw data Nyquist plots from scans between 0.1 Hz and 10 kHz 

(right). DRT transform of EIS data helping identify various processes occurring in the fuel cell with 

examples shown for the peaks displayed. 

References 
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2.2 Fuel Cell Operation Under Harsh Environments 

In a continuation of its ongoing efforts to understand the operation of fuel cells under harsh 

environment, HNEI evaluated effects of NO2 concentration in air stream on performance of high- 

and low-Pt loaded PEMFCs and their recovery.  In addition to establishing limits of the current 

proton exchange membrane fuel cell (PEMFC) technology utilizing Pt-based electrocatalysts this 

work was used to determine requirements for the development and design of materials and fuel 

cell systems for operation at harsh environment,  

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 ppb in urban 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 engines.  Moreover, better understanding of environmental 

limitations of Pt PEMFCs is critical for deployment of the technology for ONR needs. 

Figure 2.2.1 shows performance of commercially available membrane electrode assemblies 

(MEAs) with anode/cathode catalyst loading of 0.1/0.1 (low-Pt) and 0.4/0.4 (high-Pt) mgPt cm-2 

under NO2 poisoning using HNEI’s segmented cell system.  The segmented cell system allows us 
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to obtain locally resolved voltage and current responses from the 10 segments of HNEI’s hardware.  

The performance of MEAs is presented as profiles of individual segment voltage and normalized 

current densities. 

 
Figure 2.2.1. Voltage and normalized current density profiles of individual segments vs. time under 

cathode exposure to 2 ppm NO2 with an overall current density of 1.0 (a) and 0.8 A cm-2 (b) for high- and 

low-Pt fuel cells, respectively.  Anode/cathode: H2/air, 2/2 stoichiometry, 100/50% RH, 150/150 kPa, 

80C. 

The samples were operated at constant current densities of 0.8 and 1.0 A cm-2 and were exposed 

to 2 ppm NO2 in air stream for low- and high-Pt fuel cell, respectively.  The obtained results 

demonstrate that NO2 contamination led to voltage loss of 80 mV for high-Pt MEAs (Figure 

2.2.1a).  Operating of the low-Pt cell caused voltage loss from 0.640 V to 0.505 V (Figure 2.2.1b).  

Operation of the MEAs with pure air after contamination or self-recovery restored the initial 

performance only for high-Pt fuel cell, while low-Pt MEA revealed only partial recovery.  The 

effects of NO2 concentrations were studied for both Pt loadings, and the results are presented in 

Table 2.2.1.  

Table 2.2.1. Impacts of the NO2 concentration in the air feed on the PEMFC performance and fuel cell 

recovery. U refers to the difference in cell voltage between the initial value and that under exposure. 

NO2 

concentration 

0.4/0.4 mgPt cm-2 0.1/0.1 mgPt cm-2 

U [mV] Self-recovery U [mV] Self-recovery 

1 ppm 30 full 60 Partial (10 mV) 

2 ppm 80 full 130 Partial (40-45 mV) 

5 ppm 120 full 200 Partial (130 mV) 

The found performance was attributed to electrochemical properties of NO2 at the given conditions 

and NO2 impact on oxygen reduction reaction.  A schematic presentation of the processes on the 

cathode induced by the presence of NO2 can be found in Figure 2.2.2 [1-7].  
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Figure 2.2.2. Schematic of possible NO2 reactions under PEMFC operating conditions. 

During the poisoning tests, 1 to 5 ppm of NO2 was injected into the cathode feed, and we could 

assume that this amount was not enough to reach high coverages on the Pt surfaces.  Therefore, 

under the fuel cell operating conditions, NO2 appeared to transform to NO species adsorbed on Pt.  

This adsorption caused Pt ECA loss for O2 adsorption and oxygen reduction, which led to a cell 

potential drop from the initial 0.640-0.670 V to 0.505-0.585 V for the low- and high-Pt MEAs at 

2 ppm NO2.  The cell potentials seemed to be enough to initiate NO electroreduction according to 

[7].  The two-step NO electroreduction could explain the observation of the low-frequency 

inductance in the EIS results for the high- and low-Pt MEAs.  The cell potential for all studied 

samples and NO2 concentrations did not drop below 0.4 V, so we did not think that the formation 

of NH4
+ could take place in significant quantities.  The contamination of a PEMFC by NH3 led to 

an increase in the HFR due to the replacement of H+ with ammonia ions in ionomers.  However, 

we did not notice any changes in the HFR in the EIS data.  Additionally, the evaluation of oxygen 

reduction under NOx poisoning 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 4-electron process to a less efficient combination of 2- and 4-electron processes 

with H2O2 formation [4].  

The lack of self-recovery for the low-Pt MEAs after exposure to NO2 could be attributed to the 

possible presence of adsorbed nitrogen-containing species on Pt and by the fact that those MEAs 

had less catalyst than the high-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. 
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A comparison of the beginning of test (BOT) and end of test (EOT) characteristics showed that 

exposure to 2-5 ppm NO2 caused a decrease in the cathode ECA of 17-18 and 21-23% for the high- 

and low-Pt samples, respectively, which exceeded the ECA loss in the reference tests in pure air 

(Table 2.2.2).  It was established that the performance of the low-Pt MEAs after exposure to 1 and 

2 ppm NO2 could be recovered by CV cycling when the possible nitrogen-containing adsorbates 

could be removed.  However, an increase in the NO2 concentration to 5 ppm led to a serious decline 

in the low-Pt PEMFC performance of 10 to 70 mV depending on the operating current and segment 

location even after CV. 

Table 2.2.2. Electrochemical surface area of the samples before and after contamination tests. 

NO2 

concentration 

0.4/0.4 mgPt cm-2 0.1/0.1 mgPt cm-2 

ECAan [%] ECAca [%] ECAan [%] ECAca [%] 

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 clearly demonstrated that the performance of low-Pt PEMFCs was affected by NO2 to 

a greater extent than that of high-Pt MEAs.  Considering the goal of long-term fuel cell operation, 

the vulnerability of low-Pt PEMFCs towards air impurities significantly compromises their 

durability requirements under realistic environmental conditions, which are different from 

laboratory tests.  To ensure the durability of low-Pt PEMFCs, it is proposed that NO2 should be 

removed from the air stream. 

More detail of this work is available in the Journal of Power Sources publication listed below. 

Publications and Presentations 

Peer-Reviewed Publications 

1. Reshetenko, T., & Ben, B. L. (2021). Spatial performance of high- and low-PT loaded 

proton exchange membrane fuel cells under cathode exposure to nitrogen dioxide. 

Journal of Power Sources, 492, 229657. https://doi.org/10.1016/j.jpowsour.2021.229657  

Conference Proceedings and Presentations 

1. Reshetenko, T., Randolf, G., Odgaard, M., Zulevi, B., Serov, A., & Kulikovsky, A. 

(2020, October 4-9). Effects of Cathode Proton Conductivity on PGM-free PEM Fuel 

Cell Performance, I03-2686. 238th ECS Meeting, Honolulu, HI, United States. 

2. Reshetenko, T., & Ben, B. L. (2020, October 14-16). Performance of PEMFCs exposed 

to harsh environmental conditions - Effects of NO2 content in airstream. Keynote lecture, 
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Korean Institute of Chemical Engineers (KIChE) Fall Meeting & International 

Symposium 2020, South Korea. 

References 

[1] Huang, W., Jiang, Z., Jiao, J., Tan, D., Zhai, R., & Bao, X. (2002). Decomposition of 

NO2 on Pt (110): formation of a new oxygen adsorption state. Surf. Sci. Lett., 506(3), 

L287-L292. 

[2] Rodes, A., Climent, V., Orts, J. M., Pérez, J. M., & Aldaz, A. (1998). Nitric oxide 

adsorption at Pt (100) electrode surfaces. Electrochim. Acta, 44(6-7), 1077-1090. 

[3] de Vooys, A. C. A., Beltramo, G. L., van Riet, B., van Veen, J. A. R., Koper, & M. T. 

M. (2004). Mechanisms of electrochemical reduction and oxidation of nitric oxide. 

Electrochim. Acta, 49(8), 1307-1314. 

[4] Chen, M., Du, Ch., Zhang, J., Wang, P., & Zhu, T. (2011). Effect, mechanism and 

recovery of nitrogen oxides poisoning on oxygen reduction reaction at Pt/C catalysts. J. 

Power Sources, 196(2), 620-626. 

[5] Franco, A. A., Barthe, B., Rouillon, L., & Lemaire, O. (2009). Mechanistic 

investigations of NO2 impact on ORR in PEM fuel cells: a coupled experimental and 

multi-scale modeling approach. ECS Trans., 25(1), 1595-1604. 

[6] Ye, S., & Kita, H. (1993). Adsorbed HNO2/NO redox couple at Pt (111) single-crystal 

electrode. J. Electroanal. Chem., 346(1-2), 489-495.  

[7] Gootzen, J. F. E., van Hardeveld, R. M., Visscher, W., van Santen, R. A., & van Veen, 

J. A. R. (1996). The study of NO adsorbate layers on platinized platinum in the liquid 

phase with cyclic voltammetry, DEMS and FTIRS. Recl Trav. Chim. Pays-Bas, 115, 

480-485. 

 

2.3 Characterization of Mass Transport in PEMFCs 

HNEI continued efforts to develop and validate a novel methodology to determine mass transport 

resistances in heterogeneous electrode structure.  The method is based on measurements of the 

limiting current distribution over an electrode area and utilizes operation with highly diluted 

reagent mixtures (~3-10 % vol.).  Variations in diluent molecular weights (from He to C3H8) and 

operating conditions allow us to separate a gas phase molecular diffusion, a Knudsen diffusion and 

a diffusion through ionomer/water films. 

When operated at high-power generation, electrochemical conversion systems like fuel cells 

(PEMFC), direct liquid fuel cells, and metal/air batteries performance is often limited by the mass 

transfer of reagents through confined and heterogeneous electrode structures.  Reagent transport 

from a gas phase to catalyst sites occurs through 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) (Figure 2.3.1).  The GDL is a specifically designed 

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 wettability.  The GDL has a thin microporous layer (MPL) of carbon black 

mixed with PTFE to ensure better electrical contact and mechanical compatibility with electrode 

layer. 

 
Figure 2.3.1. Schematic presentation of electrode structure and mass transfer processes.  

The type of reagent transport depends 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 meso- and micro-porous textures with pore sizes of 50-150 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 thickness (~1-10 nm).  Thus, reagent mass 

transport in the CL proceeds through dissolution in water/ionomer and further diffusion 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:  

1. Unit cell has straight reactant channels;  

2. Cell performance is averaged over the cross-channel direction (plug flow reactor); 

3. Cell voltage is constant along the cell length; 

4. Isothermal and isobaric operation; and 

5. Reactants follow the ideal gas law. 
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For the case of a highly dilute reactant stream the distribution of the limiting currents along flow 

field can be presented as: 

𝑖𝑙𝑖𝑚(𝑥) =
𝑛𝐹𝑝𝑟𝛼

𝑅𝑇𝑅𝑀𝑇
𝑒

−𝑛𝐹𝑝𝑟𝑥
𝑅𝑇𝑖𝑒𝑓𝑅𝑀𝑇

⁄
 (Eq. 2.3.1) 

where x is the dimensionless position along the flow field length,  

RMT is mass transfer resistance, 

n is 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), 

𝛼𝑂2

0  is the reactant fraction in the dry inlet reactant stream,  

R is the ideal gas constant (8.3143 J mol-1 K-1),  

F is the Faraday constant (96500 C mol-1),  

T is the temperature (K),  

ie is the inlet reactant flow rate equivalent current density (A m-2), and  

f is the inert gas to reactant fraction in the dry inlet reactant stream.  

The corresponding average limiting current density iave (A m-2) can be obtained by integration of 

Eq. 2.3.1: 

𝑖𝑎𝑣𝑒 = 𝑖𝑒 (1 − 𝑒
−𝑛𝐹𝑝𝑟

𝑅𝑇𝑖𝑒𝑓⁄
𝑅𝑀𝑇) (Eq. 2.3.2) 

ln (1 −
𝑖𝑎𝑣𝑒

𝑖𝑒
) =

−𝑛𝐹𝑝𝑟

𝑅𝑇𝑅𝑀𝑇

1

𝑖𝑒𝑓
 (Eq. 2.3.3) 

The inlet reactant flow rate equivalent current density can be expressed as: 

𝑖𝑒 =
𝑛𝐹𝑣𝑂2

0

𝐴𝑁𝑚
 (Eq. 2.3.4) 

where 𝑣𝑂2

0  is oxygen flow rate (ml s-1),  

A is the active area of the MEA (cm2), and  

Nm is the molar volume (22414 ml mol-1).  

The approach is applicable for a single cell operation when determination of the mass transport 

resistance can be done with Eqs. 2.3.2 and 2.3.3 by varying the reactant flow rate (ief) and 

measuring iave.  

The validity of the method was demonstrated and proven using commercially relevant open flow 

field design developed by Nuvera Fuel Cell and commercial MEAs provided by Gore.  The 

obtained data were compared with conventional land/channel flow field cell.  Figure 2.3.2 presents 

schematics of both architectures. 
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Figure 2.3.2. Schematics of open flow field and conventional land/channel architecture.  

In this work, performance of MEA with 0.1/0.4 mgPt cm-2 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 80C and extreme oversaturated conditions with 100% RH at the cell inlet at 60C, a condition 

typically present upon transition from high to low power.  The conditions for the experimental 

work were selected due to their frequent occurrence during operation. 

The IV curves, 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 

Figure 2.3.3.  Interestingly, the serpentine flow field showed better performance at low current 

density (<0.5 A cm-2), most likely due to the higher cathode pressure, while at high current 

conditions, the SCOF demonstrated superior properties.  The oversaturated conditions caused a 

drastic drop in the serpentine cell potential with current, while a low humidity and higher cell 

temperature improved the cell performance.  At the same time, the SCOF revealed close 

performance under oversaturated and subsaturated conditions, and the cell reached 2.5 A cm-2 at a 

cell voltage of 0.58-0.6 V and generated a power density of 1.5 W cm-2.  Thus, the SCOF ensured 

superior mass transport properties in flooding and dry operating regimes.  With the same MEA or 

at least the same membrane thickness, we should note a lower HFR in the SCOF versus serpentine 

cells. 
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Figure 2.3.3. Polarization curves for the SCOF and serpentine flow field architectures recorded under 

oversaturated (100% RH and 60C) and subsaturated (50% RH and 80C) conditions in H2/air gas 

configurations. 

The results of limiting current measurements for the oversaturated and subsaturated conditions are 

shown at Figure 2.3.4 for oxygen mixtures with He and Kr.  The IV curves were measured at 

different H2/5% O2 + diluent flow rates.  The SCOF reached the limiting current under all operating 

conditions.  The values obtained for the limiting currents (iave) were used for Eq. 2.3.3 to create a 

plot of 𝑙𝑛 (1 −
𝑖𝑎𝑣𝑒

𝑖𝑒
) vs. 

1

𝑖𝑒𝑓
 and determine the mass transport resistance.  Figures 2.3.5a and b 

present these graphs for both conditions and five oxygen diluents.  In all cases, we could see linear 

regressions, and the oxygen mass transport resistance can be extracted from the slope of the curves 

according to Eq. 2.3.3 (Table 2.3.1). 

Figure 2.3.5c shows the effect of diluent molecular weight on the mass transfer resistance and 

reveals a linear dependence, as reported previously [1].  To reach the catalyst surface, oxygen 

transport involves molecular diffusion though the gas phase in the gas channel and macropores in 

the GDL substrate, Knudsen diffusion in the fine pores of the MPL and CCL and diffusion though 

ionomer- and liquid water thin films in the electrode structures. The observed linear correlation in 

Figure 2.3.5c implies that the application of different diluents affected only O2 mass transport in 

the gas phase.  Thus, further separation of oxygen mass transport resistance can be achieved by 

extrapolation of the curve to 0 molecular weight, which allows us to extract the mass transfer 

resistances originating from molecular diffusion (Rm), Knudsen diffusion and transport through 

ionomer/water (RK+film) as follows: 

𝑅𝑀𝑇 = 𝑅𝐾+𝑓𝑖𝑙𝑚 + 𝑅𝑚 = 𝑅𝐾+𝑓𝑖𝑙𝑚 + 𝑏𝑀 (Eq. 2.3.5) 

where M is the diluent molecular weight (mol g-1).   
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Results of deconvolution of the overall mass transport resistance are shown in Table 2.3.2. 

 
Figure 2.3.4. IV curves measured for the SCOF with 5% O2 + He (a) and Kr (b) at 100% RH and 60C, as 

well as with 5% O2 + He (c) and Kr (d) at 50% RH and 80C. 
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Figure 2.3.5. Determination of O2 mass transport resistance using Eq. 2.d.1 for different diluents and 

operating conditions for SCOF (a, b). Impact of the diluent molecular weight on the RMT for the SCOF 

and serpentine cells (c). 

Table 2.3.1. Oxygen mass transport resistances for the SCOF operated under oversaturated and 

subsaturated conditions. 

Diluent 
Mr  

[g mol-1] 

RMT SCOF [s m-1] 

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 

CO2 44.009 209.21 138.89 

Kr 83.8 236.41 217.39 
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Table 2.3.2. The obtained mass transport transfer characteristics of the SCOF and serpentine cells 

operated under subsaturated and oversaturated conditions. 

Parameter 
SCOF Serpentine 

50%RH, 80C 100%RH, 60C 50%RH, 80C 100%RH, 60C 

RK+film [s m-1] 74.85 144.09 93.35 75.78 

Rm, N2 [s m-1] 35.65 29.85 46.12 64.10 

An analysis of the SCOF under subsaturated conditions showed that RK+film and Rm, N2 were 74.85 

and 35.65 s m-1, respectively.  These values were found to be lower than those for the serpentine 

cell and explained the lowest voltage losses and superior performance of the SCOF.  The open 

field architecture also had better performance under oversaturated conditions, although it was 

characterized by the highest RK+film value of 144.09 s m-1 vs. 75.76 s m-1 for the serpentine cell.  At 

the same time, the SCOF had a lower Rm, N2 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 electrode.  A comparison of the SCOF and typical land/channel 

flow field design revealed that the SCOF ensured good O2 transport in the gas phase, uniform 

humidification of the catalyst layer and efficient O2 diffusion through the ionomer. 

A comparison of the RK+film values and reported pressure-independent resistance Rother [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 structure.  This observation indicates the 

further development of 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 between Rk+film and molecular diffusion as a function of relative humidity 

within a complete operation window of given MEAs in a given flow field architecture. 

More detail on this work can be found in the Electrochimica Acta and Electrochemical Science 

Advances publications listed below.  

Publications and Presentations 

Peer-Reviewed Publications 

1. Reshetenko, T., & Polevaya, O. (2021). Determination of oxygen mass transport 

resistance in proton exchange membrane fuel cells with an open flow field architecture. 

Electrochimica Acta, 387, 138529. https://doi.org/10.1016/j.electacta.2021.138529  

2. Reshetenko, T., & Ben, B. L. (2021). Impact of a gas diffusion layer’s structural and 

textural properties on oxygen mass transport resistance in the cathode and performance of 

proton exchange membrane fuel cells. Electrochimica Acta, 371, 137752. 

https://doi.org/10.1016/j.electacta.2021.137752  
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3. Reshetenko, T. V., & Ben, B. L. (2021). Exploration of operating conditions on oxygen 
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2.4 Electrochemical Impedance Spectroscopy for Analysis of Fuel Cells 

Electrochemical impedance spectroscopy (EIS) is very powerful tool to analyze processes taking 

place in electrochemical conversion systems including fuel cells and batteries.  However, 

interpretation of EIS data is challenging. The most comprehensive interpretation can be obtained 

applying physics–based models.  Fitting of model equations to experimental spectra returns model 

parameters.  Model complexity/completeness determines what set of parameters yields the fitting 

procedure.  However, this approach is usually limited by available computer resources, as fitting 

algorithms perform numerous calls to the model calculation.  The fastest option is to use analytical 

impedance models; but analytical formulas are applicable only at low cell currents, typically below 

100 mA cm-2.  Models of that type do not cover the most interesting working currents on the order 

of 1 A cm-2.  On the other hand, fitting of large-current spectra require multiple calls to numerical 

boundary-value solvers; this procedure is quite costly in terms of CPU time.  

A complementary and computationally fast approach for impedance spectra analysis is calculation 

of distribution of relaxation times (DRT) [1-5].  The idea of DRT is simple.  Impedance of a 

parallel RC–circuit (Randles cell) is: 
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𝑍𝑅𝐶 =
𝑅

1+𝑖𝜔𝑅𝐶
 (Eq. 2.4.1) 

Consider now a fuel cell impedance Z.  To a first approximation, it is possible to assume that Z = 

ZRC; however, in this way a main faradaic arc is taken into account.  A much more accurate 

approximation of Z arises if in Eq. 2.4.1, we denote RC = τ and integrate the right side with the 

weight function γ(τ): 

𝑍(𝜔) = 𝑅𝐻𝐹𝑅 + 𝑅𝑝𝑜𝑙  ∫
𝛾(𝜏)𝑑𝜏

1+𝑖𝜔𝜏

∞

0
 (Eq. 2.4.2) 

where 𝑖 = √−1, 𝜔 is the angular frequency,  

𝑅𝐻𝐹𝑅 is the high-frequency resistance, and  

𝑅𝑝𝑜𝑙 is the total polarization resistance of the cell obtained by the overall diameter of the 

Nyquist curve.   

Eq. 2.4.2 represents the cell impedance as an infinite sum of parallel RC-circuit with the resistivity 

of 𝑅𝑝𝑜𝑙𝛾𝑑𝜏 and characteristic time of 𝜏∗ = 𝑅𝐶.  For calculation, we used function 𝐺(𝜏): 

𝑍(𝜔) = 𝑅𝐻𝐹𝑅 + 𝑅𝑝𝑜𝑙  ∫
𝐺(𝜏)𝑑𝑙𝑛𝜏

1+𝑖𝜔𝜏

∞

0
  (Eq. 2.4.3) 

Since 𝜏 = 1 (2𝜋𝑓)⁄  

𝛾(𝜏) =
𝐺(𝜏)

𝜏
,   or   𝐺(𝑓) =

𝛾(𝑓)

2𝜋𝑓
 (Eq. 2.4.4) 

where 𝑓 is the regular frequency (Hz).   

This means that the dimension of 𝛾 is s-1, while 𝐺(𝑓) is dimensionless function.  The spectrum 

𝛾(𝑓) or 𝐺(𝑓) is represented by a number of peaks, the peak frequency 𝑓𝑖 provides the characteristic 

time of the process 𝑖, and the area under the peak is attributed to the impedance of the process 𝑅𝑖 

to the 𝑅𝑝𝑜𝑙: 

𝑅𝑖 = 𝑅𝑝𝑜𝑙 ∫ 𝛾(𝜏)𝑑𝜏 = 𝑅𝑝𝑜𝑙 ∫ 𝐺(𝜏)𝑑𝑙𝑛(𝜏)
𝜏𝑛+1

𝜏𝑛

𝜏𝑛+1

𝜏𝑛
 (Eq. 2.4.5) 

where 𝜏𝑛 and 𝜏𝑛+1 are the peak boundaries.  

Due to the absence of liquid water during operation, SOFC and HT-PEMFC impedance spectra 

are remarkably smooth and DRT analysis is a well-established field for these types of fuel cells.  

However, in the case of low temperature PEMFCs, water formation results in “noisy” impedance 

spectra which makes DRT analysis to be a challenging task.  In this work, DRT method was 

applied to evaluate EIS data obtained for low- and high-Pt PEMFCs.  
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Evolution of the peak frequency positions and resistivities with the cell current density were 

analyzed using EIS data obtained by segmented cell system (Figure 2.4.1).  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 processes of charge 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 accumulation of liquid water in the outlet segments of the GDL.  So, the first peak 

represents a process of oxygen transport on the GDL and air channel.  The increase of the first 

peak resistivity along the channel coordinate z is then due to the growth of the low frequency arc 

diameter with the distance z.  To understand the nature of the middle peak, we calculated DRT of 

40 local impedance spectra of the standard high-Pt cell measured for the currents of 200, 400, 600 

and 800 mA cm-2.  Evolution of frequency and resistivity of the middle peak with the cell current 

shows that in low-Pt cell, this peak represents two merged processes of charge transfer and oxygen 

transport in ionomer film.  In the high-Pt cell, the middle peak represents faradaic processes only, 

as the role of oxygen transport in ionomer film is negligible in this cell.  Thus, the difference of 

the middle peak resistivities in the low-Pt and high-Pt cells provides an estimate of the ionomer 

film transport resistivity in the low-Pt cell.  The high frequency peak represents oxygen transport 

in void pores of the cathode catalyst layer.  The peak frequency position and resistivity allow us 

to estimate the oxygen diffusion coefficients in void pores, which shows that the void space in 

low-Pt cell is partially flooded.  

More details on this work can be found in the Electrochimica Acta and Journal of the 

Electrochemical Society publications listed at the end of this activity. 
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Figure 2.4.1. DRT G (f) of impedance spectra from the first segment of a low-Pt 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 part of impedance.  



33 

Publications and Presentations 

Peer-Reviewed Publications 

1. Reshetenko, T., & Kulikovsky, A. (2021). Understanding the distribution of relaxation 

times of a low–PT PEM fuel cell. Electrochimica Acta, 391, 138954. 

https://doi.org/10.1016/j.electacta.2021.138954  

2. Reshetenko, T., & Kulikovsky, A. (2020). Distribution of relaxation times: A tool for 

measuring oxygen transport resistivity of a low–PT PEM fuel cell cathode. Journal of 

The Electrochemical Society, 167(14), 144505. https://doi.org/10.1149/1945-7111/abc10f  

Conference Proceedings and Presentations 

1. Reshetenko, T., Kulikovsky, A. (2020, August 31- September 4). Distribution of 

relaxation times: A tool for measuring oxygen transport resistivity of a low-Pt PEM fuel 

cell cathode. 71st Annual Meeting of the International Society of Electrochemistry, 

Belgrade, Serbia. 

References 

[1] Schichlein, H, Müller, A. C., Voigts, M., Krügel, A., Ivers-Tiffée, E. (2002). 

Deconvolution of electrochemical impedance spectra for the identification of electrode 

reaction mechanisms in solid oxide fuel cells. J. Appl. Electrochem., 32, 875-882. 

[2] Heinzmann, M., Weber, A., Ivers-Tiffée, E. (2019). Impedance modelling of porous 

electrode structures in polymer electrolyte membrane fuel cells. J. Power Sources, 444, 

227279. 

[3] Tesler, A. B., Lewin, D. R., Baltianski, S., Tsur, Y. (2010). Analyzing results of 

impedance spectroscopy using novel evolutionary programming techniques. J. 

Electroceram., 24, 245-260. 

[4] Reshetenko, T., Kulikovsky, A. (2020). Distribution of relaxation times: A tool for 

measuring oxygen transport resistivity of a low-Pt PEM fuel cell cathode. J. 

Eletctrochem. Soc., 167(14), 144505.   

[5] Reshetenko, T., Kulikovsky, A. (2021). Understanding the distribution of relaxation 

times of a low-Pt PEM fuel cell. Electrochim. Acta, 391, 138954. 

 

2.5 Anion Exchange Membrane Fuel Cells 

A strong motivation factor for development of anion exchange membrane fuel cells (AEMFCs) 

technology has been the possibility of eliminating Pt catalysts from both the anode and cathode, 

since intrinsic catalytic activity towards oxygen reduction is higher in alkaline media for platinum 

group metal (PGM)-free materials than for Pt-based catalysts.  Under previous work, it was 

demonstrated that PGM-free cathodes in PEMFCs are tolerant for air contaminants like CO, SO2 

[1], which allowed us to conclude that PGM-free AEMFCs have potential to be tolerant to air 
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impurities as well.  AEMFCs demonstrated operation at elevated temperatures (~100C) which 

typically mitigates negative impact of contamination [2, 3].  Last, but not the least, AEMFCs allow 

operation with liquid fuels and oxidants which makes this type of fuel cell to be versatile for 

applications and derivative technologies.  This work continued efforts to develop contaminant 

tolerant AEMFC technology.  

Operation of AEMFC requires O2 and water at the cathode, while water production happens at the 

anode, the situation is completely opposite compared to PEMFCs (Figure 2.5.1).  This fact brings 

additional complexity and it is challenging to directly transfer PEM MEAs manufacturing 

approaches to AEMFC.  The 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 phase boundaries, and sufficient reagents transport as well as adequate 

choice of gas diffusion layers (GDLs) for better water management.  In addition, there is a lack of 

harmonized testing protocols and procedures and development of electrochemical diagnostics and 

approaches are critical for AEMFC. 

 
Figure 2.5.1. Schematic representation of operation of PEMFC (a) and AEMFC (b).  

Capabilities were developed to fabricate small (5 cm2) catalyst coated membranes (CCM) and 

catalyst coated substrates (CCS) providing an opportunity for rapid evaluation of new materials 

like membranes, ionomers, and catalysts available in the limited quantities.  For the first step of 

AEMFCs evaluation at HNEI, we used 50%Pt/C as catalyst for anode and cathode with loading of 

0.4 mgPt cm2, while ionomer content was chosen to be 25% wt.  For MEAs, we employed 25BC 

as gas diffusion layer and Teflon gaskets with 150-160 m thickness to ensure compression ratio 

of ~20%.  Before assembling MEA, CCMs were soaked in 3 M KOH solution. 

Break-in/start-up procedure for AEMFCs was established after discussion with material 

manufactures and literature review.  The procedure includes constant voltage hold at 0.4 V at 

desired operating conditions (back, pressure, cell temperature, and humidity) for several hours 

with monitoring HFR response. 

a) b) 
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Figure 2.5.2 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 is prone to flooding due to water production (Figure 2.5.1b).  The produced 

maximum power density was found to be 800 mW cm-2.  
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Figure 2.5.2. IV curves and power density for AEMFCs.  

We demonstrated applicability of electrochemical methods like EIS (Figure 2.5.3a) and CV 

(Figure 2.5.3b) for evaluation of AEMFC and elucidate kinetic and transport processes.  The 

obtained results are very critical for future work focusing on reproducibility of the CCMs, 

transitioning to application of PGM-free catalyst and operation in H2/air conditions relevant for 

real word operation.  

 
Figure 2.5.3. 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 vanadium carbide (V8C7 

phase) was not electrochemically stable at potential higher than 0.8 V (vs. RHE).  Because 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 without affecting the vanadium carbide lattice parameter 

and catalytic activities.  Vanadium carbides were prepared from commercially available TiC (Alfa 

Aesar) as carbon sources and supports at 1000°C (denoted as VxTiC-1000°C) and 1100°C 

(denoted as VxTiC-1100°C).  As shown in Figure 2.6.1, VxTiC-1000°C and VxTiC-1100°C are a 

mixture of V8C7 and (Ti0.3V1-0.3)2O3 phases.  While VxTiC-1000°C has some unreacted TiC.  There 

is no phase change for VxTiC before and after treated in sulfuric acid which means that VxTiC is 

acid resistant (Figure 2.6.1). 
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Figure 2.6.1. XRD patterns of carbides. 

Stability tests for the carbides were performed in 0.5 M H2SO4 at 100 mV s−1 up to 1 V for 100 

cycles, 1.2 V for 50 cycles, and 1.4 V for 50 cycles.  As shown in Figure 2.6.2, in comparison to 

VxC, there is no obvious oxidation current increase on VxTiC up to 1.4 V cycling, indicating 

excellent electrochemical stability of VxTiC.  

 
Figure 2.6.2. Cyclic voltammograms of vanadium carbide at 100 mV s−1 in N2-saturated 0.5 M H2SO4 at 

25°C. 

Water electrolysis is one of the most promising ways for hydrogen production.  To measure the 

electrocatalytic activity of carbides toward hydrogen evolution reaction (HER), the synthesized 

carbides were loaded onto glassy carbon electrodes and tested in a standard three-electrode 

electrochemical cell.  As shown in Figure 2.6.3, VxTiC exhibited better catalytic activity toward 

HER than VxC with relatively larger catalytic current at the same potential.  Both VxC and VxTiC 

showed increased HER catalytic activity after up to 1.4V cycling.  ICP-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 analysis. TEM will be used to investigate particle size and structure.  

 
Figure 2.6.3. Polarization curves of carbides with a rotation rate of 1600rpm at 2mV s−1 in N2-saturated 

0.5M H2SO4 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 minimizing 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 reactions.  A simple flow battery system with a 25 cm2 single cell was designed and 

built that included an electrolyte composition determination method, an in-situ pH, conductivity, 

and potentials monitoring system for both electrodes of VFB.  The stabilities of all four electrolytes 

under low acid condition were investigated.  The work indicated that all four vanadium electrolytes 

may be stable at low acid concentration down to mmol L-1 grade.  A new electrochemical reduction 

method was developed to produce a stable V3+ solution with a concentration up to 5.2 mol L-1 and 

acid concentration low 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 the art.  These increased 

vanadium concentrations in negative and positive electrolytes imply a potential double 

improvement of the energy density of vanadium electrolytes.  However, with a high electrolyte 

concentration solution (3 mol L-1 V solution without acid) and proton exchange membrane 

(Nafion®), a clogging occurred in the positive electrode of the single cell 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.  A special electrochemical characterization was developed 

to study the clogging and reversibility issues.  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 proton migration through PEM) between both positive and negative electrolytes during the 

charging/discharging processes.   

Under this award, several modifications were made on the VFB single cell to attempt to solve the 

issues based those previous results.  A thermal activation method was established to treat the 

different type carbon and graphite felts as the electrodes for the high electrolytes and low acid 

concentration VFB; the positive electrolyte was modified to start with a pH~1, 3 mol L-1 V 

solution; and the PEM was replaced by a commercially available anion exchange membrane 

(AEM).  The single cell charge-discharge 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) precipitation.  Different types of anion exchange membranes 

were applied to the VFB.  Single cells operated with the high concentration vanadium electrolytes 

with different AEMs demonstrated good performances.  Challenges were identified as the low 

chemical and mechanical stability and the high proton permeability of the AEMs, and the low ionic 

conductivity of the AEMs and the negative electrolytes.  

 
Figure 2.7.1. The features of a VFB cell with AEMs. 

The key features of a VFB cell with AEM are illustrated in Figure 2.7.1.  During the charge-

discharge processes, vanadium redox reactions take place in negative and positive electrolytes; the 

bisulfate ions transport through AEM to form the internal electric circuit.  Simultaneously, the 

sulfate and proton concentration variation also maintains the stability of the positive electrolyte.  
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The new features avoid the imbalance of the ions concentration in the both sides of PEM.  A single 

cell with 3 M vanadium electrolytes in both sides successfully demonstrates a good charge-

discharge performance (Figure 2.7.2).  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 electrolytes, as well 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/discharging processes, even the operation failure after the 

sixth discharging. 

 
Figure 2.7.2. Charge-discharge cycles of VFB with an AEM and 3 M electrolytes in both sides. 

This project has been terminated, but dependent on other funding could be restarted using a 

commercially available AEM. 

 

2.8 Solar Thermal Desalination with Ion Exchange Membranes  

Under prior APRISES awards, HNEI explored the potential application of the proton exchange 

membrane fuel cell materials and designs to develop a novel, low-cost, high productivity, and 

energy efficient solar thermal desalination system.  The novel water purification 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 comes out from another side as freshwater; the salts, particles, 

or other undesirable molecules are blocked and flow out as concentrate or waste.  Compared to 
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MD, the novel method employs a dense selective membrane other than porous hydrophobic 

membrane.  The separation process is suspected to be subject 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 consumption, operation below 80°C facilitates low-grade heat utilization, selective 

membrane increases ions rejection rate, and 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 were studied.  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 9.7 kg/m2h for 

desalination and wastewater treatment) in comparison to the state-of-the-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 solar desalination prototype with a 1 m2 effective 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 layers.  As illustrated in Figure 2.8.1, 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 materials), a sunlight 

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 complete the 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 difference across the membrane acts as the driving force.  

 
Figure 2.8.1. Illustration 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 Figure 2.8.2.  Calculations are based on the following assumptions: the total 

solar energy received is 5.5 kWh/m2/day (U.S. annual average direct 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 disregarded.  The seawater 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 concentrate, which cools down from 80°C to 45°C.  Afterward, the seawater flows into the hot 

compartment and is heated up to 80°C by the sunlight.  Due to the temperature difference between 

the hot (70°C average) and cold (40°C average) compartments, thermo-osmosis and vapor pressure 

and capillary pressure differences drive the fresh water through the porous carbon transport layers 

and ion exchange membrane.  The fresh water is finally blown out by the circulating gas.  The 

prototype system is expected to treat at least 170 kg of seawater and produce at least 57 kg of fresh 

water per m2day, which triples at a minimum the productivity of stat-of-the-art systems.  

 
Figure 2.8.2. Mass and thermal balances estimates for the novel solar desalination system. 

Several proposals have been submitted for future potential funding, including: 1) “Novel 

desalination process based on ion exchange membrane and porous transport layers utilizing waste 

heat” to Bureau of Reclamation (FOA: BOR-DO-20-F004); 2) “An integrated solar thermal 

desalination system with ion exchange membrane and porous carbon transport layers” to U.S. 

Department of Energy (American-Made Challenges: Solar Desalination Prize); and 3) “Thermal-

membrane desalination with multi-driving forces” to National Alliance for Water Innovation 

(FOA: NAWI-BP12020). 
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2.9 HiSERF Relocation 

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

shift from what was primarily a testing and evaluation focus at our Hawaiʻi Sustainable Energy 

Research Facility (HiSERF) for the fuel cell program, to a solutions provider as a full-scale 

research and development program now spread out over three operational labs as part of HNEI’s 

Electrochemical Power Systems research program.  The network of labs is now referred to as the 

Fuel Cell Systems Laboratory.  Completing the work on mechanical renovations and adding 180 

kW of power upgrades to the PakaLi Battery Laboratory are still being impacted by long delays 

stemming from multi-department reviews at the University of Hawaiʻi’s Facilities Maintenance 

Office (FMO) and the extended time from committing the updates by the consultant working on 

the updated drawing package.  Recognizing 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 complex work required for the battery lab and fuel cell diagnostics lab in the Hawaiʻi 

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 Systems lab is located.  

This allowed for the completion of the power upgrades for the POST laboratory at the end of 

October 2023.  While awaiting power for this lab, designs were completed to double the testing 

capacity by upgrading each of the three test stands to allow for operating two cells or short stacks 

simultaneously, as opposed to one larger cell which they were originally designed for.  Two of the 

stations are nearly identical with the ability to run up to two 100 cm2 area single cells or short 

stacks.  The third station keeps the capability to run up to 1.5 kW stacks to continue to support 

NRL’s UAV fuel cell program while adding the capability to run a second 500 W short stack.  The 

dual station upgrades in the Cell, Stack, and Testing Lab in the POST building, combined 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 HiSERF.  As part of the 

marketing efforts to promote future collaborations a “Test Specifications Brochure” was created, 

which includes both labs’ test stand capabilities.  The specifications sheets from the brochure for 

each lab are presented in Figures 2.9.1 and 2.9.2.  



44 

 

Figure 2.9.1. Test stand specifications for the POST 20 laboratory as of December 17, 2023. 



45 

  

Figure 2.9.2. Test stand specifications for the HIG 416 laboratory as of December 17, 2023. 

 

TASK 3: ALTERNATIVE FUELS 

Task 3 included three subtasks focused on novel materials from the constant volume carbonization 

of biomass, fit-for-purpose characterization of marine fuels, and support of HNEI’s hydrogen 
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fueling infrastructure. Based on work conducted under previous awards, HNEI continued 

exploring the conversion of biomass under constant-volume reactor conditions by further studying 

transient plastic phase biochar.  Details of each research subtask are provided in the following 

sections.  Under Subtask 3.2, HNEI collaborated with U.S. Navy personnel and sought to identify 

and characterize trace quantities of heteroatomic organic species in aviation, maritime, and diesel 

fuels.  A third subtask also continued to support the development, assessment, and operation of 

hydrogen infrastructure and vehicles on the Big Island of Hawaiʻi. 

 

3.1 Constant Volume Carbonization 

Studies into transient plastic phase biochar (TPPB) were conducted to compare how feedstock, 

moisture, acetic acid addition, and 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 straw.  However, 

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

material.   

Plasticized biochar and non-plasticized biochar produced from spruce and rice straw were 

compared in terms of the charcoal yield, proximate analysis (fixed carbon content), and mechanical 

properties of pelletized particles.  Despite observing only minimal differences in the charcoal 

yields and fixed carbon contents between TPPB and non-transient plastic phase biochar (NTPPB), 

the tensile strengths of biochar and biocarbon [calcined at 900°C under N2] pellets formed from 

TPPB were substantially improved.  Biocarbon pellets produced from spruce TPPB and rice straw 

TPPB were five and 1.5 times stronger, respectively, than their NTPPB counterparts.  Adding 75 

wt % H2O 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 produced biocarbon pellets with 

nearly 3× 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 

date and would have sufficient mechanical strength to serve as a direct substitute for petroleum 

carbon anodes without any binder.  The results demonstrated that plasticized biochar can be 

produced from a variety of different feedstocks and increasing their water content 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 in the Energy & Fuel publication listed below. 

Publications and Presentations 

Peer-Reviewed Publications 

1. Johnson, R. L., Castillo, K., Castillo, C., Bach, Q.-V., Hihara, C., Wang, L., Skreiberg, 

Ø., & Turn, S. Q. (2023). Biocarbon production via plasticized biochar: Roles of 

feedstock, water content, catalysts, and Reaction Time. Energy & Fuels, 37(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 98-99% of the fuel.  The concentration of these hydrocarbon species, including 

n-alkanes, iso-paraffins, cyclo-paraffins, and aromatics, determines the bulk properties of fuels, 

such as density, volatility, viscosity, heat of combustion and low-temperature characteristics [1, 

2].  Certain fit-for-purpose properties, such as lubricity, electrical conductivity, storage stability, 

and thermal stability, are significantly influenced by trace fuel species [3].  These trace species 

primarily consist of heteroatomic organic species (HOS).  Naturally occurring HOS, containing 

oxygen, nitrogen, and sulfur atoms, originate from the crude petroleum source or emerge during 

the refining processes applied to petroleum.  Fuel additives, such as antioxidants, icing inhibitors 

and lubricity improvers, introduce additional HOS to enhance specific properties.  Identifying 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 two-dimensional gas chromatograph (GC × GC) is a multidimensional separation 

technique for the identification of volatile and semi-volatile compounds in complex mixtures.  To 

date, GC × GC has been extensively applied for the identification and quantification of 

hydrocarbons [1].  A standard GC × GC analysis method was developed in 2022 to perform 

hydrocarbon group quantification of gasoline, kerosene, and diesel (ASTM D8396).  Only limited 

studies, however, focus on the precise identification and quantification of HOS in fuels [4, 5].  In 

collaboration with personnel from the U.S. Navy Fuels Cross-Functional Team at Naval Air 

Station Patuxent River (NAVAIR), the purpose of this task is to identify and characterize trace 

quantities of HOS in aviation, maritime, and diesel fuels.  New analytical methods 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 University of Hawai‘i at Mānoa (UHM) procured a GC × GC system similar to the 

systems at NAVAIR.  The UHM system employs three detectors to be capable of analyzing fuel 

primary hydrocarbons and HOS with a single injection event (Figure 3.2.1).  Neat fuels can be 

directly injected without requiring solvent dilution or extraction.  The customized GC × 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 7963A autoinjectors; 

4. an Agilent G7077BA mass spectrometer detector (MSD); 

5. an Agilent 8255 nitrogen chemiluminescence detector (NCD); 

6. an Agilent 8355 sulfur chemiluminescence detector (SCD); 

7. a Zoex Model 1700 liquid level instrument; 

8. two Agilent / DB-1MS column sets (30 m x 250 μm x 0.25 μm DB-17MS coupled to DB-

1MS, 2.10 m x 100 μm x 0.10 µm column); and 

9. a micro fluidics splitter or a three-channel electronic pressure control (EPC). 

 
Figure 3.2.1. Schematic of the customized GC × GC system at University of Hawai‘i at Mānoa. 

The microfluidic splitter and EPC can be used interchangeably.  When 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 × GC NCD methods for 

the quantification, classification, and comparison of unknown nitrogen containing compounds 

(NCC) in aviation, diesel fuels, and marine gas oils.  This was achieved through direct sample 

injection, eliminating the need for sample extraction.  The insights gained from this research will 

contribute to the creation of a high-throughput method, potentially serving as a simplified 

screening tool for assessing fuels before usage.  Moreover, it aims to establish correlations between 
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the chemical composition and concentration of NCCs with fuel properties.  This work also seeks 

to advance our understanding of GC × GC NCD technology. 

NCCs, inherent in petroleum fuels, are primarily associated with the nitrogen compounds in crude 

oil, typically constituting less than 1% wt [3].  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) (Figure 3.2.2) [6], since the basic nitrogen 

content is conventionally determined using acid titration [6]. 

 
Figure 3.2.2. Examples of basic and non-basic NCCs. 

A 30 m polar primary column (Agilent DB-17MS, 30 m x 250 μm x 0.25 μm) and a 2 m secondary 

nonpolar column (Agilent DB-1MS, 2.10 m x 100 μm x 0.10 µm column) were installed in the 

Agilent 7890B GC.  The Zoex ZX-1 dual-loop thermal modulator was positioned (Figure 3.2.1) 

between the primary and secondary column.  The modulation time and hot pulse duration were set 

at 4000 and 375 ms, respectively.  The helium carrier gas flow rate was set to 1.6 mL/min.  The 

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 min.  The setting for the hot jet of the 

modulator included: 1) 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 min.  The Agilent 8255 NCD base and burner temperatures were 

set to 280 and 900°C, respectively.  Hydrogen and oxygen flow rates were set to 4 mL/min and 8 

mL/min, respectively.  The chiller temperature was -10°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 by the UHM and NAVAIR teams, respectively, 

to create the semiqualitative template.  Notably, the UHM team included four additional NCCs: 2-

Methylpyridine, 4-Methylpyridine, 1,2,5-Trimethylpyrrole, and Benzo[h]quinoline.  The NCCs 

were diluted in isopropanol with a nitrogen concentration of approximately 500 ppb and injected 
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into the GC × GC NCD to determine their retention times (RTs) from the primary and secondary 

columns.  Table 3.2.1 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, 2) 1-butylimidazole and o-anisidine, 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 × GC NCD template (Table 3.2.2 and Figure 3.2.3).  It's important to acknowledge 

that the term "chromatographic bin" is more suitable, and mass spectrometry 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 nitrogen-containing compounds (e.g., aniline, quinoline, 

indole, etc.), except for pyrroles and pyridines.  Pyridines or pyrroles should be used as calibration 

standards for fuels containing these compounds.  The standard solution, prepared in isopropanol, 

was used to generate a linear relationship by plotting blob volumes of nitrogen from carbazole 

standards against the standard nitrogen concentration.  A blob refers to a set of pixels in the 

chromatogram identified as a single, separated compound with a response (i.e., blob volume).  

Following this joint effort, the NAVAIR team initiated round-robin 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 × GC method for identifying and 

quantifying NCCs in aviation, diesel fuels, and marine gas oils will be developed.  Simultaneously, 

the UHM and NAVAIR team will embark on creating a standard GC × GC method for analyzing 

other HOS (e.g. sulfur containing compounds and additives) in fuels. 
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Table 3.2.1. RTs of NCCs from primary and secondary columns. 
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Table 3.2.2. Names of seven chromatographic bins in GC × GC NCD template. 

Bin # Name of the chromatographic bin 

1 alkylamines (C7–C10) 

2 alkylamines (≥C10) 

3 pyrroles and pyridines (C4–C8) 

4 anilines (C6–C8), imidazoles (C3–C7), pyrroles and pyridines (≥C8) 

5 quinolines (≥C9), indoles (≥C8), and anilines (≥C9) 

6 carbazoles, acridines, and phenothiazines 

7 benzo[a]carbazoles, biquinolines, and nitrogen-containing pyrenes 

 
Figure 3.2.3. Template containing seven chromatographic bins with labeled NCCs.  The numbers in the 

chromatogram denote the numerical ID in Table 3.2.1. 
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3.3 Hydrogen Refueling Technology 

This activity’s main purpose was to support development of refueling infrastructure for heavy duty 

hydrogen vehicles and assessment of the performance of fuel cell-electric hybrid buses (FCEBs).  

HNEI manages and operates the hydrogen fueling infrastructure installed at the Natural Energy 

Laboratory Hawaiʻi Authority (NELHA) on the Island of Hawaiʻi and evaluates the technical 

performance of three (3) County of Hawaiʻi Mass Transit Agency (“MTA”) FCEBs.  The first bus 

is fitted with a 40 kW hydrogen fuel cell drivetrain and is in passenger service.  Two buses are 

being upgraded with 90 kW drivetrains, allowing them to be used on routes with much steeper 

topographical grades which is a significant challenge in Hawaiʻi.  Operating buses with different 

sized powertrains will allow for a more complete 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 

fleet in support of the State of Hawaiʻi and the County of Hawaiʻi’s clean transportation goals. 

Under APRISES18 funding, HNEI supported: 1) the commissioning of the hydrogen station; 2) 

the commissioning of the first MTA fuel cell electric bus; 3) coordination with the County R&D 

department and MTA to develop deployment concepts for three buses; and 4) the development of 

plans for installation of remote dispensing equipment at the MTA Hilo bus maintenance facility.   

Future work will include additional public outreach utilizing the NELHA hydrogen station, and 

collecting and analyzing technical and economic performance data on bus and hydrogen station 

operations 

3.3a Hydrogen Station Commissioning  

Developed under funding from a variety of sources, including previous NRL and ONR awards, 

HNEI’s refueling station (Figure 3.3a.1), located at the NELHA Research Compound on the Island 

of Hawaiʻi, is designed provide up to 65 kg of hydrogen production per 24-hour day.  The 

dispensing system is designed to dispense hydrogen at 350 bar (5,000 psi).   
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Figure 3.3a.1. HNEI hydrogen production and dispensing station at NELHA. 

As illustrated in Figure 3.3a.2, the overall concept is for fuel cell grade hydrogen produced at 

NELHA to be delivered to the MTA base yard in Hilo to support heavy-duty FCEBs operated by 

the MTA Hele-On public bus service.  Three trailers (Figure 3.3a.3) are available for transporting 

hydrogen between the production and fueling site.  They are certified by the Federal Transit 

Administration for use on U.S. public roads.  The hydrogen cylinders must be recertified every 

five years and have a legislated operational life of 15 years from their date of manufacture.  

 
Figure 3.3a.2. Concept of the hydrogen transport system. 

 
Figure 3.3a.3. Hydrogen transport trailers. 
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The station was fully commissioned in 2021 by HNEI and Powertech, the equipment supplier.  The 

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 Hydro-Pac compressor (Figure 3.3a.4) compresses the 

hydrogen to 450 bar (6,600 psi). 

 
Figure 3.3a.4. HydroPac compressor. 

The dispensing system consists of a dispenser (Figure 3.3a.5) 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 dispenser system is fully automated for 

unattended operation and programmed to “fail safe” by shutting spring loaded air-operated shut-

off valves. 

 
Figure 3.3a.5. Hydrogen dispenser. 

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

have provided the opportunity for HNEI technical support staff to study and become familiar with 

the hydrogen equipment and control systems and related maintenance challenges.  Over time, this 

information will be transferred to the County 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 approximately 78 to 88 kwh/kg of compressed hydrogen.  Table 

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

on the NELHA research campus grid. 

Table 3.3a.1. NELHA hydrogen station observed power usage. 

Electrolyzer in pre-start (no other equipment) 550 W 

Electrolyzer in standby 740 W 

Electrolyzer air cooler 260 W 

Electrolyzer/Compressor room 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 210-240 kW 

3.3b Commissioning the First MTA 21-Passenger Fuel Cell Electric Bus 

The MTA Hele-On 21-passenger FCEB (Figure 3.3b.1) was purchased with State of Hawaiʻi funds 

from the Energy Systems Development Special Fund.  This bus, manufactured by Eldorado 

National, and converted to a hydrogen-electric drive train by U.S. Hybrid, is ADA-compliant and 

includes a wheelchair lift and spaces for two wheelchairs.   

 
Figure 3.3b.1. Hele-On 21-passenger FCEB. 

Onboard hydrogen is stored in composite carbon fiber cylinders located under the bus with a 

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

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

fuel cell maintains the battery state of charge within a range that supports the long-term health of 

the battery.  During deceleration, the electric motor acts as a generator sending power back into 

the battery (“regenerative braking”).  This contributes to overall system energy efficiency and 

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 state-of-the-art 40 kW U.S. Hybrid fuel cell.  During commissioning trials, the fuel cell 

produced 46 kW, a 15% improvement and the 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 (Figure 3.3b.2) was installed in the 21-passenger bus to enable 

the bus to provide 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. 

 
Figure 3.3b.2. Bus export power system. 

On July 11, 2023, attendees of the “Meet the Bus” event (Figure 3.3b.3) in West Hawaiʻi gathered 

for a photograph in front of the island’s first ever hybrid hydrogen electric bus.  Hawaiʻi County 

Mayor Mitch Roth said, “look at what comes out of the vehicle – you don’t see smog; you just see 

water coming out. We’ve been looking at ways to have green energy, and hydrogen looks like the 

way of the future.” 

 
Figure 3.3b.3. “Meet the Bus” event on Hawaiʻi Island. 
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The MTA buses are fitted with sensors and a data acquisition system that monitors bus system 

performance.  Data is transmitted by cell phone telemetry to a remote computer.  As illustrated in 

Figure 3.3b.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 developing 

maintenance problems. 

 
Figure 3.3b.4. Observed performance data from the MTA FCEB. 

Two 19-passenger FCEBs (Figure 3.3b.5) were acquired by the MTA from Hawaiʻi Volcanoes 

National Park (HAVO).  These buses were converted by U.S. Hybrid and are of similar design to 

the 21-passenger 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 Hawaiʻi. 
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Figure 3.3b.5. HAVO 19-passenger FCEB. 

They are expected to be put into operation in 2024.   

3.3c County and MTA Coordination 

Figure 3.3c.1 is a conceptual design of a hydrogen fueling dispensing system to be located at the 

MTA base yard in Hilo comprised of repurposed new equipment that was originally intended to 

support the HAVO buses. 

 
Figure 3.3c.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 over a 6-hour period at a 16-minute fueling 

interval. 
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TASK 4: RESILIENT ENERGY SYSTEMS 

Task 4 Resilient Energy Systems encompassed three subtasks covering a wide range of activities 

in grid technology, the testing and modeling of battery systems, and energy efficiency.  Subtask 

4.1 included six projects that continued the development, testing, and integration of secure 

microgrid technology, including distributed energy resources and an initial assessment of the 

repurposing of Navy’s Red Hill Tanks as an energy storage site.  Subtask 4.2 included several 

activities focused on the characterization of Li-ion batteries. Under Subtask 4.3, work to 

characterize room air quality under different mechanical ventilation schemes conducted under 

other funding was subjected to additional analysis. 

 

4.1 Resilient Grid Systems 

Under Subtask 4.1 Resilient Grid Systems, research efforts included: a) an energy assessment of 

the Marine Corps Base Hawaiʻi; b) installation and commissioning of a DC microgrid system on 

Coconut Island; c) evaluation of the algorithms 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 transformers; and f) advancement of PV hosting capacity estimation method 

applications.  The development and performance assessment of innovative 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 energy generation 

and active management and control of the energy systems.  This work was conducted primarily by 

HNEI’s GridSTART (Grid System Technologies Advanced Research Team).  Under a request 

from the Naval Facilities Engineering and Expeditionary Warfare Center, HNEI also utilized 

APRISES18 funding for a study to develop an understanding of the existing infrastructure of the 

Red Hill Tanks. 

4.1a Energy Resilience Opportunities Assessment for Marine Corps Base Hawaiʻi 

HNEI has assessed energy generation and resilience opportunities (EG&R Assessment) for Marine 

Corps Base Hawaiʻi (MCBH) (Figure 4.1a.1).  This study seeks to identify and evaluate needs and 

opportunities for implementing cost-effective and mature microgrid technologies, such as solar 
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photovoltaics (PV), battery energy storage systems (BESS), and backup diesel generation on 

MCBH, while concurrently meeting MCBH’s 14-day resiliency requirement. 

 
Figure 4.1a.1 Marine Corps Base Hawaiʻi at Kaneohe Bay.  

On May 30, 2018, the Office of the Assistant Secretary of Defense Energy, Installations, and 

Environment (OASD-EI&E) issued a memorandum, “Installation Energy Plans – Expanding 

Resilience and Cybersecurity Update and Expansion of the Requirement to All DoD Installations,” 

mandating MCBH to prepare an Installation Energy and Security Plan (IESP) for the base.  The 

IESP considers MCBH’s existing infrastructure, future needs, and commercially viable 

technologies, aiming to achieve a “prevention, survivability, and recovery” mindset for energy 

through a seven-stage process outlined in Figure 4.1a.2 below. 

 
Figure 4.1a.2. Marine Corps Installations Command Installation Energy Security Planning framework. 
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Under previous APRISES and APRISES18 funding, HNEI assisted MCBH in developing their 

IESP, delivering a preliminary draft covering Stages 1-4 by October 2020.  This draft included an 

initial analysis of MCBH’s existing electrical infrastructure and load demands.  The Marine Corps 

Installations Command (MCICOM) ultimately took over efforts to complete IESPs for all 

installations under its jurisdiction.  However, MCBH sought HNEI’s continued expertise to 

address base energy security gaps and explore alternative energy resilience solutions.  This resulted 

in the EG&R Assessment, focusing on Stage 5’s objective: identifying solutions for MCBH’s 14-

day energy resiliency requirement.  The assessment evaluated various microgrid designs, including 

a base-wide solution, illustrated by Figure 4.1a.3, and smaller microgrid scenarios at the substation 

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

HNEI GridSTART employed a commercial modeling tool, XENDEE Microgrid Decision Support 

System (XENDEE), to conduct an in-depth techno-economic analysis of each microgrid scenario.  

XENDEE optimized long-term hybrid microgrid solutions to meet each microgrid scenario’s 

energy and resiliency requirements, considering the capital and operating cost of utility tariffs, 

existing and potential PV generation, BESS, and backup diesel generators.  Assessing land-

constrained and unconstrained scenarios, the XENDEE modeling revealed opportunities for 

MCBH to reduce operating costs through additional PV and BESS installations during normal 

operations.  These savings offset the capital and operating costs for the additional generation 

needed to meet the 14-day resiliency requirement.  

 
Figure 4.1a.3. Conceptual design of a full-base microgrid. 
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In February 2022, HNEI delivered a draft EG&R Assessment report “Resilient Grid Systems 

Assessment of Energy Generation and Resilience Opportunities for Marine Corps Base Hawai‘i” 

to MCBH, empowering the base’s command with a comprehensive technical and financial analysis 

to support informed decision-making regarding future projects considering the base’s renewable 

energy targets and resilience requirements.  Following 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 Island, also known as Moku O Loʻe, is a 28-acre (113,000 m²) island in Kāneʻohe Bay 

off the island of Oʻahu and is home to the Hawaiʻi Institute of Marine Biology (HIMB) of the 

University of Hawaiʻi.  One of HIMB’s goals is to make the island and its research facilities a 

model for sustainable systems.  As such, it is an ideal site for a renewable energy technology-based 

test bed, particularly representative of an isolated location vulnerable to energy disruption yet 

serving critical 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 on Oʻahu.  The island’s tropical marine 

environment elevates its appeal as a unique microgrid test bed.  Strong, constant coastal winds and 

heavy salt spray provide a micro-climate representative of those potentially encountered in the 

Navy’s coastal installations, offering an ideal setting for testing new materials and technologies. 

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, solar-powered transportation 

options.  To achieve this, it focuses on five key goals: 

1. Demonstrate the capabilities of cutting-edge clean energy technologies within the 

microgrid; 

2. Enhance energy resilience for the crucial infrastructure, reducing the island’s reliance on 

the aging undersea electrical connection to the local utility; 

3. Establish a research platform to evaluate DC microgrid resources and components, such as 

energy storage, supporting technology, and DC-powered equipment, in a coastal tropical 

environment; 

4. Increase the island’s energy sustainability by maximizing renewable energy utilization; and 

5. Offer solar electric-powered land and sea-based transportation options for HIMB. 

The project integrates a DC distribution system into two existing buildings on the island, the 

Marine Mammal Research Project (MMRP) building and the adjacent Boat House, both shown in 

Figure 4.1b.1.  The energy needs of the two buildings are also served by AC power through one 

of the utility-owned electric service transformers located on the island. 
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Figure 4.1b.1. Location of Coconut Island and the DC microgrid project site. 

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

• Project planning and permitting; 

• Baseline energy use data metering and collection; 

• Conceptual design of the DC microgrid; 

• Techno-economic simulations to determine the appropriate size for a new rooftop 

photovoltaic (PV) system on the MMRP building and a stationary battery energy 

storage system (BESS) to serve selected loads within the MMRP building and the Boat 

House; 

• Collaborated with the Okinawa Institute of Science and Technology (OIST) and PUES 

Corporation (PUES) in Japan to specify, design, and procure an E-car and E-boat, with 

an associated swappable battery system and battery charging station powered by the 

DC microgrid; 

• Installed two PV systems on the E-boat, one for charging the powertrain batteries and 

another for powering auxiliary equipment like onboard radios; 

• Tested and commissioned the E-Boat, including conducting operational sea trials to 

ensure its functionality; 

• Created detailed electrical design drawings for the entire system to ensure safe and 

operable implementation of the DC microgrid testbed; 

• Competitive procurement of materials and services to design, 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; 

• Procured and installed an 8 kW/ 8kWh stationary battery for energy storage purposes; 

• Procured and installed an AC/DC powered air conditioning unit and an AC/DC LED 

lighting system; 
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• Procured and commissioned a DC microgrid controller and its associated components; 

• Procured and installed the control systems’ contactors and wiring control switch boxes; 

• Completed the installation and programming of the Schneider XW-Pro Inverter and 

two Schneider charge controllers; 

• Completed the system’s wiring; 

• Procured and installed a comprehensive metering system to monitor electrical power 

flow in the system under both AC and DC configurations; 

• Installed and tested a new DC-to-AC inverter for critical plug loads; 

• Commissioned the Schneider XW-Pro inverter and two Schneider charge controllers; 

and 

• Commissioned the microgrid system’s electrical components in a systematic step-by-

step approach, with the installation of the microgrid controller being the last remaining 

component to operationalize the DC microgrid. 

As previously noted, HNEI collaborated closely with PUES, a key research partner, to adapt and 

enhance their swappable battery charging station and associated E-car and E-boat.  Figures 4.1b.2 

and 4.1b.3 present the installed battery charging station, as well as portable and swappable battery 

units, and the commissioned E-Boat during sea trials, respectively. Figure 4.1b.4 shows the 

installed 6.2 kW DC rooftop PV system on the MMRP building. 

 
Figure 4.1b.2. Swap battery charging station and portable BESS units. 
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Figure 4.1b.3. E-Boat in Operation in Kāneʻohe Bay, Hawaiʻi. 

 
Figure 4.1b.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 funding.  Key steps in this achievement included: 

1. Enhanced Monitoring: Extending the metering system with high-voltage sensors allowed 

for comprehensive power flow monitoring within the DC system.  Figure 4.1b.5 shows one 

of these newly installed meters and its associated components. 

2. Control System: The core of the DC microgrid resides in the OPTO 22 Edge industrial 

controller (OPTO22 Controller) (Figure 4.1b.6).  Commissioned in June 2023, it provides 

comprehensive control through real-time data processing and advanced automation 

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 OPTO22 Controller offers a range of programming 

environments for control.  Our team utilized Node-RED and JavaScript to develop custom 

control programs specifically for this project. 

 
Figure 4.1b.5. Installed meters to monitor AC and DC power flow. 

 
Figure 4.1b.6. Installed OPTO22 Controller for microgrid management and control. 
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The DC microgrid underwent a thorough commissioning process following component installation 

and uploading of the control code to the OPTO22 Controller.  The commissioning process involved 

an in-depth assessment of each component’s functionality and overall system performance across 

both AC and DC operational modes.  Recognizing the complexity of the power and control 

systems, a step-by-step approach was implemented to minimize potential risks.  The detailed steps 

of this commissioning process are outlined in the following section. 

Step 1 Stationary Battery and XW-Pro Bidirectional Inverter Commissioning: The stationary 

BESS was installed and tested to confirm its ability to power the DC microgrid and a designated 

air conditioner load on its own.  An 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 configuration adjustments, the inverter seamlessly functioned as 

anticipated when integrated with the battery and DC air conditioner.  The XW-Pro is shown in 

Figure 4.1b.7a. 

Step 2 PV Integration and Power Management: Two Schneider Maximum Power Point Tracking 

(MPPT) charge controllers (Figure 4.1b.7b) were installed to manage the power flow from the 

rooftop PV panels to the DC microgrid.  The wiring from the PV panels was reconfigured to enable 

seamless switching between its connection to the grid inverter to produce AC power and its 

connection to the DC microgrid.  The MPPT charge controllers were commissioned and 

programmed to collaborate with the XW-Pro bidirectional inverter and the stationary battery.  The 

system control logic prioritizes PV-based battery charging through the MPPT charge controllers 

whenever solar power is sufficient.  Grid-based charging takes over when solar energy is 

inadequate. 

 
Figure 4.1b.7. Commissioned XW-Pro inverter (a) and commissioned Schneider MPPT charge controllers 

(b). 

Step 3 AC/DC LED Lighting System Installation and Testing: DC power lines and control wires 

were installed for operating the LED lighting system.  The LED lights were then tested for 

a) b) 
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functionality, including the ability to switch the lights between AC power supply and power from 

the DC microgrid.  Figure 4.1b.8a shows the AC/DC LED lighting system. 

Step 4 DC-to-AC Inverter Installation and Performance Validation: A DC-to-AC inverter (Figure 

4.1b.8b) was installed to supply critical AC loads from the DC microgrid.  Extensive testing 

confirmed the inverter’s performance in delivering a consistent and stable AC power supply to 

connected loads. 

 
Figure 4.1b.8. Commissioned AC/DC LED lighting system (a) and commissioned DC-to-AC inverter (b). 

Step 5 System-Wide Validation and Optimization: The entire DC microgrid was energized and 

operated independently for several weeks to ensure compatibility and functionality.  Metering data 

confirmed that all components operated within expected parameters. 

Step 6 Control System Integration and Advanced Functionality: The OPTO22 Controller was 

installed, and the HNEI-developed microgrid operating logic was uploaded.  This logic effectively 

manages loads, facilitating seamless transitions between AC and DC-powered modes and enabling 

the concurrent use of both power sources for specific loads.  The following section details the 

system controller and its double-layer safety feature incorporated in the control switches. 

The OPTO22 Controller (Figure 4.1b.6) was selected for its ability to deliver optimal functionality, 

advanced control capabilities, and seamless integration with future project extensions.  Key 

hardware components include the controller processor, chassis, power supply, and I/O modules. 

Node-RED, a flow-based development environment, was employed for programming the 

controller logic using JavaScript (Figure 4.1b.9).  The system incorporates a dual-layer safety 

design, with one layer embedded in the coding and another in the contactor’s wiring, ensuring 

robust protection against potential component failures.  Further details regarding these safety 

mechanisms are provided in the following section. 

a) b) 
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Figure 4.1b.9. The controller’s programming environment featuring the resultant user interface (UI). 

Double-Layer Safety Feature: The project features a dual-layer safety system that utilizes both 

software and hardware safeguards to ensure the system’s safe operation.  This approach guarantees 

that if the primary safety mechanism (software) fails, a secondary layer (hardware) remains in 

place to maintain system integrity.  Within the software layer, the controller’s user interface (UI) 

offers flexibility while stringently enforcing that each load is powered solely by either the AC or 

DC system, never both simultaneously.  Toggling the Master switch initiates a system-wide shift 

of all loads to either AC or DC mode, as selected by the user (Figure 4.1b.10a).  A deliberate 2-

second delay is incorporated into the load-shifting process as a precautionary measure against 

voltage spikes and other potential power disturbances.  The system’s design accommodates mixed-

mode operation, allowing the use of both AC and DC resources concurrently, regardless of the 

Master switch’s position.  However, it maintains the fundamental principle that each load remains 

connected to either the AC or DC system exclusively (Figures 4.1b.10b and c).  

 
Figure. 4.1b.10. UI of the OPTO 22 Controller of the system operating in AC mode (a) and in mixed 

mode (b and c). 

a) b) c) 
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Figure 4.1b.11 illustrates the GIGAVAC contactor’s wiring design, incorporating an inherent 

safety feature to prevent simultaneous activation of both the AC and DC contactors.  The protection 

ensures that even if both control voltages are present due to a malfunction, only one contactor can 

physically close.  The GIGAVAC contactor has a switch between its main power terminals, A1 

and A2 (Main Power Switch), that is normally open.  Applying 24 V to the X1 terminal closes the 

Main Power Switch, thereby connecting to the load.  The contactor also has a normally closed 

switch between terminals T1 and T2 (Auxiliary Switch) that opens when the switch between A1 

and A2 is closed.  This interlocked relation, coupled with the wiring scheme depicted in Figure 

4.1b.11, guarantees that activating both AC and DC control inputs can never simultaneously 

energize both contactors.  Even if the control code malfunctions and sends erroneous signals to 

both I/O inputs, closing one contactor’s Main Power Switch automatically opens its Auxiliary 

Switch, thereby de-energizing terminal X1 on the other contactor, effectively preventing the 

closure of the other Main Power Switch.  This fail-safe mechanism eliminates the risk of 

accidentally connecting both AC and DC sources to a single load. 

 
Figure. 4.1b.11. Illustration of the hardware safety features in contactor wiring. 

A key objective of this project was to evaluate the operational efficiency of the DC microgrid 

compared to AC operation.  To achieve this, eGauge meters were installed on both AC and DC 

circuits, recording power and energy data at one-minute intervals over three months.  Currently, 

the DC microgrid serves four loads: the air conditioner, LED lighting system, plug loads, and 

swappable batteries for EV applications.  The OPTO22 Controller facilitated detailed efficiency 

comparisons by alternating the air conditioner’s power source between AC and DC every 15 

minutes.  Due to its steadier load profile, the LED lighting system only switched modes between 

AC and DC daily.  Plug loads and 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 failure.  A custom spreadsheet utilizing Visual Basic (VB) 

programming automated approximately 80% of the data analysis workflow.  The 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 DC microgrid, this analysis focuses on the air conditioner 

and LED lights.  Figure 4.1b.12 presents the air conditioner’s power consumption in both AC and 

DC modes, revealing comparable levels.  However, the average power consumption of the air 

conditioner in AC and DC (Figure 4.1b.13) highlights an approximate 4% efficiency gain in DC 

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

 
Figure. 4.1b.12. Comparative load profile of the air conditioner in AC and DC modes. 

 
Figure. 4.1b.13. Average power consumption of the air conditioner in AC versus DC mode. 

Figure 4.1b.14 shows the distinct power consumption patterns of the LED lights in AC and DC 

modes.  The yellow line (AC) consistently sits above the blue line (DC), visually representing the 

lower energy demands of DC operation.  Figure 4.1b.15 further underlines this difference, 
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presenting the average power consumption values for both modes.  This quantitative comparison 

definitively demonstrates the superior energy efficiency of the LED lights in DC mode, drawing 

less power compared to AC operation. 

 
Figure. 4.1b.14. Power Consumption of LED Lights in AC and DC Modes. 

 
Figure. 4.1b.15. Average Power Consumption of the LED Lights in AC 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 

project’s E-boat battery system, transforming it into a dedicated bidirectional power resource for 

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

DC microgrid’s resource utilization during both normal operation and grid outages. 

Secondly, leveraging the existing DC microgrid infrastructure as a valuable research platform, 

HNEI actively pursues new funding opportunities.  Notably, a resilient microgrid project proposal 
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using this microgrid as a pilot site for multi-year extended research and development was awarded 

in 2023 pursuant to a substantial U.S. DOE 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) can pose new challenges to the electric grid 

system with increased electricity demand and reshaped grid loads, an immense opportunity exists 

to leverage the potential flexibility of EVs to provide user benefits and grid services through 

managed charging.  These benefits and services can deliver economic value to EV owners while 

potentially enhancing the grid’s reliability and resiliency.  However, the optimization problem is 

complex due to the numerous categories and variants of grid services along with factors such as 

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 research, but also inform the 

University of Hawaiʻi’s consideration of options such as the electrification of its fleet vehicles, 

advanced car share applications, integration of distributed renewable energy resources on campus, 

and the optimal management of campus energy use and cost containment. 

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

demonstration of advanced control of two bidirectional EV chargers (H-PCS) on the campus of 

the University of Hawaiʻi at Mānoa (UH).  The two designated parking stalls, indicated by the red 

rectangle in Figure 4.1c.1, are located adjacent to the Bachman Annex 6 building indicated by the 

orange rectangle in the same figure.  The H-PCS was developed by IKS with support from Hitachi 

Limited as part of the earlier JUMPSmart Maui smart grid demonstration project, where HNEI 

was one of the partners. 
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Figure 4.1c.1. Location and signage of the bidirectional EV chargers. 

The research employs two project-procured EVs, accessible through a secure web-based car 

scheduling application developed by HNEI GridSTART and provided to authorized drivers.  These 

EVs serve dual purposes: firstly, to facilitate energy research and dissemination of findings, and 

secondly, to enable the UH administration to evaluate the practical integration of EVs into their 

fleet through project experience. 

HNEI GridSTART’s innovative H-PCS control algorithms excel in two key areas: optimizing 

shared vehicle utilization and delivering ancillary power and energy services.  On the 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 minimize campus energy 

costs.  Additionally, the system can support the local utility operator (i.e., Hawaiian Electric 

Company) by supplying grid ancillary services for financial compensation.  To maximize 

renewable energy usage, the algorithms integrate state-of-the-art in-house forecasts of campus 

building load demand and on-campus solar photovoltaic (PV) power production.  This prioritizes 

renewable energy for both EV charging and building loads, minimizing dependence on costly grid 

purchases. Figure 4.1c.2 illustrates the aforementioned system configuration. 
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Figure 4.1c.2. Functional system configuration of the H-PCS chargers. 

HNEI made significant progress across various project components under APRISES18.  The 

completed activities include: 

• Refinement of the web-based EV reservation system; 

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

scheduling; 

• 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; 

• Facilitated user adoption through comprehensive in-person user training sessions for HNEI 

employees and designated drivers from select UH 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 pick-up and drop-off; 

• 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 charging, and bidirectional charging; 

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

operation; 
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• Research exploring various methods to estimate EV energy consumption to more 

accurately predict battery status for predefined trips, contributing to the development of a 

comprehensive model; and 

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

grid. 

Figure 4.1c.3 presents the completed web-based EV reservation system user interface.  The EV 

use scheduling and charge/discharge optimization models are shown in Figures 4.1c.4 and 4.1c.5, 

respectively.  The diagram of the car key autonomous lockbox system is showed in Figure 4.1c.6. 

 
Figure 4.1c.3. User interface of the completed web-based EV reservation system. 
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Figure 4.1c.4. Description of the EV use scheduling model. 

 
Figure 4.1c.5. Description of the charge/discharge optimization model. 
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Figure 4.1c.6. Lockbox system diagram. 

The economic analysis accompanying each charging approach reveals its cost-effectiveness 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: 

• Case 1:  Building load + 2 EVs with no optimization (charging only) – base case 

• Case 2:  Building load + 2 EVs with optimization (smart unidirectional charging) 

• 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 them.  The electricity price 

is based on Hawaiian Electric’s Time of Use rate.  The cost-saving simulation results for both 

scenarios are shown in Table 4.1c.1. 
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Figure 4.1c.7. Building load and PV production profiles used in the simulation. 

 

Table 4.1c.1. Cost-saving simulation results in Scenarios 1 and 2. 

Case studies 
Electricity cost 

per day (USD) 

Cost savings 

per day (USD) 

Cost savings 

per day (%) 

Scenario 1 

Building Load without EVs and PV (reference) 74.84 NA NA 

Case 1: Load + PV + EVs + Simple unidirectional charging 

(base case) 

[Unidirectional charging, NO optimization] 

47.94 NA NA 

Case 2: Load + PV + EVs + Smart unidirectional charging  

[Unidirectional charging, WITH optimization] 
43.23 4.71 9.82 

Case 3: Load + PV + EVs + Smart bidirectional charging  

[Bidirectional charging, WITH optimization] 
42.09 5.85 12.02 
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Case studies 
Electricity cost 

per day (USD) 

Cost savings 

per day (USD) 

Cost savings 

per day (%) 

Scenario 2 

Building Load without EVs and PV (reference) 74.84 NA NA 

Case 1: Load + PV + EVs + Simple unidirectional charging 

(base case) 

[Unidirectional charging, NO optimization] 

41.32 NA NA 

Case 2: Load + PV + EVs + Smart unidirectional charging  

[Unidirectional charging, WITH optimization] 
36.88 4.44 10.75 

Case 3: Load + PV + EVs + Smart bidirectional charging  

[Bidirectional charging, WITH optimization] 
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% in Scenario 2.  Smart bidirectional charging offers even greater savings, 

achieving 12.02% cost reduction in Scenario 1 and 21.06% in Scenario 2.  These findings underline 

the effectiveness of smart charging in not only reducing costs, but also maximizing overall PV 

system benefits.  Therefore, it becomes evident that incorporating smart charging methods holds 

great potential for optimizing economic advantages in EV charging infrastructure, contributing to 

a sustainable and efficient energy landscape. 

To monitor battery performance and accurately estimate energy consumption during real-world 

driving, a telematics system was integrated into both EVs.  This system streams live car use data 

to a dedicated server database (Figure 4.1c.8). 
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Figure 4.1c.8. Telematics system with server and database structure. 

The project has been actively exploring diverse methodologies for enhancing the accuracy of EV 

energy consumption estimation.  The current system utilizes a three-step process in Python, 

leveraging Google Maps API for trip information, estimating energy consumption based on that 

data, and finally predicting the minimum battery level (State of Charge, SOC) required for the trip.  

Figure 4.1c.9 presents the current model for pre-trip SOC estimation. 

 
Figure 4.1c.9. Three-step process of the EV’s SOC estimation for a pre-identified trip process. 



84 

Beyond optimizing 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 assessment of EV charger integration feasibility in feeders in Danang, 

Vietnam, considering planned unidirectional EV charger deployments for both 2025 and 2030.  

Our collaboration stemmed from the alignment of this initiative with the project’s broader goal of 

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 project, however, focused on key parameters such as voltage, losses, and harmonics to 

evaluate the impact of EV charger integration into the Danang power grid.  We then developed a 

simple method to assess whether planned charger locations could pose a threat to the grid.  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 deployments.  For the line 

projected to experience a voltage drop in 2030, we suggested potential interventions such as 

upgrades of the feeder or load sharing with other lines.  Figure 4.1c.10 details this assessment 

process for planned unidirectional chargers.  These findings provide crucial guidance for future 

decisions regarding EV charging infrastructure development within distribution grids. 
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Figure 4.1c.10. Flowchart of the assessing methodology for integrating planned unidirectional EV 

chargers into the distribution grid. 

Leveraging the accomplishments achieved under APRISES18 funding, HNEI presented the work 

at the IEEE’s Asia Meeting on Environment and Electrical Engineering in November 2023. The 

presentation highlighted findings such as the EV energy consumption estimation model.  

Additionally, two academic papers were published in the Energies and Clean Technology journals 

to further disseminate the project’s achievements.  More information on these three works are 

noted at the end of this activity. 
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Future APRISES funding will allow HNEI to delve deeper into optimization algorithms.  We plan 

to evaluate their performance under alternative objectives, such as grid ancillary services, and 

refine the EV charging management system to maximize fleet utilization and charge/discharge 

schedules.  The integrated telematics system will facilitate precise per-trip energy consumption 

estimation, enabling real-time adjustments to fleet operations to account for unforeseen 

circumstances such as delays, vehicle issues, and traffic fluctuations.  We 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 future. 
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2. Nguyen, N. H., Tran, Q. T., Nguyen, T. V., Tran, N., Roose, L., Sepasi, S., & Di 
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Energies, 16(9), 3741. https://doi.org/10.3390/en16093741  

Conference Proceedings and Presentations 

1. Tran, Q. T, Roose, L. R., Thongmai, K., Vichitpunt, C., & Noisopa, K. (2023, November 

13-15). An improved method to estimate energy consumption for light duty electric 

vehicles based on road characteristics and ambient temperature. IEEE Asia Meeting on 

Environment and Electrical Engineering (EEE-AM), Hanoi, Vietnam. 

4.1d Conservation Voltage Reduction Demonstration 

The primary goal of this 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 U.S. Marine Corps (USMC) Camp Butler in Okinawa, Japan.  This 

project involves the development, field implementation, testing, and evaluation of grid 

improvement technologies. 

Working in close collaboration with USMC Facilities personnel in Okinawa, a 13.8 kV distribution 

circuit called “Feeder F6A” was selected for the CVR demonstration.  This single feeder has 

approximately 56 distribution service transformers and is fed by a large substation transformer that 

provides power to a total of ten feeders.  To achieve 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 control.  The CVR-controlled feeder 

section was isolated with a voltage regulator (VR) to manage and control the voltage at 
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“downstream” service transformers, essentially behaving as the load tap changer on a substation 

transformer for the limited section of the feeder under test. 

Specifically, seven distribution service transformers located at a branch end of Feeder F6A were 

identified for the CVR demonstration.  Five out of the seven distribution service transformers 

already had existing advanced metering infrastructure (AMI) meters and communications 

installed.  A new distribution pad-mounted VR, in conjunction with near real-time voltage 

recordings taken at the transformers and communicated back to the VR controller, regulates the 

primary voltage of these seven service transformers.  In turn, the VR will manage the customer 

service voltages to the lower limit of the ±5% acceptable American National Standards Institute 

(ANSI) voltage range.  A reduction in energy consumption in the range of 0.7% to 0.9% for every 

1% reduction in voltage is expected.  This reduction in energy consumption is the primary value 

proposition of effective CVR implementation – reduced energy use by more effective management 

of customer service voltage. 

Figure 4.1d.1 below shows an electrical one-line schematic of the project area.  The existing 

electrical infrastructure integrated with new technology deployed under this project includes the 

new VR and its HNEI GridSTART 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., Officer’s club commercial load, troop barracks, and 

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 on a building served from TH 

415. 
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Figure 4.1d.1. Electrical one-line schematic of the project demonstration area. 

The CVR control system was commissioned under previous APRISES funding.  Under 

APRISES18 funding, a paramount focus has been directed toward the meticulous improvement 

and maintenance of the deployed systems and performance data collection and analyses.  During 

GridSTART’s site visit in October 2022, device failure attributable to overvoltage, lightning 

strikes, or overheating was found in a main control board.  The project team has diligently 

addressed the intricate task of rectifying issues stemming from these adverse environmental 

conditions, employing a systematic approach to ensure the restoration of optimal functionality.  

This proactive measure not only contributed to the overall progress of the project, but also 

underscores the project team’s commitment to maintaining the integrity and reliability of the 

deployed devices in the face of environmental challenges.  The control board has operated reliably 

ever since. 

Additionally, the site visit revealed data dropouts that the team’s allocated time-on-site could not 

fully address.  To overcome this limitation, the team leveraged the hardware-in-the-loop (HIL) test 

platform in HNEI’s Advanced Power System Laboratory on Oʻahu.  This platform allowed us to 

replicate the environmental and network conditions of the deployed system, a necessity due to 

cyber-security measures isolating the field’s AMI network from the internet.  Within the controlled 

lab environment, HNEI replicated the data dropouts and implemented curative actions.  The field 
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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 GridSTART have significantly reduced live stream 

data dropouts of the deployed system.  The Okinawa CVR demonstration project’s remote 

geographic location combined with the network security isolation underlines the importance of 

developing robust and self-contained systems capable of functioning autonomously in 

environments devoid of conventional online connectivity, thereby contributing to the project's 

resiliency and overall success. 

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

on a weekly basis.  This data is then used by HNEI to assess the system’s functional operation.  

The data is recorded from three different sources: 1) local recording of data from smart PQube 

meters located at each distribution service transformer; 2) input and output data of the CVR 

controller, including information from the VR using the DNP3 protocol, and data from the PQube 

meters transmitted via the Modbus TCP protocol with a higher resolution rate; and 3) data from 

the Volt-Var 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 time synchronization for time series data 

from different sources.  Figure 4.1d.2 shows the frequency measurements at the moment when the 

configuration of all PQube meters were updated to connect to the NTP server. 

 
Figure 4.1d.2. PQube frequency measurements following 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 system is fully operational for managing and controlling voltage at downstream service 

transformers by autonomously adjusting the tap change of the VR.  The operation of the CVR 

system is depicted in Figures 4.1d.3 and 4.1d.4.  The CVR controller is programmed to follow a 
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one-day-on, one-day-off schedule for efficiency assessment and CVR factor estimation.  Figure 

4.1d.3 illustrates the active phase: when 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 position (green line).  

Figure 4.1d.4 demonstrates voltage profiles during CVR system’s on/off cycles, confirming 

successful voltage reduction within the acceptable ANSI voltage range at all service transformers.  

When the tap changer position (blue line) is switched to a lower position, the voltage of the entire 

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

end use customers.  Figure 4.1d.5 shows voltage statistics at the secondary side of the VR during 

the CVR system’s on/off cycles.  This further confirms the CVR controller’s functionality. 

 
Figure 4.1d.3. Voltage regulator operation. 

 
Figure 4.1d.4. Voltage profiles during CVR system’s on/off cycles. 

 
Figure 4.1d.5. CVR effect measured at the voltage regulator secondary side. 
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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 building loads.  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 the VR.  Under 

APRISES18, continuous monitoring 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 from the PQube meter.  

Additionally, an on/off schedule is implemented to assess the effectiveness of the controller.  

Figure 4.1d.6 demonstrates that the voltage drop (represented by the red line) across the 

transformer impedance is reduced when the VVC controller is enabled, and reactive power (blue 

line) is generated by the power inverters under control.  

 
Figure 4.1d.6. VCC-enabled reactive power alleviates voltage drop. 

To evaluate the effectiveness of the CVR system, we calculate the CVR factor using field-collected 

data.  High-resolution smart meters enable a direct approach for estimating this factor.  The CVR 

factor (𝐶𝑉𝑅𝑓) represents the relationship between the percentage change in power or energy and 

the corresponding percentage change in voltage.  In the 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 the percentage change in voltage. 

𝐶𝑉𝑅𝑓 =
%𝛥𝑃

%𝛥𝑉
 (Eq. 4.1d.1) 

Under APRISES18, HNEI GridSTART conducted a rigorous measurement campaign to acquire 

data on voltage, active power, and tap positions at regular intervals.  To collect a comprehensive 

dataset of tap-changer events, we implemented many manual tap-changer switches while ensuring 

that voltages remained within an acceptable range.  This implementation used a measurement 

interval with an appropriate level of granularity to capture a sufficient number of CVR events, 



92 

thereby increasing the statistical accuracy of the calculations.  In addition, to ensure that the voltage 

response magnitudes significantly exceeded natural voltage fluctuations, tap operations were 

adjusted by larger increments. 

Figures 4.1d.7 and 4.1d.8 illustrate an instance of an abrupt voltage change event at two distinct 

measurement points: the VR and the service transformer TS 4100.  In both figures, the blue line 

represents the tap position of the VR, which is suddenly increased.  This abrupt increase in tap 

position leads to a corresponding rise in voltage on the feeder, depicted by the green line.  As a 

result of the higher voltage, the power consumption, represented by the yellow line, experiences a 

slight increase.  Each of these events is accounted for when calculating the CVR factor. 

 
Figure 4.1d.7. Voltage regulator power and voltage response to tap change. 

 
Figure 4.1d.8. TS 4100 power and voltage response to tap change. 

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 0.93%.  When CVR control is active, 

there is an approximate 2.25% reduction in voltage compared to when CVR 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 formed in the Western Pacific and brought heavy rain and 

sustained winds up to 140 mph as it barreled north, impacting every island in its path.  Upon 

making landfall in Okinawa, the extreme weather conditions inflicted heavy damage upon 

electrical infrastructure, leaving 220,000 residents without power, including some facilities within 

USMC Camp Butler [1].  During post-typhoon power restoration efforts conducted by the Camp’s 

field crews, it was determined that an electrical fault had occurred within the CVR-controlled VR 

or its associated underground cables.  As a result, the VR, along with its source and load 

underground cables, were removed from service and bypassed utilizing the project-installed 

bypass switch cabinet.  The regulator bypass switches worked as designed, allowing power to be 

quickly diverted around the regulator and preventing any delays in base restoration efforts.  

Importantly, all communication equipment associated with the project remained functional despite 

the impact of the typhoon, evidencing the effectiveness of the weather-proofing approach and 

materials applied as part of the project.  Figure 4.1d.9 shows the CVR-controlled voltage regulator 

and bypass switch cabinet. 

 
Figure 4.1d.9. The CVR-controlled voltage regulator (right) and bypass switch cabinet (left). 

The CVR-controlled VR and its cables currently remain bypassed and removed from service while 

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

fault experienced during Typhoon Khanun.  We aim to determine whether the regulator equipment 

can be returned to service or needs repair.  It is costly to have equipment specialists flown in from 

locations outside of Okinawa.  In 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 Okinawa for the VR diagnostic efforts and potential repairs to the fullest extent practicable.  

Figure 4.1d.10 shows the current state of the voltage regulator switches and HNEI’s preliminary 

plan to identify the fault location. 
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Figure 4.1d.10. Current state of the voltage regulator switches and preliminary fault location identification 

plan. 

While the CVR-controlled VR remains out of service, other equipment installed at Camp Butler 

continues to provide benefit to base electrical needs.  The PV panels installed on the building roof 

served by TH 415 continue to supplement the camp’s electricity with 5 kW.  Additionally, the 

VVC controller remains enabled with localized reactive power management of power inverters 

installed at TH 415 delivering improved power quality to served loads.  HNEI GridSTART 

continues its research efforts on the injection of reactive power utilizing inverter-based resources, 

methodically dispatching and analyzing data from the installed units. 

References 
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4.1e Real-Time 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 processes.  This can lead to unexpected breakdowns and shortened 

transformer lifespans.  Distribution transformer failures occur due to various factors such as oil 

leaks, thermal overload, harmonics, and unbalanced loading, ultimately impacting both the cost 

and reliability of power delivery.  Continuous, automated, and on-site health monitoring can 
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significantly mitigate these issues by enabling proactive intervention.  With the increasing 

integration of distributed photovoltaic (PV) systems, electric vehicles, and other energy resources, 

this becomes even more critical, as these can stress distribution transformers further.  

Under APRISES18, HNEI GridSTART developed an online assessment system powered by a 

fuzzy logic evaluation model to address these challenges.  This real-time system quickly responds 

to varying inputs, monitoring transformer health with readily available measurements and avoiding 

the need for expensive sensors or operational disruptions.  Top oil temperature, vibration, and 

transformer loading serve as 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 issues arise.  These insights are then 

seamlessly transmitted to operators.  Ultimately, this low-cost and straightforward monitoring 

program promises reduced damage, enhanced grid reliability, improved transformer management, 

and informed maintenance decisions. 

Assessment Indicators for Service Transformer 

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 using readily available data – current, voltage, and ambient 

temperature at the service transformer – eliminating the need for expensive sensors at the 

transformer itself. 

Top oil temperature (θoil) is a crucial indicator of a transformer’s thermal state.  Traditionally, 

measuring the winding’s peak temperature requires a sensor near the conductor, a costly and 

inconvenient method.  Our system, however, leverages an IEEE thermal model and readily 

available data from the transformer’s energy monitoring device – current, voltage, and ambient 

temperature – to estimate top oil temperature indirectly.  This equation accurately calculates the 

temperature rise compared to the rated conditions, considering various factors like load and heat 

generation.  The equation is expressed below. 

[
𝐾2 ∗ 𝑅 +1

𝑅 +1
]

𝑛

∗  ∆𝜃𝑜𝑖𝑙,𝑅 = 𝜏𝑇𝑂  ∗
𝑑∆𝜃𝑜𝑖𝑙

𝑑𝑡
 + ∆𝜃𝑜𝑖𝑙 (Eq. 4.1e.1) 

where Δθoil represents the increase in top oil temperature from the ambient temperature at the 

current operating conditions, shown in degrees Celsius (°C), 

Δθoil,R represents the rise in top oil temperature at the transformer’s rated load, also shown 

in °C, 

R is the ratio of heat generation from the transformer’s core to the heat generation from the 

windings at rated load.  It is a dimensionless factor that reflects the relative contribution of 

each component to overall transformer heat production, 

K is the load factor, 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 load), 
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τTO is the thermal time constant of the transformer, measured in hours, and 

n is the oil exponent, a factor that accounts for the non-linear relationship between the 

transformer’s load and the rate of top oil temperature rise.  

Recognizing the importance of vibration and noise for gauging transformer quality, HNEI 

GridSTART selected it as a key indicator for assessing service transformer health.  Vibration 

primarily originate from windings and core.  While complex computational models often estimate 

vibration in power transformers, this approach can be simplified for smaller service transformers 

with lower power capacities.  Despite 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. 

ν𝑡𝑎𝑛𝑘 = (α +  β ∗ 𝜃𝑜𝑖𝑙) ∗ i2 + (γ +  δ ∗ 𝜃𝑜𝑖𝑙) ∗ u2 (Eq. 4.1e.2) 

where α, β, γ, and δ are coefficients that account for the transformer’s physical shape and 

dimensions.  These coefficients are determined through specific calculations or measurements 

based on the transformer’s geometry; u represents the transformer’s voltage, measured in volts 

(V).  Voltage is a key factor in generating magnetic forces within the transformer, which 

contribute to vibration; and i represents the transformer’s current, measured in amperes (A).  

Current, in turn, produces electrodynamic forces that also contribute to vibration. 

Transformer Loading: Transformer loading is simply the measured load divided by the 

transformer’s rated power, as specified on its nameplate.  Consistent overloading exposes the 

transformer to potential failures, as excessive heat can damage insulation or coil.  Therefore, 

loading serves as a crucial parameter for evaluating transformer health. 

The online monitoring system relies on an energy monitoring device installed near the service 

transformer.  This device diligently records grid information, including voltage, current, and 

ambient temperature, every second.  Its powerful microcontroller crunches the data, estimates key 

health indicators, and transmits them wirelessly to a central gateway, or a host server.  The online 

monitoring program, running at the gateway, gathers this data and calculates transformer health 

index.  Finally, it presents the results to the operator through a user interface.  This seamless flow 

of information empowers operators to make informed decisions about their transformers.  Figure 

4.1e.1 shows the scheme diagram of the online monitoring system. 
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Figure 4.1e.1. Scheme diagram of the online monitoring system. 

In contrast to conventional methods, fuzzy logic excels in handling uncertainty and imprecision, 

making it a natural choice for transformer health assessment.  This mathematical approach 

employs a three-step control system: fuzzification, inference, and defuzzification.  In the 

fuzzification step, it transforms real-world input values into fuzzy sets, allowing for a more flexible 

and adaptable representation of transformer health characteristics.  In the inference step, it analyzes 

and interprets the relationships between different levels of health indicators to reach a conclusion 

about the overall transformer conclusion.  In the defuzzification step, it translates the fuzzy output 

back into a clear and quantifiable health index, providing a tangible assessment for decision-

making.  Figures 4.1e.2 and 4.1e.3 visually depict the system model and its underlying structure, 

respectively.  

 
Figure 4.1e.2. Model of the assessment system. 
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Figure 4.1e.3. Basic structure of fuzzy control system. 

To enable fuzzy logic’s nuanced reasoning, membership functions are assigned to each input value.  

These functions represent the degree to which a value belongs to linguistic categories such as 

“good,” “fair,” “poor,” and “very poor,” shaped as trapezoidal curves to reflect expert insights on 

transformer health.  Top-oil temperature stands as the most influential input due to its critical role 

in evaluating insulation integrity.  Vibration and transformer loading play supplementary roles, 

providing additional context for assessment.  The system meticulously integrates these inputs to 

generate a final, comprehensive output: the overall transformer health index.  Adhering to IEEE 

and IEC standards, the system ensures its input parameter ranges align with industry best practices.  

Expert rules, carefully crafted based on the prioritization of critical inputs, guide the system’s 

reasoning process, ensuring a reliable and informative health assessment. 

To demonstrate the effectiveness and sensitivity of our service transformer monitoring system, 

HNEI GridSTART tested it on a simulated 50 kVA transformer currently in “good” operating 

condition.  This transformer has a baseline top oil temperature rise of 65°C at rated load, with an 

oil weight of 105 kg, a core weight of 70 kg, and a tank weight of 165 kg.  Its load loss is 870 W, 

and no-load loss is 130 W.  We assumed a consistent ambient temperature of 30°C throughout the 

tests.  
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We implemented two test scenarios to analyze the system’s response to different data set: 

Scenario 1 Short-Term Sensitivity (1 Day): Using electrical parameters aggregated on November 

1st, 2019, we evaluated the system’s ability to detect abnormal changes in the transformer within 

a short timeframe.  This scenario employed three sub-cases to compare and analyze the results. 

Scenario 2 Long-Term Assessment (2 Weeks): Recognizing that assessing a transformer’s true 

condition requires long-term observation, we utilized two weeks of electrical data from December 

2019.  This scenario aimed to provide a more stable evaluation, ultimately informing decisions on 

repair or replacement. 

Equations 4.1e.1 and 4.1e.2 were utilized to see how changes in transformer load (presented by 

current and voltage) directly impact both top oil temperature and vibration.  To delve deeper, we 

implemented three sub-cases with varying conditions to analyze the system’s response. 

Case 1 Normal Operation: This case presents the baseline scenario, where the transformer operates 

under normal conditions.  Its peak load fluctuates primarily between 40% to 80% of its rated 

capacity.  Cases 2 and 3 then intentionally deviate from this baseline to observe how the health 

index responds to different circumstances. 

Case 2 “Fair” Operating Condition: The transformer is simulated to be in a “Fair” operating 

condition.  Its peak load undergoes significant swings, ranging from 50% to 150% of its rated 

capacity, in a specific time window (12:00 PM to 1:30 PM).  These overloads are not continuous 

but occur episodically. 

Case 3 “Poor” Operating Condition: Representing the worst-case scenario for an aging 

transformer, Case 3 simulates a “Poor” operating condition.  The peak load experiences even more 

pronounced fluctuations, ranging from 100% to 150% of its rated capacity, and persists for a longer 

duration (9:00 AM to 1:30 PM), emulating the behavior of an old transformer. 

Case 1 utilizes real-world data collected by a power monitoring device.  For Cases 2 and 3, 

however, data acquisition was challenging due to prevalence of older transformers lacking such 

devices or being replaced for reliability concerns.  Therefore, these cases employ simulated data, 

carefully adjusted based on Case 1, to observe the system’s behavior under different load profiles.  

The results of all three cases in both scenarios are presented in Table 4.1e.1 and Figure 4.1e.4. 
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Table 4.1e.1. Test results of Scenario 1 (Short-Term Sensitivity). 

Case 1 Case 2 Case 3 

Transformer loading 

   

Top oil temperature 

   

Vibration 

   

Health index 
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Figure 4.1e.4. Test results of Scenario 2 (Long-Term Assessment). 

To evaluate the accuracy of our proposed method, HNEI GridSTART tested it on 67 operating 

transformers managed by Cam Giang Power Company (CGC) in Hai Duong, Vietnam.  These 

transformers, installed between 2003 and 2021, encompass a range of ages and health conditions.  

We obtained crucial information for each transformer, including its installation details, CGC’s 

health assessments, and multiple days of 30-minute interval-data (current and voltage) over a 24-

hour period.  CGC uses a 1-to-10 scale for health assessment, with higher numbers indicating 

better health, but their specific method remains undisclosed. 
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Focusing on each transformer’s worst-case performance, we used the provided data to calculate 

specific parameters, such as top oil temperature, vibration, and loading.  We also computed our 

fuzzy logic health index for all 67 transformers.  To facilitate the comparison with CGC’s system, 

we grouped their 1-10 scale into three categories: “good” (8-10), “moderate” (4-7), and “bad” (1-

3).  Likewise, we mapped our “poor” and “very poor” fuzzy logic categories to CGC’s “bad” 

category for matching index numbers.  Table 4.1e.2 exemplifies this comparison for 21 

transformers, showcasing CGC’s health indices alongside our calculations and fuzzy logic 

assessments.  Table 4.1e.3 summarizes the overall comparison between our proposed method and 

CGC’s assessments.  Notably, our results differed in only 6 out of 67 cases, translating to a 91.04% 

match.  
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Table 4.1e.2. Example health index calculation and assessment for Transformers 1 to 21. 

TF # 
Installation 

Method 

Installation 

Year 

Rated 

Voltage (kV) 

Rated Power 

(kVA) 

Health Index 

Given by CGC 

Translation of CGC 

Health Index 

Top Oil 

Temperature 

(°C) 

Vibration 

(Db) 

Transformer 

Loading (%) 

Fuzzy Logic 

Health Index* 

1 Pole mounted 2008 35/0.4 560 8 Good 53.59 9.1 49.92 8.68 G 

2 Pole mounted 2020 35(22)/0.4 560 3 Bad 73.27 68.13 96.97 1.71 VP 

3 Pad-mounted 2010 35(22)/0.4 560 8 Good 47.8 4.78 7.08 8.68 G 

4 Pole mounted 2003 35(22)/0.4 560 8 Good 57.42 17.98 61.56 8.68 G 

5 Pole mounted 2004 35(22)/0.4 560 8 Good 54.47 8.59 48.72 8.68 G 

6 
Outdoor pad-

mounted 
2021 35(22)/0.4 560 9 Good 57.08 9.86 49.94 8.68 G 

7 Pole mounted 2017 35(22)/0.4 560 5 Moderate 71.85 31.73 69.97 4 P 

8 Pad-mounted 2019 35(22)/0.4 560 7 Moderate 66.93 25.31 65.83 6 F 

9 Pole mounted 2018 35(22)/0.4 560 8 Good 53.92 7.07 46.18 8.68 G 

10 Pole mounted 2013 35(22)/0.4 560 8 Good 55.74 8.95 48.9 8.68 G 

11 
Outdoor pad-

mounted 
2020 35(22)/0.4 560 4 Bad 76.37 71.63 97.29 1.7 VP 

12 Pole mounted 2006 35(22)/0.4 560 8 Good 46.44 4.94 2.31 8.68 G 

13 Pole mounted 2014 35(22)/0.4 560 8 Good 49.13 1.73 25.24 8.68 G 

15 Pole mounted 2018 35(22)/0.4 560 8 Good 49.61 0.09 30.66 8.68 G 

16 Pole mounted 2010 35(22)/0.4 560 8 Good 51.84 2.45 37.07 8.68 G 

17 Pole mounted 2019 35/0.4 560 7 Moderate 68.85 44.7 82.64 6 F 

18 
Outdoor pad-

mounted 
2021 35(22)/0.4 560 9 Good 58.32 18.4 61.69 8.68 G 

19 Pole mounted 2020 35(22)/0.4 560 8 Good 48.47 2.87 20.52 8.68 G 

20 Pole mounted 2008 35(22)/0.4 560 8 Good 46.98 4.1 13.28 8.68 G 

21 
Outdoor pad-

mounted 
2021 35(22)/0.4 560 9 Good 58.33 23.55 67.97 8.68 G 

 *Fuzzy Logic Health Index Abbreviation: Good (G), Fair (F), Poor (P), and Very Poor (VP) 
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Table 4.1e.3. Comparison result produced by the proposed method and CGC. 

Comparison Results 
Proposed Method Evaluation 

Good Fair Poor and Very Poor Total 

CGC evaluation 

Good 49 5 0 54 

Moderate 0 2 1 3 

Bad 0 0 10 10 

This high accuracy demonstrates the effectiveness of our non-invasive method, further bolstered 

by its fast computation times (under 1 second) and low implementation costs.  As a result, this 

model offers a compelling solution for utilities and industrial facilities seeking an efficient, 

reliable, and low-disruption approach to monitoring transformer health.  This is particularly 

pertinent as electric vehicles and solar power increasingly integrate into the grid, potentially 

placing pressure on service transformers due to their variable and unpredictable nature.  Low-cost 

monitoring applications like ours can play a crucial role in helping power companies anticipate 

and adapt to these rapidly changing conditions.  

HNEI GridSTART presented this research at the 2021 IEEE/IAS 57th Industrial and Commercial 

Power Systems Technical Conference.  A peer-reviewed paper was also published in the Energies 

journal, which concludes this project.  More information on these works are noted below. 

Peer-Reviewed Publications 

1. Tran, Q. T., Roose, L., Doan Van, B., & Nguyen, Q. N. (2022). A low-cost online health 

assessment system for oil-immersed service transformers using real-time grid energy 

monitoring. Energies, 15(16), 5932. https://doi.org/10.3390/en15165932   

Conference Proceedings and Presentations 

1. Tran, Q. T., Davies, K., & Roose, L. R. (2021, April 27-30). Building Machine learning 

datasets for oil-immersed service transformer health assessment using Fuzzy logic 

method. IEEE/IAS 57th Industrial and Commercial Power Systems Technical Conference 

(I&CPS), Las Vegas, NV, United States. 

4.1f Automated Distribution Circuit PV Hosting Capacity Estimation 

HNEI was a sub-awardee to the University of Central Florida for a previous U.S. 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 long-term goal of designing highly 

scalable technologies for distribution systems to operate reliably and securely with extremely high 

penetration of solar photovoltaic (PV) systems.  A method to estimate the PV hosting capacity of 

distribution feeders based on stochastic analysis was developed (Figure 4.1f.1). 
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Figure 4.1f.1. Flowchart of stochastic analysis method. 

HNEI GridSTART has continued to advance PV hosting capacity estimation method applications 

under APRISES18.  The inherent stochastic nature of energy production by distributed PV 

resources, particularly at high penetration levels, causes issues on distribution circuits, e.g., voltage 

limit violations, voltage flicker, and increased transformer tap actions.  This research endeavors to 

develop an automated and efficient method to assess and determine the maximum penetration of 

distributed PV for each distribution circuit within a utility’s service territory, while maintaining 

reliable and quality service within the constraints of existing infrastructure and controls. 

Figure 4.1f.2 shows a schematic diagram of PV hosting capacity zones based on the estimated 

impact of varying PV penetration levels.  Zone A1 represents areas where all penetration levels 

are deemed acceptable regardless of individual PV installation capacity or location.  Zone A2 

shows areas where some penetration levels are acceptable without causing any violations.  In Zone 

A3, no penetration is acceptable since it exceeds the system’s performance limit.  The main 

program for these calculations is carried out in the MATLAB environment. 
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Figure 4.1f.2. Schematic diagram of PV hosting capacity results. 

Major project activities completed under APRISES18 include: 

• Developed an advanced PV hosting capacity estimation algorithm utilizing OpenDSS 

Direct, a cross-platform Python package that provides a “direct” library to OpenDSS via 

dss_python. Its lightweight nature allows for easy deployment on servers, facilitating real-

time execution. 

• Investigated improved estimation methodologies to reduce computation time and enhance 

overall processing efficiency. These methods were tested on the IEEE 13-bus system and 

a small part of Maui’s distribution grid with 104 single-phase service transformers. 

• Performed thorough evaluation of the estimation model across various timeframes within 

a typical day and different seasons throughout the year, providing a comprehensive 

understanding of its performance characteristics. 

• Developed a mini research project for engineering interns from a Thai utility applying the 

estimation model to an actual Thai distribution circuit feeder. 

• Mentored one undergraduate research assistant student in exploring techniques for fast and 

accurate quantification of PV hosting capacity, parallel computing, model decoupling, and 

Quasi-Monte Carlo simulation. All methods will be implemented in Python for 

expandability and portability across different operation systems. 

Figure 4.1f.3 shows the circuits used for testing, the IEEE 13-buses system and a section of Maui’s 

distribution grid.  Figure 4.1f.4 illustrates the advanced PV hosting capacity estimation results for 

two testing circuits, utilizing OpenDSS Direct.  Figure 4.1f.5 shows the PV hosting capacity results 

on Thailand’s distribution feeder.  
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Figure 4.1f.3. Circuit of testing system for the IEEE 13-Bus (a) and Maui’s distribution grid (b). 

 
Figure 4.1f.4. Circuit of testing system for the IEEE 13-bus (a) and Maui’s distribution grid (b). 

 
Figure 4.1f.5. PV hosting capacity results on Thailand’s distribution feeder. 

a) b) 

a) b) 
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Under future funding, HNEI will continue its research by developing and validating the improved 

and autonomous algorithms for estimating PV hosting capacity through its application on modified 

IEEE test systems and actual distribution grids.  Guiding two undergraduate research assistants, 

we will investigate novel techniques using parallel computing, model decoupling, and the Quasi-

Monte Carlo simulation method.  Python will be the chosen programming language for its 

versatility and platform independence.  We will refine the estimation algorithm and design an 

automated system for near real-time PV hosting capacity estimations.  The performance of the 

updated system will be evaluated on an online server.  This research, focusing on highly penetrated 

renewable energy systems, will culminate in a journal article submission.  

4.1g Grid Resilience: Red Hill Storage Assessment 

In response to a request from Naval Facilities Engineering and Expeditionary Warfare Center, 

HNEI requested permission to use a portion of the funding under Subtask 4.1, Resilient Grid 

Systems to support a study to develop an understanding of the existing 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 infrastructure.  Makai Ocean 

Engineering had previously analyzed energy storage technologies for the U.S. Navy, Report No. 

N62583-09RFTOP, dated 22 October 2012.  This new study was conducted by Makai Ocean 

Engineering under contract to HNEI and included an updated review of those technologies from 

2012 as well as other identified as potential for use at the Red Hill Site. 

The Red Hill Tanks in Halawa, Hawaiʻi were, at the time of the report, Navy underground bulk 

fuel storage facilities scheduled to have their stored fuel evacuated.  The fuel evacuation, which 

has recently been completed, allows for potential repurposing of these tanks for grid scale energy 

storage.  

The overall goal of this study was to review the relevant infrastructure at the Red Hill Tanks that 

can be used as a basis of design for energy storage systems, compute and estimate preliminary 

energy storage potential of the various storage technologies based on their site-specific use of the 

Red Hill Tanks, and to develop a better understanding of the engineering considerations that may 

impact future selection of an energy storage technology for this site.  Renewable power generation 

is critical for electrification of the islands and reduction of greenhouse gas emissions, but most 

renewable energy systems are intermittent, often providing excess supply when demand is low and 

insufficient supply when the demand is high.  Energy storage systems that provide load shifting to 

bridge the temporal gap between supply and demand would provide significant benefit to the Navy 

and broader community.  

The study by Makai Ocean Engineering which included an overview of the fuel tanks and site 

characteristics, a review of potential energy storage technologies, including an updated review of 
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those technologies from 2012 report, and a preliminary summary of the energy storage potential 

for the identified technologies was delivered to ONR in October 2023.     

 

4.2 Testing and Modeling of Battery Systems 

The battery research conducted under Subtask 4.2 covered four main activities: a) the continuation 

of the development of non-invasive characterization methodologies for Li-ion batteries diagnosis 

and prognosis; b) the implementation of the approach with data driven methods; c) the study of 

relaxation patterns in batteries; and d) the evaluation of Prussian blue analogues for desalination 

batteries.  Testing was conducted at HNEI’s PakaLi Battery Laboratory on the University of 

Hawaiʻi at Mānoa campus.  Key accomplishments and details of the work are summarized below 

and the associated publications and communications (presentations and posters) are referenced at 

the end of each activity. 

4.2a Development of Non-Invasive Characterization Methodologies for Li-ion Batteries 

Diagnosis and Prognosis 

The battery research under APRISES18 aimed at implementing new features in our modeling 

framework to enable better simulations of electrode blends, electrode inhomogeneities, and 

complex duty cycles from single cell to packs.  This work resulted in two publications in the 

Accounts of Material Research journal and the Journal of the Electrochemical Society.  

In Dubarry & Beck (2022), we provided a perspective article on the modeling approach we have 

been developing in the past decade, partially under APRISES funding.  The approach has gained 

tremendous traction in the past decade as it was proven to be extremely versatile and effective for 

Lithium-ion battery diagnosis and prognosis.  The approach is relying on assembling digital twins 

by matching the individual voltage response of each electrode.  Changing the matching, via scaling 

or translations, enables replication of the degradation modes electrochemical signature.  

Degradation modes comprise the loss of lithium inventory (LLI), the loss of active material 

(LAM), and kinetic changes and refer to the impact of degradation mechanisms on the electrodes 

rather than their root cause.  Every degradation mechanism will affect, to some extent, the amount 

of material able to react, the amount of lithium able to go back and forth between the electrodes, 

and the overall reaction kinetics.  Quantifying degradation modes open the gate for material-based 

diagnosis and prognosis without the need for complex models.  

This perspective was first a reflection on a decade worth of discussion and validation of several 

key concepts about using digital twins for advanced diagnosis and prognosis since the seminal 

publications in the early 2010s.  Since proposing our version of the framework, it has been used to 

diagnose the degradation of several hundred cells of multiple chemistries and blends.  It made it 



110 

possible to explain and predict the apparition of knees with the concept of hidden mechanisms and 

to emulate the impact of kinetics.  The approach also proved useful to investigate overdischarge, 

overcharge, and to generate big data with millions of synthetic voltage curves enabling the 

development of advanced diagnosis and prognosis tools.  Herein, the focus was set on the 

emulation of kinetic changes, of lithium plating both from rate dependent and rate independent 

origins, and on the utilization of synthetic datasets.  This work also introduced the next decade 

with proof-of-concept implementations and simulations that will open new directions to enhance 

the modeling framework application to more complex case figures that could facilitate its use for 

deployed systems.  This included more varied synthetic datasets, blended and inhomogeneous 

electrodes and packs, voltage fade, as well as calculations outside of constant current.  The results 

from this perspective work are summarized in Figure 4.2a.1. 

 
Figure 4.2a.1. Summary of the development work for the mechanistic modeling approach. 

While Dubarry & Beck (2022) provided a high-level discussion on the modeling approach, 

Dubarry et. al (2023) was focused on a really specific effect, the quantification of LAM on the 

positive electrode (PE) for materials that do not undergo full delithiation.  In the past decade and 

half since their introduction, multiple frameworks of mechanistic models were made available to 

enable the quantification of LLI and LAMs.  They usually come either with capacity/state of 

charge- or lithiation-based matching for the electrodes.  While both approaches were believed to 

be equivalent, our work showed that they are not when used with materials that are not fully 

delithiated at end-of-charge because they differ on how they account for inaccessible lithium.  

Herein, we explained these discrepancies and propose new equations to improve both types of 

frameworks.  We analyzed in detail the impact of the LAMPE for materials for which full 

delithiation is not achieved at end-of-charge.  This work showcased that, in case of pure delithiated 

LAMPE, and because part of the electrode at high voltage is not used, the end of charge state of 
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charge (SOC) of the PE could be seen as increasing with LAMPE with some excess capacity 

available proportionally to the amount of material lost and the actual lithiation at selected cutoff 

voltage.  While this would be of major concern for safety and potential LAMPE induced plating, 

we demonstrated that this excess capacity is not achievable in real batteries because the PE is never 

fully delithiated and thus pure LAMPE is not possible.  The least lithiated the PE could be is the 

lithiation at the cutoff voltage and this lithium lost in the PE will at least shift the NE enough to 

negate the possibility of excess capacity.  

Peer-Reviewed Publications 

1. Dubarry, M., & Beck, D. (2022). Perspective on mechanistic modeling of Li-Ion 

Batteries. Accounts of Materials Research, 3(8), 843–853. 

https://doi.org/10.1021/accountsmr.2c00082  

2. Dubarry, M., Agrawal, V., Hüske, M., & Kuipers, M. (2023). Accurate lli and lampe 

estimation using the mechanistic modeling approach with layered oxides. Journal of The 

Electrochemical Society, 170(7), 070503. https://doi.org/10.1149/1945-7111/ace21c  

4.2b Implementation of the Mechanistic Modeling Approach with Data Driven Methods 

Continuing the work started under APRISES17, a significant portion of the work undertaken under 

APRISES18 was devoted to the generation of new dataset under complex duty cycles (published 

in the Nature Communications and Batteries ) and the development of new machine learning 

approaches (published in the Journal of Power Sources). 

The Dubarry et. al (2023) Nature Communications and Batteries papers used the newly improved 

mechanistic model to investigate the ability to diagnose of batteries connected to photovoltaic 

systems.  To mitigate resource intermittency issues, these systems are increasingly being paired 

with electrochemical energy storage devices for which ensuring long and safe operation is critical.  

However, in this operation framework, Li-ion batteries undergo sporadic usage, which prevents 

the application of standard diagnostic methods.  Here, we proposed a diagnostic methodology that 

uses machine learning algorithms trained directly on data obtained from photovoltaic charging of 

Li-ion batteries.  The training was carried out on synthetic voltage data at various degradation 

conditions calculated from clear sky model irradiance data.  The method was validated using 

synthetic voltage responses calculated from plane of array irradiance observations for a 

photovoltaic system located in Maui, HI, USA (Figure 4.2b.1).  
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Figure 4.2b.1. Summary of the approach for the investigation of PV-connected batteries diagnosis. 

This work used multiple machine learning algorithms trained on the output from a clear sky 

irradiance model and validated on the observed irradiances for 720 days of synthetic battery data 

generated from pyranometer irradiance observations.  The analysis was performed from three 

angles with the impact of sky conditions, degradation composition, and degradation extent.  Our 

results indicated that for days with over 50% clear sky or with an average irradiance over 650 

W/m2, diagnosis with an average RMSEs of 1.75% are obtainable independent of the composition 

of the degradation and of its extent (Figure 4.2b.2).  Diagnosis was possible on a capacity basis for 

days with more than 50% clear sky with limited impact of the degradation composition and extent.  

For time-based diagnosis, a higher clear sky percentage is necessary.  The limited impact of the 

composition and extent makes the method particularly attractive for deployed automated analysis 

since it won’t be sensitive to path dependence and history which could remove concerns on 

accuracy under unpredictable conditions.  This confirms that the potential benefits of this 

technique for the community are significant. 

 
Figure 4.2b.2. Diagnosis accuracy as a function of clear sky percentage. 
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Costa et. al (2024) used a more traditional constant current based dataset to investigate knee 

detection in lithium-ion battery degradation.  Accurate diagnosis of lithium-ion battery degradation 

including knee trajectories is critical for safe and reliable operation in real-world applications.  In 

recent years, data-driven approaches powered by Machine Learning algorithms emerged as a 

promising solution.  Among those, Deep Learning methods were proven effective for diagnosis by 

tracking degradation modes for individual cycles but not for prognosis where the overall trajectory 

of degradation must be considered, and this is limiting for sequential data analysis.  In this paper, 

we introduced a novel Deep Learning model based on a Transformer encoder that leverages self-

attention on the evolution of incremental capacity curves to accurately identify relevant changes 

in LIB degradation trajectories.  The effectiveness of our model was thoroughly validated using 

both synthetic and experimental battery data.  The proposed model not only detects knees, but also 

anticipates them, while outperforming state-of-the-art approaches in diagnosing degradation 

modes, making it a powerful tool for predicting battery health (Figure 4.2b.3).  We demonstrated 

herein that the method can provide valuable knowledge on the factors contributing to capacity loss 

and offer advanced insights for battery management and predictive maintenance strategies. 
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prognosis of deployed energy storage systems. Energy Storage Systems Safety & 

Reliability Forum, Sante Fe, NM, United States. 

3. Dubarry, M. (2023, October 8-12). Effect of Temperature on Lithium-Ion Battery Voltage 

Response and How to Model it in the Mechanistic Modeling Approach. 244th 

Electrochemical Society Meeting, Goteborg, Sweden. 

 



114 

 
Figure 4.2b.3. Example of simultaneous knee detection and diagnosis using the new proposed algorithm. 
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4.2c Study of Relaxation Patterns in Batteries 

Fernando et. al (2024) investigated the voltage relaxation behavior of commercial lithium-ion 

batteries, focusing on the impact of depth-of-discharge, rate, and temperature to gain a better 

understanding of relaxation and improve state-of-charge estimation.  Most of the data, available in 

a public dataset, was gathered using a unique protocol derived from intermittent titration 

techniques with an emphasis on ensuring that every rest was independent of the previous one.  The 

findings demonstrated that relaxation behavior and open-circuit-voltage settling times are 

influenced by depth-of-discharge, rate, current flow direction, and cell chemistry.  In addition, the 

obtained dataset was used to test the validity of relaxation models to showcase the benefits of 

having a benchmark relaxation dataset available for validation of future open circuit voltage 

forecasting studies.  

 
Figure 4.2c.1. Summary of the collected data for two different commercial Li-ion batteries. 
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Conference Proceedings and Presentations 

1. Fernando, A., & Dubarry, M. (2023, March 5-10). A Study of the Relaxation Patterns of 

Commercial {Gr,Si}//NMC-811 and Gr//LFP Cells. International Battery Association 

Meeting (IBA 2023), Austin, TX, United States. 

4.2d Evaluation of Prussian Blue Analogues for Desalination Batteries  

Three different Prussian blue analogue (PBA) synthesis routes were evaluated under APRISES18 

funding to assess their performance in desalination batteries.  Route 1 and route 2 are typical PBAs 

synthesis methods whereas route 3 was developed through the course of this project.  After 

extensive testing, it was determined that route 1 enabled to obtain materials with good cyclability 

but poor salt adoption capacity whereas route 2 enabled the opposite with high capacity but low 

cyclability.  Route 3 was designed to take elements from both route 1 and 2 to obtain high 

capacities while maintaining cyclability and performance at low rates.  The synthesis enabled to 

improve the state-of-the-art from a 99.9% coulombic efficiency for 100 cycles at speeds of 1 cycle 

per hour to a 99.998% coulombic efficiency after 15,000 cycles at speeds of 15 cycles per hour.  

In addition, with our material, the electrolyte remained clear after more than 2,000 cycles 

compared to fouled electrolytes after less than 250 cycles for the other routes.  While extremely 

promising, one drawback of this synthesis route was that it is extremely sensitive to synthesis 

conditions which complicates reproducibility and scalability.  A publication is currently under 

preparation and will be reported under APRISES19. 
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Figure 4.2d.1. Different studied synthesis routes for Prussian blue analogues. 
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4.2e Other Battery Work 

In addition to the research presented above, APRISES18 funding was also used to publish two 

collective perspective articles in the Joule journal. 

In Ward et. al (2022), we advocated for better data-sharing and common practices.  Battery 

development capabilities are provided by communities spanning materials discovery, battery 

chemistry and electrochemistry, cell and pack design, scale-up, manufacturing, and deployments.  

Despite their relative maturity, data science practices among these diverse groups are far behind 

the state-of-the-art in other fields, which have demonstrated an ability to significantly improve 

innovation and economic impact.  The negative consequences of the present paradigm include 

incremental improvements but few breakthroughs, significant manufacturing uncertainties and 

cascading investment risks that collectively slow deployments.  The primary roadblock to a battery 

data-science renaissance is the requirement for large amounts of high-quality data, which is not 

available in the current fragmented ecosystem.  Here we proposed principles which enable the 

solution by the building of a robust community of data hubs with standardized practices and 

flexible sharing options that will seed advanced tools spanning innovation to deployment.  

Precedents are offered which demonstrate that both public good and immense economic gains will 

arise from sharing valuable battery data.  

In Dubarry et. al (2023), we discussed the benefits of battery digital twins.  Digital twins fuse 

(near) real-time sensor data with models which allow for an accurate digital description of a 

physical asset over its lifetime.  Current activities within the field of lithium-ion batteries are 

broadly divided by scale into component, device and system level descriptions.  Within each 

category, functionality of digital twins has begun to be demonstrated, however, we argued that 

significantly more benefit can be achieved with a holistic approach that facilitates data transfer 

across scales to streamline model parameterization and reduce the amount of data to be transferred 

an ensure interoperability between different models.  We acknowledged that barriers to this include 

commercial sensitivities around the information, but argued that a battery digital twin can act as 

an effective communication vehicle or proxy between stakeholders, providing only the required 

information in a transparent way.  

As battery digital twins become increasing useful, so does the importance of ensuring that the data 

provided to and by them is trustworthy, since economic decisions will be increasingly based on it.  

Here, opportunities within the field of digital ledger technology have the potential to enhance the 

trustworthiness of the data: from ensuring raw materials are sourced ethically to reliable lifetime 

data for accurate calculation of remaining asset value.  Furthermore, providing an immutable 

cyber-physical link will be critical with approaches such as physical unclonable functions 

providing an interesting potential solution for physically defined digital fingerprints.    
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Thus, with a combined effort across the battery supply chain, we found battery digital twins to 

have the potential to significantly accelerate the pace of development, whilst reducing cost and 

enhancing lifetime of lithium-ion batteries. 
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4.3 Energy Efficiency 

Under Subtask 4.3, HNEI subcontracted MKThink (a registered dba for Miller Kelley Architects), 

to further analyze the results of a study they had previously performed.  In 2022, under a different 

funding source, MKThink conducted a study to assess the dilution and spatial variability of carbon 

dioxide (CO2) concentration in classrooms under a variety of physical configurations, occupancies, 

and ventilation configurations.  Results showed some interesting trends based on air exchange rate 

and 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 the results of the previous work to provide 

additional guidance in the placement of ventilation systems and to identify possible methods to 

manage energy from HVAC while maintaining air quality, using CO2 concentration as the proxy 

for air quality. 

The additional analysis focused on a subset of the original work including four inlet-exhaust 

location configurations and three different air exchange rates deemed to be within normal 

operating ranges of commercial HVAC systems.  As expected, for the same vent configuration, 

the average CO2 concentration tracked monotonically with the air-exchange rate, decreasing as the 

air exchange rate was increased.  Computational fluid dynamic modeling of the various 
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configurations also indicated that the average CO2 concentration could differ substantially with 

different inlet-exhaust configurations (Figure 4.3.1) even for the same air-exchange rates.  

 
Figure 4.3.1. Percentage of the room volume exceeding CO2 concentrations (ppm) for vents on the same 

wall (dotted line) vs. vents on opposite walls (solid line). 

This result was interpreted as an indication that the spatial variability (difference from average) 

differed depending on the relative locations of the inlet and exhaust vents.  The classroom with the 

exhaust vents located on the opposite wall from the primary air inlet showed lower average values 

and less variability than configurations where the exhaust was on the same wall or a wall 

perpendicular to the inlet vent.  At the same ventilation rate, the poorest configuration (vents on 

same wall) had average CO2 concentrations that were 52-77% higher than the best configuration 

(vents on opposite walls), resulting from the uneven distributions of CO2, resulting in pockets of 

very high concentrations.  Using the better vent configuration could allow for a lower ventilation 

rate while also maintaining good air quality, providing a method to save energy.  Unfortunately, 

the CFD models used in this analysis assumed a higher human volumetric breathing rate than a 

more recent literature search indicates, making direct comparison of the CFD and previous 

measurement in the classroom difficult.  Additional detail on this study is provided in MKThink’s 

“HNEI Indoor Air Quality Study: Analytical Summary” technical report which can be found at 

https://www.hnei.hawaii.edu/publications/project-reports/aprises-18/. 

 

https://www.hnei.hawaii.edu/publications/project-reports/aprises-18/
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TASK 5: ADVANCED MATERIALS 

Task 5 comprises of two subtasks that includes the development and testing of using forward 

osmosis technology for energy efficient water purification and the development of novel thin film 

materials (primarily Cu2ZnSn(S, Se)4: CZTSSe) for solar energy conversion using inexpensive 

and scalable liquid-based processing.  Details for each of these subtasks are described in more 

detail below. 

 

5.1 Water Purification Technology: Forward Osmosis Technology 

Forward osmosis was considered one of the promising emerging technologies for energy efficient 

water desalination [1].  Forward osmosis (FO) uses the osmotic pressure of a concentrated draw 

solution to pull water at low pressure with subsequent recovery of the fresh water from draw solute 

[2-5].  There has been abundant progress on FO membrane technology, however, the FO 

technology still remain challenged by a lack of practical draw solutes that have high osmotic 

pressure and can be regenerated efficiently at low energy cost [3, 4, 6].  The goal of this work is 

to contribute to the development of advanced high-water flux and low toxicity draw solutes for 

forward osmosis water purification.   

Under APRISES18, we focused 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 system.  Our work on FO water purification began under previous funding focused on 

assessment and evaluation of literature on the technology with emphases on FO draw solutions to 

develop an in-depth understanding of the physio-chemical attributes of ideal draw solutions 

followed by the purchase and assembly of a commercial FO system.  The benchmarking tests of 

the commercial system with state-of-art draw solutes indicated high dispersion in water flux values 

and large deviation of the data from literature.  

The design and fabrication of the advanced forward osmosis lab scale water purification system 

specifically tailored for HNEI research needs, entailed making major improvements to the original 

system, which included: 1) the automation of data (weight and time) logging to increase sampling 

rates, reduce random errors, and enable longer experimentation periods; 2) introducing highly 

precise and accurate analytical weighing balances for both the feed and draw solution tanks of the 

FO system; 3) fabricating the FO system as part of a modular test stand on wheels for flexibility 

of use; 4) changing a majority of the components and tubing from steel to plastic or aluminum to 

minimize corrosion of the components by the high salt environment; and 5) incorporating 

improved feed and draw solution circulation pumps and minimizing elbows in the solution flow 

path to maximize laminar flow and minimize air bubbles in the system.  Figure 5.1.1 shows the 

fabricated forward osmosis system test stand.  
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Figure 5.1.1. Comparison of the initial system (left) and the advanced fabricated FO system test stand 

(right) in this work. 

Figure 5.1.2 shows the compact arrangement of the FO system including the feed and draw 

solution components, circulation pumps, and valve quick connects for minimizing solution leaks 

and efficient manipulation of the system.  

 
Figure 5.1.2. Front view (left) and side view (right) showing components of the advanced fabricated 

system. 

Following the fabrication of the system, we performed water flux tests using cellulose triacetate 

membrane, commercial draw solutes, and deionized water feed solution in order to establish 

baseline performance of the FO system.  The draw solutes utilized were NaCl, KCI and NH4Cl at 

concentrations of 0.6-2 M.  The iterative process of optimization of operating procedures and 

adjustments to system components resulted in improvement in accuracy and consistence of the 

water flux measurements from the FO system, in line with literature [7].   
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Student Thesis 

1. Bruffey III, E. (2023). Fabrication and performance testing of a forward osmosis water 
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Department of Mechanical Engineering, University of Hawaiʻi at Mānoa, Honolulu, HI. 
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5.2 Printable Photovoltaics 

The goal of this subtask is to develop novel thin film materials for low-cost photovoltaic 

applications using scalable “printing” processing.  This work continues previous ONR-funded 

efforts to develop novel thin film materials (primarily Cu2ZnSnSe4: CZTSe and CuInSe2: CISe) 

for solar energy conversion using cheap and scalable liquid-based processing.  With this approach, 

printable inks containing all the necessary components to form the solar absorber can be easily 

coated using high-throughput techniques, such as spin coating and inkjet printing. 
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Modifying Surface Energetics of CZTSe Solar Absorbers via Sulfur Incorporation 

Under APRISES14, we developed an ink-based route to synthesize CZTSe solar absorbers using 

molecular complexes of copper, zinc and tin (SnCl2, CuCl and ZnCl2) and thiourea (sulfur source) 

dissolved in methanol (Figure 5.2.1a).  The resulting CZTS solutions are very stable can be easily 

coated onto substrates using spin coating techniques.  The coated molecular ink can then be 

annealed under selenium atmosphere to create void-free CZTSe absorbers with exceptional 

crystallinity (Figure 5.2.1b).  Fully integrated solar cells made with printed CZTSe can reach 

power conversion efficiency (PCE) up to 7% (Figure 5.2.1c).  However, the open circuit voltage 

(VOC = 400 mV) measured on CZTSe cells was found to be approximately 250 mV lower than that 

typically measured on parent chalcopyrite solar cells of similar bandgap (e.g., CuInGaSe2, CIGSe).  

Under APRISES16, solid-state characterization of CZTSe solar cells performed were performed 

to identify the origin of this voltage deficit.  Temperature-dependent current-voltage (J-V-T) 

measurements performed from room temperature down to 150K provided important information 

regarding the dominant recombination path in the solar cell.  In the absence of defects at the cell’s 

top interface, as seen with high efficiency CIGSe cells, the extrapolation of the J-V-T characteristic 

to 0K yield an activation energy EA equal to the solar absorber’s bandgap, implying recombination 

happens primarily in the semiconductor’s bulk.  In contrast, the extrapolation of the J-V-T 

characteristic measured on the CZTSe cells reveals an activation energy (787 meV) significantly 

lower than the absorber’s bandgap (1,100 meV).  Such large disparity between EG and EA was 

attributed to non-ideal alignment of energy bands at the CdS/CZTSe heterojunction (a “cliff-like” 

conduction band offset) which could be responsible for the voltage deficit observed in CZTSe 

cells. 
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Figure 5.2.1. Picture of a stable molecular ink made of metal chlorides, thiourea and methanol (a), 

scanning electron microscopy cross-sectional view (colored image) (b), and current-voltage characteristic 

of a printed CZTSe solar cell (c). 

To address this issue, under APRISES18, the research team evaluated new methods to substitute 

selenium with sulfur at the surface of CZTSe samples to improve surface energetics.  Such strategy 

is expected to widen the surface bandgap of the solar absorber, further reducing the conduction 

band offset with CdS, as demonstrated in parent chalcopyrite CIGSe absorbers.  Here, fully 

crystalized CZTSe samples were subject to sulfur atmosphere in a house-built annealing chamber 

(Figure 5.2.2a) allowing precise control of both the temperature and sulfur pressure.  Inside the 

furnace, a CZTSe film integrated on Mo-coated glass substrates were placed into a Petry dish with 

50 mg of elemental sulfur.  The furnace atmosphere was evacuated and replaced with nitrogen.  

The final background pressure of nitrogen (300 mbar) was set to control the amount of sulfur 

escaping the Petry dish, effectively controlling the sulfur pressure in the vicinity of the CZTSe 

sample inside the dish.  Best results were achieved using a sulfurization temperature and duration 

of 550°C and 20 minutes, respectively. 
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Figure 5.2.2. HNEI’s sulfurization chamber (a) and top view (b) and cross-sectional scanning electron 

micrographs (c) of sulfurized CZTSSe samples. 

Figures 5.2.2b and c present the top and cross-sectional views of a sulfurized CZTSe sample (latter 

referred to as CZTSSe).  Overall, the film’s morphology is comparable to that of non-sulfurized 

CZTSe samples, implying no significant change in microstructure.  Subsequent UV-visible 

spectroscopy demonstrated that the CZTSSe optical bandgap did not change as a result of 

sulfurization, implying that the process only affects the film’s surface (e.g., first 10-50 nanometers 

from the film surface) and not the bulk.  Subsequent energy dispersive x-ray (EDX) analysis was 

performed on 3 locations over a 20mm  15mm CZTSSe sample (Figure 5.2.3a).  A low electron 

beam acceleration voltage (5 kV) was used to only probe the first few 10-50 nanometers of the 

CZTSSe film and neglect the (S-free CZTSe) bulk.  The results of this analysis are presented in 

Figure 5.2.3b.  Overall, our process was found to replace 8-9% of selenium with sulfur.  

(a) (b) (c)

(a) (b) (c)
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Figure 5.2.3. Image of a sulfurized CZTSe sample (a), Sulfur and Selenium concertation measured by 

EDX across the sample (b) presented in (a). 

Samples were then integrated as solar cells to conclude on the impact of sulfurization on CTZSSe’s 

surface energetics. Specimens were coated with a 70 nm thick CdS layer to form the p-n junction, 

as well as 100nm ZnO transparent window layer and 200 nm InSnO transparent conductive 

contacts.  A total of 20 CZTSSe cells were integrated and tested, and their solid-state properties 

comparted to standard, non-sulfurized CZTSe devices.  Measurements revealed no significant 

changes, notably the open circuit voltage which remained virtually unchanged (all cells within 

375-425 mV, data not shown).  At this stage, it is unclear 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.  Moving forward, research on printed CZTSe absorbers was suspended and 

redirected on the development of new defect passivation methods using printed CuInSe2 as test 

solar material. 

Defect Passivation in Printed CuIn(S,Se)2 Solar Cells via In-situ Al2O3 Incorporation 

In recent years, there has been a growing interest in enhancing the efficiency of CIGSe (Copper 

Indium Gallium Selenide) solar cells by passivating their surfaces with dielectric materials.  A 

notable approach involves applying a thin layer of Al2O3 using atomic layer deposition (ALD) 

processes.  This method effectively reduces interface recombination, resulting in improved overall 

efficiency.  The inspiration for this technique comes from the established practice in silicon solar 

cell technologies, where dielectric passivation layers such as SiNx, SiO2, and Al2O3 are commonly 

used on silicon wafers.  This trend has expanded to include other thin film absorbers like CZTSe 

and CdTe, where Al2O3 has been successfully applied for passivation through chemical and/or 

field-effect mechanisms.  It is worth noting that all Al2O3 treatments reported so far only passivate 

defects at the surface of the treated absorbers, not in their bulk where many defects can subsist, 

especially in printed films.  Under APRISES18, the research team at HNEI developed a novel 

technique to address this shortcoming and incorporate Al2O3 throughout the entire solar absorber, 

using CuIn(S,Se)2 (CISSe) as test material.  This incorporation was achieved by adding an 

aluminum source directly into the molecular ink used for the synthesis of the CISSe solar absorber.  

Best results were achieve using aluminum nitrate (AlNO3) combined with CuCl, InCl3, and 

thiourea dissolved in methanol, with an aluminum to indium ratio of 0.1.  Power conversion 

Spot # S (atm. %) Se (atm. %) S/(S+Se) 

1 3.32 36.14 8% 

2 2.88 34.64 8% 

3 3.46 35.32 9% 

(b) 
S/(S+Se)Se (atm. %)S (atm. %)Spot #

8%36.143.321

8%34.642.882

9%35.323.463

#1 #2

#3

1 cm

(a) (b)



128 

efficiency (PCE) as high as 11.6% was measured on Al-CISSe solar cell devices, a value 

significantly higher than that measured on CISSe baseline cells fabricated with an identical process 

but without Al (PCE of champion cell: 8.3%). 

Several advanced analytical techniques were performed to better understand how Al2O3 

incorporation takes place during our novel process.  Thermogravimetric and differential scanning 

calorimetry (TG-DSC) analyses were conducted on the ink containing aluminum to elucidate its 

thermal decomposition behavior during the spin-coating/annealing stage (Figure 5.2.4).  In the 

low-temperature range (<100°C), the DSC revealed an endothermic peak at 37.5°C, coinciding 

with a substantial weight loss from TG (~60%), likely associated with the evaporation of methanol.  

The premature loss of methanol before reaching its boiling point (64.7°C) can be attributed to its 

high volatility.  Further weight reduction was observed in the TG up to 100°C (~10%), 

accompanied by weak endothermic peaks between 88.7°C and 105°C, possibly induced by the 

evaporation of residual water dissolved in the solvent.  Subsequently, additional weight loss with 

an endothermic peak at 223.5°C was identified, representing the typical decomposition 

temperature of thiourea (TU) and metal-TU complexes preceding the formation of CuInS2.  An 

endothermic peak at 294.6°C, resulting in a 3% mass loss from the TG, is presumed to be linked 

to the regeneration of HNCS gases.  Beyond this temperature, a gradual decrease in mass was 

noted, attributed to the decomposition of residual hydrocarbons present in the ink. 

 
Figure 5.2.4. TG-DSC of ink made from CuCl-InCl3-AlNO3-thiourea dissolved in methanol. 

Figure 5.2.5a displays x-ray diffraction (XRD) spectra of as-deposited and selenized films created 

using the Al-containing ink.  The as-deposited film exhibited broad peaks at 27.79° and 46.61°, 

attributed to the (103) and (220/204) reflections of the chalcopyrite phase of CuInS2.  This 
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observation aligns with the Raman spectrum (Figure 5.2.5b).  The relatively weak intensities 

suggest a low crystallinity in the as-deposited film.  Following selenization at 550°C, the (103) 

and (220/204)-peaks in the absorber produced from the aluminum-containing ink (referred to as 

Al-CISSe) undergo a leftward shift to 26.77° and 44.44°.  This shift is a consequence of the 

replacement of sulfur atoms with selenium.  Additionally, the peaks exhibit increased intensity, 

indicative of grain growth during the high-temperature selenization process.  It is worth noting that 

neither XRD nor Raman analysis indicated direct incorporation of aluminum in the CISe 

microstructure to form CuInAlSe2.  Instead, Al reacts with oxygen to form Al2O3 inclusions within 

the CISe absorber, as we discuss further. 

 
Figure 5.2.5. XRD of as-deposited and selenized films fabricated with the Al-containing ink (a) and 

Raman spectra measured on as-deposited (Al-CIS) and selenized (Al-CISSe) films (b). 

To demonstrate the successful incorporation of aluminum oxide in CISe, EDX analysis was 

performed on film cross sections.  In the case of untreated CISSe (Figure 5.2.6a), only Cu, In, and 

Se can be observed in the absorber, with little to no oxygen present (near or below detection limit).  

In contrast, Al is observed throughout the entire Al-CISSe film (Figure 5.2.6b).  It is also worth 

noting that high concentrations of oxygen are found in region with high concentration of aluminum 

(e.g., cluster on the top left section of the micrograph).  Further transmission electron microscopy 

analysis revealed an [Al] to [O] ratio of 0.65, which is very close to the ratio of stoichiometric 

Al2O3 (Al/O: 0.67).  We suspect Al2O3 is form in our process either during the spin coating of the 

film, arising from the reaction of Al-salt with residual water in the ink, or during the hot plate 

annealing step conducted in an air environment.  Regardless, this work demonstrates that Al2O3 

can be successfully integrated in-situ during solar cell printing, effectively passivating defects in 

the solar absorber’s bulk and surface.  Such in-situ passivation process significantly enhances the 

power conversion efficiency of CISSe solar cells (+4% absolute when compared to Al-free 

absorbers), primarily via an increase in open circuit voltage (+100 mV). 
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Figure 5.2.6. SEM-EDX mapping across of CISSe (a) and the Al-CISSe film (b) where AlOx segregates 

were observed on the surface of the film and inside the bulk. 
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TASK 6: ADVANCED HEAT EXCHANGER DEVELOPMENT 

Under Task 6, HNEI subcontracted Makai Ocean Engineering to continue its efforts to develop 

Thin Foil Heat Exchangers (TFHX) applicable to Ocean Thermal Energy Conversion (OTEC) and 

(b)

(a)
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other U.S. Department of Defense (DOD) applications.  Makai has been developing TFHX for use 

in seawater-refrigerant, air-water, and water-water applications at its test site located within the 

Natural Energy Lab of Hawaiʻi Authority (NELHA) in Kailua-Kona, Hawaiʻi.  In the period 

between August 2022 and May 2023, Makai reported significant progress in improving TFHX 

plate fabrication success rates, performance testing of additional full-length TFHX units, designing 

two new TFHX models, and prototyping new biofouling mitigation methods.    

A brief summary of progress made during this period, in each of these areas, and excerpted from 

Makai Ocean Engineering’s final technical report, follows.  Additional detail is provided in their 

final report to HNEI, which can be found at https://www.hnei.hawaii.edu/publications/project-

reports/aprises-18/. 

TFHX Design and Characterization: Makai developed two new TFHX designs, a pass-thru design 

for use as a seawater air conditioning unit (TFAC) and an enclosed water-water design (TFPX), 

also for SWAC or other cooling applications.  Prototype units of each design were constructed and 

performance tested. 

The existing four-port, full-length TFHX design experience a setback related to external fluid 

pressure rating.  Initially designed for 50 psig pressure rating (100 psig burst pressure with a 2× 

safety factor), Makai tested two modules and both failed around 50 psig.  This means the external 

fluid pressure rating must be lowered to 25 psig, which limits potential applications. 

Finally, in cyclic pressure testing, Makai found parameters for an added step in fabrication that 

can lead to a 3× increase in cycles prior to failure.  Makai was also able to complete two S-N 

curves for one pattern design. 

TFHX Fabrication: Makai’s on-going priority has been to improve plate fabrication success rate.  

In this period, Makai vetted and implemented machine vision/machine learning to automatically 

detect and repair pattern weld defects.  Work is on-going to develop the algorithm to repair other 

weld types and to repair formed plates. 

TFHX Performance Testing: In this period, Makai tested one air-water TFAC unit, one water- 

water TFPX unit, and seven ammonia-seawater (OTEC) four-port TFHXs.  The TFAC could meet 

the performance requirements for the initial air-cooling application, but neither BOM nor NELHA 

are actively pursuing switching over to the TFAC (other internal priorities). 

A 6” TFPX prototype was constructed as proof-of-concept and had comparable performance to 

previously tested mid-length INT units.  This was somewhat surprising because eliminating the 

two 90° turns in the external fluid flow path should have lowered the pressure drop.  The ability 

to remove/install plates without unstacking can be an advantage over plate-frame heat exchangers.  

Makai will continue to pursue suitable applications for the TFPX. 

https://www.hnei.hawaii.edu/publications/project-reports/aprises-18/
https://www.hnei.hawaii.edu/publications/project-reports/aprises-18/
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Finally, in OTEC testing, Makai has been using the OTEC Power Calculator to evaluate the 

different TFHX designs.  The OTEC Power Calculator places each design in the context of an 

OTEC power plant and evaluates heat exchanger performance along with the effects of parasitic 

losses on the system. 

Currently, FL-4 and FL-7 are the best performing condensers and FL-1 is the best performing 

evaporator in terms of volumetric net power density.  For a condenser, TFHX designs with larger 

plate spacings are penalized in an OTEC system because of the parasitic losses in the cold water 

pipe.  For an evaporator, there is no penalty in parasitic losses for TFHX designs with larger plate 

spacings, but the overall size of the OTEC system (volume) must be larger.  However, there is also 

the issue of biofouling mitigation to consider when selecting the evaporator design.  Larger plate 

spacings may be easier to clean and ultimately lead to higher performance because the heat transfer 

surfaces won’t be fouled. 

Biofouling: Makai tested the zeta rod, a commercially available biofouling mitigation device and 

compared the results to previous baseline (untreated) test.  The zeta rod delayed the onset of 

pressure drop increase due to biofouling by ~3 weeks.  However, at the end of the 90-day test, 

pressure drop had increased by 75% on-track to match the observed increase in baseline pressure 

drop.  The zeta rod system was unable to mitigate biofouling related performance degradation. 

Makai designed, built, and tested a prototype for in-situ manual brushing.  The brushing concept 

has promise, inspection after 30 days showed no biofouling attachment on plates not exposed to 

direct sunlight.  In contrast, the plate exposed to direct sunlight and the clear cover was covered in 

growth.  The test is still promising although the brush design requires revision; Makai believes the 

brush elements are barely touching (or not touching) plate surfaces in some areas and was therefore 

unable to remove biofouling from the first plate. 

The major points of focus for Makai’s future work are to: 

• Improve upon the machine vision and machine learning algorithms to automate all weld 

defect (seal weld and feature welds) identification and repair; 

• Design fixturing to enable repair on a completed plate; 

• Continue SW-NH3 performance testing to identify optimal OTEC design; and 

• Continue to develop, prototype and test in-situ biofouling control/mitigation systems. 

 


