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Final Technical Report 
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Grant Award Number N00014-21-1-2250 

April 1, 2021 through July 15, 2025 

 

 

EXECUTIVE SUMMARY 

This report summarizes work conducted under Grant Award Number N00014-21-1-2250, the Asia 

Pacific Research Initiative for Sustainable Energy Systems 2020 (APRISES20), funded by the 

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

of Hawaiᾶi at MǕnoa (UH).  The work conducted under APRISES20 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 

carbonization of biomass and hydrogen technology; Resilient Energy Systems including 

development and demonstration of novel technologies for advanced smart microgrids and resource 

adequacy studies for the Hawaiᾶi electrical grids; and Advanced Materials for energy applications 

including novel metal containing ionic liquids capable of contaminant removal under harsh 

environmental conditions and printable polymer composites for photovoltaic and other electronic 

applications.  Makai Ocean Engineering, under subcontract to the University of Hawaiᾶi, also 

continued their efforts to develop high-performance, low-cost heat exchangers.  A stop-work order 

terminated this grant prior to the initial end date, which limited the completion of a portion of the 

work proposed and planned.  A brief summary of results from the completed work, by major task 

follows. 

Task 1, Program Management and Outreach, 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 in the areas of fuel cells and batteries.   

Under Subtask 2.1, Fuel Cell Testing and Development, HNEI's research encompassed five 

activity areas: a) analyzing recovery procedures for fuel cells exposed to contaminants; b) 

development of a novel layered inorganic material for the catalyst layer for high temperature 

proton exchange membrane fuel cells; c) advancements in materials to enable both in-situ and ex-

situ strategies for fuel cell contaminant mitigation and performance enhancement; d) a study of the 

approach to calibrate reference electrodes experimentally to the reversible hydrogen electrode 
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scale for standardization; and e) exploratory research into the modification of a PEMFC for 

catalytic cogeneration of hydrogen peroxide and electricity.  Each of these are summarized below. 

2.1a) Broad application of proton exchange membrane fuel cell (PEMFC) technology will require 

enhanced durability to ensure reliability of fuel cell operation in real-world environments.  The 

sensitivity of PEMFCs to operating and environmental conditions is a serious issue since impure 

fuel or oxidizer negatively affects performance and compromises the reliability of fuel cells.  Since 

ambient air is used as an oxidant, PEMFCs are susceptible to airborne contaminants.  This work 

was intended to analyze potential recovery procedures for PEMFCs exposed to SO2 in the air 

stream and evaluate their efficiency under varying operating conditions.  Results suggest that while 

both potential cycling and O2 purge technique recovery methods are effective, the latter is more 

practical for field applications due to its simplicity and lack of need for auxiliary equipment.  

Details of this work was published in the Electrochimica Acta journal and presented at a 

conference. 

2.1b) HNEI continued to look at fundamental issues related to the development of robust and 

durable fuel cell power systems (FCPS) capable of operating in harsh environments.  Recently, 

with the development of high temperature proton conductive electrolytes for the catalyst layer, 

H3PO4 doped PBI (H3PO4/PBI) has been identified as one of the approaches for high temperature 

(HT)-PEMFCs.  Under this activity, HNEI has been developing a new layered inorganic material 

to replace H3PO4/PBI for the catalyst layer of HT-PEMFCs, to address the concerns of the 

application temperature limit of perfluorosulfonic acid (PFSA, Nafion®) polymer electrolytes (a 

typical PEM), and overcome the phosphoric acid leaching issue of the H3PO4/PBI (a promising 

and widely studied HT-PEM for membrane and electrolyte in the catalyst layer).  Microscopy, 

spectroscopy, and diffraction analysis, as well as water solubility and stability tests were 

conducted.  The latest developments are presented in further detail below. 

2.1c) As part of the continued exploration into technologies to enable operation of fuel cells 

operating on ambient air in harsh environments, HNEI explored the development of an in-situ 

catalytic conversion layer to remove contaminants before they reach Pt catalyst.  The particle size 

and loading of the contaminant-active catalysts, the composition, and structure of in-situ catalytic 

conversion layer can be optimized to minimize transport resistance, and maximize catalyst 

utilization, contaminant removal efficiency, and the contaminant tolerance of MEA in PEM fuel 

cells.  Contaminant-active catalysts based on transition metal carbides were synthesized and the 

electrochemical oxidation of aqueous SO2 at transition metal carbides catalysts was initially 

evaluated by ex-situ cyclic voltammetry in acidic medium.  A potential candidate material for 

selective oxidation of SO2 was identified for integration into a single cell fuel cell.  

2.1d) Efforts under this activity focused on continued advancement of advanced diagnostics for 

the study of fuel cells.  This work studied the approach to calibrate reference electrodes 

experimentally to the reversible hydrogen electrode (RHE) scale.  Various working electrodes, 



5 

rotation rates, scan ranges, and scan rates were carried out to demonstrate how the calibration 

process would affect the calibrated RHE values of reference electrodes.  This experimental practice 

aims to benefit the standardization of experimental reference electrode calibration in the 

electrochemical field.  Details of this work will be submitted for publication in a peer-reviewed 

journal. 

2.1e) Hydrogen peroxide is widely used as an environmentally friendly bleaching agent, 

disinfectant, and oxidizer for industry, as well as the military.  The main method for hydrogen 

peroxide production today, an anthraquinone oxidation process, is not ideal as it is energy 

intensive, expensive, not environmentally friendly, and only allows for large scale operations.  

Hydrogen peroxide is a strong oxidizer and can be very corrosive and even explosive when 

transported in bulk from the production site to the point of use.  Because of these safety concerns, 

hydrogen peroxide is not readily accessible in developing countries where they would greatly 

benefit from the water treatment.  Under this activity, HNEI developed a new approach to the 

production of hydrogen peroxide by shifting the cathode reaction which produces water, to 

selectively produce hydrogen peroxide while still generating electricity.  Details of this work was 

published in a Master of Science thesis. 

Under Subtask 2.2, Battery Characterization and Modeling, HNEI research covered three main 

topics: a) the evaluation of commercial sodium-ion batteries, b) the characterization of the 

relationship between the impact of rate and temperature, and c) the continuation of the 

development of our modeling framework with the validation and implementation of new features. 

2.2a) HNEI collaborated with RWTH Aachen University, Germany, Sandia National Laboratories, 

and the University of Oviedo in Spain to evaluate the cell-to-cell variations, the cycling 

performance, and the diagnosability of three different batches of commercial Na-ion cells 

containing a hard carbon negative electrode and a nickel, iron, and manganese layered oxide 

positive electrode.  Results indicated similar cell-to-cell variations compared to Li-ion batteries, 

but much lower cycle life.  Moreover, the degradation mode approach was found to be applicable 

to sodium-ion batteries.  Details of this work was published in the Batteries & Supercaps journal, 

presented at a conference, and another manuscript was submitted for publication in the EES 

Batteries journal and is currently under review. 

2.2b) HNEI focused on the emulation of the impact of temperature using data at different rates.  

On-board battery diagnosis accuracy can be significantly affected by the cells temperature that will 

affect the cellsô voltage and thus some of the information fed to the battery management system.  

To circumvent this problem, we investigated the relationship between the impact of rate and the 

impact of temperature on the electrochemical response of two commercial Li-ion batteries.  We 

studied the relationship between rate and temperature to define a simple set of equations enabling 

the emulation of the electrochemical response of the cells at different temperature without the need 
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for any battery model.  Details of this work was published in the Journal of Power Sources and 

presented at a conference. 

2.3c) HNEI collaborated with the University of Warwick, UK, and with the Offenburg University, 

Germany, to implement new features into our modeling framework.  With Warwick, HNEI 

developed a novel silicon-specific diagnostic marker for the detection of silicon active material 

loss.  The proposed method was validated using synthetic datasets generated from the óalawa 

mechanistic modelling toolbox, simulating a broad range of degradation mode combinations and 

cell architectures.  With Offenburg, HNEI proposed a physically-informed equivalent circuit 

model directly integrating key degradation modes (loss of active material at positive and negative 

electrode, and loss of lithium inventory).  The rate expressions for each aging mode included a 

calendric component (dependent on half-cell potential) and a cycle component (dependent on 

current and relative volume changes in the active materials), which allowed to describe well the 

degradation of commercial Li-ion cells under complex duty cycles.  Details of this work was 

published in two papers in the Journal of the Electrochemical Society and presented at a 

conference. 

Under Task 3, HNEI continued research in two areas: constant volume carbonization of biomass 

and hydrogen refueling technology.  Under Subtask 3.1, Constant Volume Carbonization, HNEI 

investigated the impact of pressure and oxygen content on the auto-thermal pyrolysis of woody 

biomass.  Details of this work formed the basis for a U.S. provisional patent and will be published 

in the Energy and Fuels journal.  HNEI continued research, development, demonstration, and 

assessment of hydrogen production, storage, and dispensing systems for heavy duty hydrogen 

vehicles, and evaluation of the operational performance of buses on the Big Island of Hawaiᾶi 

under Subtask 3.2.  The team resolved critical technical issues with the hydrogen fuel cell buses, 

advanced daily bus operations, completed commissioning of the hydrogen refueling station, and 

installed performance monitoring systems.  Various workforce training and outreach engagements 

were supported by APRISES20 funds as well. 

Under Task 4, Resilient Energy Systems, HNEI continued research to enable the development of 

resilient, reliable, and secure energy systems operating with a high penetration of variable 

renewable generation technologies.  Hawaiᾶiôs energy and economic security requires continued 

reduction of the importation of fossil fuel supplies.  With options for firm renewable energy 

resources limited, advancing renewable energy targets is increasingly dependent on integrating 

exceptionally high penetrations of wind and solar energy.  Similar issues exist on other Pacific 

Islands and areas of interest to DOD.   

The research included two closely integrated activities.  Under Subtask 4.1, HNEI continued 

development of enabling technology focused on the integration of new technology and reliable 

control at the grid edge.  Subtask 4.2 was intended to focus on power systems analysis to ensure 

that the energy systems and related critical infrastructure on Oᾶahu and the other Hawaiian Islands, 
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home to the Pacific Command and the largest military bases in the Asia Pacific region, meets the 

reliability, security, and resiliency needs of DOD as additional variable generation technologies 

are integrated into the grid.  This activity leverages resources from the Energy Systems 

Development Special Fund (ESDSF) managed by HNEI (also known as ñbarrel taxò).  Due to early 

termination, much of this effort was shifted to the ESDSF.  

Subtask 4.1, Advanced Grid Technology, focused on developing, testing, and demonstrating 

innovative technologies and strategies to enhance grid reliability and performance through the 

integration of advanced control systems and laboratory infrastructure.  Led by HNEIôs Grid System 

Technologies Advanced Research Team (GridSTART), this effort built on previous work by 

advancing practical methods and enabling technologies to support electric vehicles (EV) 

integration and microgrid research.  The work emphasized solutions for bidirectional EV charging, 

energy management optimization, and establishment of Advanced Power System Laboratory 

(APSL) to facilitate rigorous testing, validation, and training in advanced power system 

technologies. 

4.1a) HNEI, in collaboration with IKS Co., Ltd. (ñIKSò), continued advancing the development, 

testing, and demonstration of advanced control systems for bidirectional EV chargers deployed at 

the University of Hawaiᾶiôs MǕnoa campus.  The team has been creating, assessing, and 

demonstrating new algorithms designed to efficiently manage EV charging and discharging cycles, 

with the goal of minimizing overall energy costs for shared fleet vehicle operations.  Significant 

progress was made.  The project focused on enhancing and continuously monitoring an EV 

charging management system to maximize fleet utilization and optimize charge/discharge 

schedules.  The team developed detailed mathematical models to accurately calculate electricity 

bills for various Hawaiian Electric Companyôs time-of-use rate schedules, and analyzed actual 

charging and discharging data to refine optimization algorithms.  Minimum driving range 

thresholds were established for each vehicle, helping to balance cost savings with daily 

transportation needs and reduce driver ñrange anxiety.ò  Machine learning methods were applied 

to improve EV energy consumption estimates, resulting in more precise energy management.  

Project findings and outputs, including a model assessing fast EV charger integration into low-

voltage networks, were presented at an IEEE conference.  The initiative also provided hands-on 

training for engineering graduate and undergraduate students, equipping them with practical skills 

in system optimization and troubleshooting. 

4.1b) The completion of the APSL represents a major achievement under APRISES20.  Located at 

the University of Hawaiói Marine Center, the APSL provides a flexible, state-of-the-art 

environment for hands-on research into grid integration, microgrids, and advanced energy 

technologies.  The facility features a 35.3 kW rooftop PV, multiple advanced inverters, modular 

AC/DC equipment test bays, and a 600 VCD off-grid test bed, as well as a real-time grid simulator 

supporting power hardware-in-the-loop (PHIL) testing.  Built with strong safety measures, 

including arc-flash protected Meltric receptacles and emergency shutdown systems, the APSL 
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enables rigorous evaluation of next-generation grid devices and control strategies.  Since its 

completion, the laboratory has been used to validate solutions for projects such as the advanced 

conservation voltage reduction demonstration project in Okinawa, Japan (another ONR funded 

project), and to provide advanced training for local and international engineers, positioning it as a 

key resource for ongoing energy innovation in Hawaiᾶi and beyond. 

Under Subtask 4.2, Resilient Grid Systems, HNEI focused on support of development efforts for 

the Molokaᾶi Community Energy Resilience Action Plan (CERAP) and developed a paper study 

to examine the potential for various electro-fuels to support the islandsô firm power needs.  The 

latter is available as a draft, but cannot be considered final as the award was terminated before 

references were validated.  Reliability studies initiated under APRISES19 were deferred to 

APRISES 21.   

Task 5, Advanced Materials, comprises two subtasks that includes research on novel metal 

containing ionic liquids capable of removal of acidic gas contaminants (SO2) from air and 

advancing photovoltaic (PV) technologies by developing printable thin-film solar cells. 

Under Subtask 5.1, Purification Technology, HNEI staff synthesized three novel metal-containing 

ionic liquids (MIL): Zn3[OAc]8[C2mim]2, Mg4[OAc]10[C2mim]2, and Fe4[OAc]10[C2mim]2, and 

characterized their properties.  The best-performing sorbent, Mg4[OAc]10[C2mim]2 impregnated 

onto activated carbon, had an SO2 breakthrough capacity of 215 mg SO2/g MIL, which was 

comparable to the state-of-the-art [C2mim] [OAc] ionic liquid impregnated onto activated carbon.   

Results from this work indicated that metal-containing ionic liquids are good candidates for 

practical acidic gas mitigation at low contaminant concentrations.  Details of this work was 

published in two papers in the ACS Omega journal and a Master of Science thesis. 

Under Subtask 5.2, Printable Electronic Materials, the research team at HNEIôs Thin Films 

Laboratory aimed to advance low-cost, scalable photovoltaic (PV) technologies by developing 

printable thin-film solar cells based on chalcopyrite CuInSe  (CISe) materials.  These materials 

offer a promising alternative to rigid silicon PV modules, especially for portable and wearable 

applications where flexibility and lightweight design are crucial.  Leveraging earlier work funded 

by ONR, researchers formulated a stable, non-toxic molecular ink to fabricate CISe absorbers via 

solution processing, achieving conversion efficiencies exceeding 8%. 

A key innovation of this project was the incorporation of aluminum salts into the CISe ink to 

enable in situ formation of nanoscale Al O  during processing.  This approach eliminates the need 

for vacuum-based post-deposition treatments typically used for surface passivation.  The addition 

of Al O  was shown to significantly improve solar cell performance.  Systematic variation of the 

aluminum content revealed that moderate levels (e.g., Al-20) produced absorbers with improved 

morphological features and a higher density of passivating particles, leading to power conversion 

efficiencies up to 11.2% in champion devices and average values as high as 9.5%. 
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Further electrical characterization confirmed that Al O  inclusion reduced defect densities, 

increased the space charge region width, and shifted the dominant recombination mechanism from 

interface to bulk.  Temperature-dependent open-circuit voltage measurements supported these 

findings, showing activation energies closer to the bulk bandgap in Al-doped films.  Together, 

these results demonstrate the effectiveness of aluminum doping and in-situ Al O  passivation in 

enhancing CISe solar cell efficiency and underscore the viability of low-cost, ink-based 

manufacturing for next-generation photovoltaic technologies. 

Under Task 6, Advanced Heat Exchanger Development, Makai Ocean Engineering continued to 

develop their Thin Foil Heat Exchanger (TFHXTM) with increased emphasis on designs to provide 

a path to commercialization.  A key accomplishment during this period was development of new 

fabrication techniques to reduce weld failure.  An automated, self-cleaning system has been in 

operation for one year.  Maximizing plate area in single housing was identified as a key 

requirement to meet cost targets.  Various pressure rated housing designs were evaluated for 

operations and ease of maintenance.  Makai developed new methods for stacking of the plates for 

large areas designs. Makai also developed techniques, fixture designs, and equipment to improve 

serviceability for mitigation of biofouling.  Details of this work is available in Makaiôs report. 

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 noted below and available on HNEIôs website at 

https://www.hnei.hawaii.edu/publications/project-reports/aprises-20/. 

  

https://www.hnei.hawaii.edu/publications/project-reports/aprises-20/
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TASK 1: PROGRAM MANAGEMENT AND OUTREACH  

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 Hawaiᾶi 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 is comprised of two subtasks that included the development and testing of fuel cells; and 

the evaluation, characterization, and modeling of Li-ion batteries and battery systems.  Details of 

each research subtask are provided in the following sections. 

 

2.1 Fuel Cell Testing and Development  

Research under subtask 2.1 encompassed a range of activities for the development and testing of 

fuel cells.  These projects included; a) a comprehensive analysis of recovery procedures for proton 

exchange membrane fuel cells (PEMFC) exposed to contaminants when operated in harsh 

environments, b) development of an electrolyte for the cathode catalyst layer of high-temperature 

proton exchange membrane fuel cells, c) development of an in-situ catalytic conversion layer 

mitigating contamination in PEMFCs, d) development of a calibration method for reference 

electrode standardization in rotating ring disc experiments, and e) exploratory research into the 

modification of a PEMFC for catalytic cogeneration of hydrogen peroxide and electricity.  Details 

of the work conducted in each of these activities are described below. 
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2.1a Fuel Cell Contaminant Recovery Procedures  

The sensitivity of PEMFCs to operating and environmental conditions continues to be a limitation 

to the broader use of PEMFC since impure fuel or oxidizer negatively affects performance and 

compromise the reliability of fuel cells [1-2].  PEMFCs are susceptible to airborne contaminants 

when ambient air is used as the oxidant.  Sulfur, nitrogen oxides, and volatile organic compounds 

are common air pollutants originating from natural and anthropogenic sources with average 

concentrations in urban areas ranging from 5-20 ppb to several ppm [3-4].  The performance loss 

caused by the many air contaminants can be self-recovered by operating the fuel cell with high 

purity air.  However, this simple procedure is not efficient for certain impurities such as SO2, which 

partially reduces to elemental sulfur on the Pt-based electrode under normal operating conditions 

and cannot be fully removed by pure air alone [5-7].  Only special treatments of the contaminated 

fuel cell can lead to partial or full recovery of PEMFC performance [8-11].  This work was 

intended to analyze several recovery procedures for PEMFCs exposed to SO2 in the air stream and 

evaluate their efficiency under varying operating conditions. 

The experimental work was performed using a test station and a segmented cell system developed 

at HNEI [12].  Commercially available 100 cm2 catalyst coated membranes with Pt content of 0.1 

and 0.4 mgPt cm-2 for both anode and cathode, respectively, were used in this work.  SO2 

concentration in air stream was 5 ppm.  The poisoning proceeded until the cell voltage reached a 

steady state, after that SO2 injection was stopped to assess the self-recovery in pure air followed 

by the recovery procedure.  Recovery procedure 1 consisted of cyclic voltammetry (CV) from 0.1 

to 1.2 V for 10 cycles at 20 mV s-1.  Recovery procedure 2 included repetitive purging of the 

cathode with pure O2 and N2 to ensure variation of the cathode potential from 0.1 to 0.99 V (5 

cycles).  The membrane electrode assemblies (MEAs) were operated at stoichiometry of 2 for 

anode and cathode, 150 kPa back pressure and 80C̄ of cell temperature.  Overall current density 

for SO2 poisoning and recovery was 0.4 and 1.0 A cm-2. 

Figures 2.1a.1 and 2.1a.2 show the localized performance of PEMFCs under SO2 contamination 

and recovery evaluated under galvanostatic control with overall cell current densities of 0.4 and 

1.0 A cm-2.  The performance is presented as segmentsô voltage and normalized current density 

profiles.  The voltage responses from the segments are identical because the segmented cell 

hardware ensures equipotential conditions.  Normalized current density is the ratio between the 

measured current response and its initial value obtained during the pre-poisoning stage.  A 

summary of the samples and performance parameters during SO2 exposure, self-recovery, and 

recovery is provided by Table 2.1a.1.  The initial performance was 0.710 V (Figures 2.1a.1a and 

2.1a.2a) and 0.670-0.676 V (Figures 2.1a.1b and 2.1a.2b) for 0.4 and 1.0 A cm-2, respectively.  

The injection of 5 ppm SO2 in air caused a decrease in segmentsô voltage response with very 

pronounced inflection point at ~0.670-0.680 V for 0.4 A cm-2 (Figures 2.1a.1a and 2.1a.2a).  

Operation at the higher current density of 1.0 A cm-2 led to a less distinguished inflection point at 
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0.550-0.560 V (Figures 2.1a.1b and 2.1a.2b).  A steady state condition was reached after several 

hours of SO2 contamination and cell voltage was 0.497-0.500 V for 0.4 A cm-2 and 0.355-0.370 V 

for 1.0 A cm-2.  The results demonstrated that the potential of the inflection point was higher for 

0.4 A cm-2 than for 1.0 A cm-2, and the transition period was longer for low current operation.  

These findings are most likely connected to different initial cell potentials (0.750 V vs. 0.675 V) 

and different water generation rates. 
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Figure 2.1a.1. Voltage and normalized current density profiles of individual segments under 5 ppm SO2 cathode exposure, self-recovery and CV-

induced recovery: a) 0.4 A cm-2 and b) 1.0 A cm-2. Anode/cathode: H2/air, 2/2 stoichiometry, 100/50% RH, 150/150 kPa, 80C̄. 

a) b) 
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Figure 2.1a.2. Voltage and normalized current density profiles of individual segments under 5 ppm SO2 cathode exposure, self-recovery and O2 

recovery: a) 0.4 A cm-2 and b) 1.0 A cm-2. Anode/cathode: H2/air, 2/2 stoichiometry, 100/50% RH, 150/150 kPa, 80C̄. 

 

a) b) 
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Table 2.1a.1. Initial cell voltage of the samples (V0) during exposure to 5 ppm SO2 (VSO2), self-recovery 

(Vself-rec), after the recovery procedure (Vrec), performance drop (DV) and recovery as a ratio between Vrec 

and V0. 

Sample i [A cm -2] Recovery V0 [V]  

VSO2 

[V]  

Vself-rec 

[V]  

Vrec 

[V]  

DV 

[mV]  

Recovery 

[%]  

MEA-0.4-CV 0.4 CV 0.750 0.497 0.570 0.710 40 95 

MEA-1.0-CV 1.0 CV 0.670 0.355 0.460 0.565 105 84 

MEA-0.4-O2 0.4 O2 purge 0.750 0.500 0.574 0.710 40 95 

MEA-1.0-O2 1.0 O2 purge 0.676 0.370 0.468 0.565 110 84 

The contamination led not only to the performance drop but also caused a local current density 

redistribution with a similar pattern for low and high current operation (Figures 2.1a.1 and 2.1a.2).  

At the beginning of poisoning, the inlet segments 1-5 showed a decrease in generated currents due 

to adsorption and the negative impact of SO2 on the ORR.  Since the cell was operated under 

current control of the overall cell, the outlet segments 6-10 had to produce higher currents to 

generate the current setpoint.  These changes in local performance and generated current affected 

H2O production and accumulation downstream which could partially mitigate negative SO2 effects 

on the Pt catalyst due to its solubility and removal with water.  The segment currents reached their 

extremum values at the potential of the inflection point, and the local performance reversed when 

the current from segments 1-5 increased, while it decreased for the outlet part of the MEA.  At the 

steady state the local performance gradually changed with the time of the contaminant exposure.  

The impact of poisoning time on steady state currents was more pronounced for high power 

generating conditions at 1.0 A cm-2.  

SO2 introduction to the air stream resulted in its reversible adsorption on the Pt surface, forming 

weakly and strongly bonded SOx species.  The adsorbed SOx species can be oxidized to bisulfate 

ions at potentials higher than 0.9 V and removed from the Pt surface with generated water, while 

reduction of SOx to elemental sulfur can take place at potentials of lower than 0.5 V (Figure 2.1a.3).  

A mixture of S0, SOx and sulfate/bisulfate ions is possible products of SO2 adsorption at 0.5-0.7 V 

[5, 13-15]. 

Figure 2.1a.3. Schematic of possible SO2 processes in PEMFC operation. 
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At the steady state, the local current distribution depended on the kinetics of local Pt coverages by 

various S-containing species, O2, and water [6-7].  It is possible to suggest that after the 

electroreduction of SOx there was a partial recovery of the Pt surface at the inlet part of the MEA 

and redistribution of S-containing species along with the flow field to the outlet segments.  The 

reduced S-containing products stayed on the Pt surface, competed with, and suppressed oxygen 

reduction and SO2 adsorption from the gas phase.  

The introduction of pure air partially recovered the cell voltage (Table 2.1a.1) and caused further 

redistribution of the local currents.  During this self-recovery stage, only weakly bonded SOx 

species could be removed from the electrocatalyst, while strongly adsorbed S-containing species 

and formed elemental sulfur remained on the Pt surface.  To ensure full recovery, the cathode 

potential had to be high enough to oxidize elemental sulfur to soluble products.  So, a CV-induced 

procedure with potential variation from 0.1 to 1.2 V was applied to the MEAs exposed at 0.4 and 

1.0 A cm-2 (Figure 2.1a.1).  The potential cycling further recovered the MEA performances.  The 

MEA contaminated at 0.4 A cm-2 demonstrated a final cell voltage of 0.710 V vs. initial 0.750 V 

which corresponded to 95% recovery (Figure 2.1a.1a).  The fuel cell exposed to SO2 at 1.0 A cm-2 

increased its performance to 0.565 V compared to 0.670 V at the pre-poisoning stage (84% of 

recovery) (Figure 2.1a.1b).  The application of O2 recovery showed the same results and efficiency 

of the procedure: 95% of recovery for the MEA-0.4-O2 sample (0.4 A cm-2) and 84% for the MEA-

1.0-O2 (1.0 A cm-2).  

Polarization curves recorded for the total cells before (BOT) and after (EOT) SO2 contamination 

and recovery are presented in Figure 2.1a.4.  It should be noted that IV curves were collected after 

the CV scans performed for ECA calculation.  The results showed that the performance drop after 

the CV recovery was 20-50 mV for MEA-0.4-CV and 10-50 mV for MEA-1.0-CV and clearly 

depended on operating current during SO2 exposure (Figure 2.1a.4a and b).  The O2 recovery led 

to a 10-30 mV performance loss for the low current test (MEA-0.4-O2) and 10-60 mV for the high 

current condition (MEA-1.0-O2).  The observed performance loss seemed to be lower than what 

was detected right after the recovery (Figure 2.1a.1, 2.1a.2, and Table 2.1a.1).  Thus, CV-induced 

and O2 purge recoveries did not fully restore cell performance; however, the additional CV 

procedure at 35̄C in the frame of the EOT diagnostic set contributed to further recovery of the 

performance.  A comparison of the IV curves revealed that the MEA performance and recovery 

were subject to the operating conditions such as cell temperature and current density. 
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Figure 2.1a.4. BOT and EOT polarization curves for the total cell after: a) SO2 exposure at 0.4 A cm-2 

and CV recovery; b) SO2 contamination at 1.0 A cm-2 and CV recovery; c) SO2 contamination at 0.4 A 

cm-2 and O2 recovery; and d) SO2 contamination at 1.0 A cm-2 and O2 recovery. An/Ca: H2/air, 2/2 

stoichiometry, 100/50% RH, 150/150 kPa, 80C̄. 

The obtained data demonstrated that additional recovery techniques, such as varying cathode 

humidity and cell temperature are necessary to fully restore PEMFC performance after SO2 

contamination and could improve recovery efficiency up to 95-97%.  Since CV-induced and O2 

purge methods provide the same recovery results, the application of the O2 purge technique seems 

to be more suitable for practical operation.  The O2 purge recovery does not require auxiliary 

equipment and can be applicable for field operation. 

More detail on this work can be found in the Electrochimica Acta publication listed below.  

Publications and Presentations 

Peer-Reviewed Publications 

1. Reshetenko, T. V. (2024). Comprehensive analysis of recovery procedures for SO2-

contaminated proton exchange membrane fuel cells. Electrochimica Acta, 507, 145168. 

https://doi.org/10.1016/j.electacta.2024.145168  

  

a) b) 

c) d) 
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Conference Proceedings and Presentations 

1. Reshetenko, T. (2025, January 14-16). Recovery procedures for SO2-contaminated PEM 

fuel cells. Hydrogen and Fuel Cell Seminar, Long Beach, CA, United States. 
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2.1b Proton Conductive Electrolytes for HT -PEMFC 

Use of state-of-the-art PEMFC power systems face challenges from air pollutants and from 

impurities in the hydrogen fuel when they are operated in the realistic atmosphere.  Under previous 

APRISES awards, HNEIôs fuel cell group extensively investigated the contaminantsô impacts on 

the PEMFC performance and components degradation, and developed contamination mechanisms 

for the representative contaminants.  The contamination effects of the pollutants are species and 

operating condition dependent and are often complex involving the formation of multiple 

intermediates that may impact all the active fuel cell materials (gas diffusion layer, catalyst, 

ionomer).  In previous work a variety of recovery strategies were developed.  Based on this 

accumulated knowledge HNEI has been pursuing efforts to develop and demonstrate robust and 

durable fuel cell power systems (FCPS) capable of operating in harsh environments.  These efforts 

included the use of H3PO4 doped PBI (H3PO4/PBI) high temperature (HT) PEMFCs and 

development of high temperature proton conductive electrolytes for catalyst layer of HT-PEMFC. 

As briefly reviewed in the APRISES19 technical report, the high temperature operation (150-

200°C) of PEMFCs could mitigate the poisoning effects due to the high conversion rate or weak 

adsorption of the contaminants on Pt catalysts.  With additional advantages, such as the faster heat 

and (oxygen and hydrogen) mass transport, the simplified air and fuel supply components by 

eliminating the humidifier and the cooling system, which are benefited from the high temperature 

differential and the absence of liquid water in the cell, the HT-PEMFC system is expected to yield 

improved performance, power and energy density, and cost.  A novel layered inorganic material 

has been under development at HNEI as proton conductive electrolytes instead of H3PO4/PBI for 

the catalyst layer of HT-PEMFC to address the concerns of the application temperature limit of 
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perfluorosulfonic acid (PFSA, Nafion®) polymer electrolytes (a typical PEM), and overcome the 

phosphoric acid leaching issue of the H3PO4/PBI (a promising and widely studied HT-PEM for 

membrane and electrolyte in the catalyst layer).  The inorganic materials contain transient metal 

elements with varying oxidation states and the variety of ligand water and/or alcohol in its 

multilayer structure.  The hydrogen bond (H-bond) switching among the ligands transports protons 

in a H-bond network, which is formed in layered structures and provides a fast proton 

transportation pathway.  This type of proton conducting materials can be used specifically as 

electrolyte in the catalyst layers of HT-PEMFCs under high temperature and low humidity.  Under 

APRISES19, the novel inorganic proton conductive material (vanadyl phosphate complex, noted 

as VP) was designed and successfully synthesized.  The yield was improved from ~5% to ~50% 

with a production up to ~10 g in one batch.  The pristine VP samples were identified as ñrodò 

shape particles with a length of ~5-50 µm and a diameter of ~5 µm.  The proton conductivity of 

the VP pellets was analyzed with AC impedance by sandwiched in two gold electrodes or two Pt/C 

gas diffusion electrodes form room temperature to 150°C without humidification.  In the pellets, 

the VP powders showed a bulk conductivity of ~10-3 Scm-1 and a particles boundary/interfaces 

conductivity of ~10-6-10-4 Scm-1 in the range of from room temperature to 150°C.  The thermal, 

redox, and electrochemical stability of the VP powders and pellets had also been studied to check 

the capability with HT-PEMFCs.  The TGA indicated that the VP material is stable up to 310-

350°C and suitable to the HT operating at 150-200°C; the potential (CV) scanning and H2 

atmosphere exposure implied that the material is electrochemically stable within the PEMFC 

cathode operating potential range (~0.2-0.9V), but below -0.1V or H2 and electrochemical 

reduction environment might be a challenge. 

Under APRISES20, HNEI continued the development of the high temperature proton conductive 

electrolytes for the catalyst layer of HT-PEMFCs as one of their novel materials research activities.  

The structures and composition, the water solubility, and the stability in solution of the novel 

proton conductive material have been characterized and investigated.  The ball mill grinding and 

filtration treatments were also employed to reduce the VP particles size meeting the requirements 

as powers in the catalyst layer.  The results are briefly analyzed in the following sections. 

Scanning electron microscopy combined with energy dispersive X-ray spectroscopy (SEM/EDS) 

and the X-ray diffraction (XRD) analysis were employed to study the particles size, morphology, 

structures, and composition of the VP powders.  Figure 2.1b.1 are the representative SEM images 

of the VP powders.  Figure 2.1b.1a shows the cross section of the particle after the sample were 

manually grinded with agate mortar and pestle.  It can be seen that the material displays a clear 

layered structure as designed, where the H-bond network is expected to be formed for the proton 

transportation pathway.  Figures 2.1b.1b and c are the snapshots which were occasionally caught 

during the crystal particles cracking and the multilayer structures dissociation under the high 

energy beam of SEM.  The EDS and XRD analysis suggested that the material has an enriched 

acidic property, which are the features to potentially facilitate the H-bond network formation and 

proton conducting, and the crystalline size of the materials is around 50 nm.  The details of EDS 



21 

and XRD data, which disclosed the material composite and structures and contains proprietary 

information, are not reported here. 

    
Figure 2.1b.1. SEM images of the VP powders: a) cross section of the mortar grinded particles; b) crystal 

particles cracking; and c) multilayer structure dissociation of one crystal particle. 

As a candidate of the proton conducting materials for PEMFCs, the materialôs solubility and 

stability in water are key factors that determine its applicability and durability.  The solubility and 

stability of the VP powders has been studied by investigating the precipitate of the powders in 

water and the changes in vanadium valence states during sedimentation, as well as measuring the 

concentration of the saturation solutions.  Figure 2.1b.2 shows the representative pictures of the 

VP solutions during sediment settling.  Figure 2.1b.2a and b shows the solutions after 10 and 180 

days, respectively, for the first 5 (or 6) initial VP samples, which were synthesized with different 

procedures and conditions.  None of the samples completely dissolved in water after 5 minutes of 

sonication.  The solutions of some samples changed color gradually from light blue to yellow, and 

then completely dissolved in water within several days, weeks, or months.  After 180 days (even 

over a year), there is no change in color of the VP-6 sample solution and most of the solid particles 

still precipitated in the bottom of the container.  Therefore, the VP-6 sample was selected as a 

candidate for the further post-treatments and concentration determination.  Figure 2.1b.2c displays 

the solutions after 10 days for the selected VP samples, which were synthesized under same 

procedures and conditions with that of VP-6, but different post-treatments.  Under consistent visual 

observation, none of the VP-6 samples with different post-treatments showed color change or 

further dissolving.  The concentration of the solution was determined by the inset method with a 

a) 

b) c) 
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UV-vis spectrophotometer and standard vanadyl solutions.  Figure 2.1b.3 shows the liner features 

of the calibration curve of the standard solutions with a concentration range from 0.1mM to 0.1M.  

As a result, after the sediment settled for 10 days, the maximum concentration of the saturated 

solutions is ~20 mM; most of the samples showed a saturation concertation around the low 

detection limit ~0.1mM; some samples even were not detectable with a ñNegative Absorption 

Errorò.  These results indicate that the down selected material is not soluble under the investigation 

conditions and suitable to be used in the cathode catalyst layer of HT-PEMFCs. 

 
Figure 2.1b.2. Pictures of VP powder precipitate/solution in water: a) 1 mg of VP samples (1-5) in 5 ml 

after 10 days; b) 1 mg of VP samples (1-6) in 5 ml after 180 days; and c) 2 mg of VP samples (5-9) in 20 

ml after 10 days. 

 
Figure 2.1b.3. The standard calibration curve of the Vanadyl solutions with a concentration range from 

0.1mM to 0.1M. 

As mentioned previously, the particle size of the pristine VP powders is around ~5-50 µm, which 

is even larger than the typical thickness (10-15 µm) of the catalyst layer.  If big particles were to 

be integrated in the MEA, it would damage the membrane.  To meet the size requirements, the 

a) b) 

c) 
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proper particles size should be ~50-100 nm, the size of the typical Pt/C catalyst, and < 1 µm with 

physical agglomeration.  Therefore, the ball mill grinding treatment was used to reduce the sample 

particle size.  SEM/EDS and XRD analysis were conducted to determine the particles size, 

morphology, structures, and composition of the grinded VP powders.  The SEM images of grinded 

VP powders are shown in Figure 2.1b.4.  After the grinding, most of the particles could be reduced 

to ~50-100 nm and with sphere shape (Figure 2.1b.4a), and the physical agglomerated powders 

could be up to 3 µm (Figure 2.1b.4b).  However, some of the big chunks still remain with a size 

over 3 µm (Figure 2.1b.4c).  The EDS and XRD analysis indicated that the samples kept the same 

crystalline size, structures, and composition with that before grinding treatments, are not reported 

here.  Additionally, the proton conductivity of the grinded VP sample was also measured with 

compact pellets.  Figure 2.1b.5 shows the impedance spectra of a grinded powders pellet from 

room temperature to 150°C without humidification.  The pellet shows a proton conductivity of 

~10-3-10-4 S cm-1 at 20-150°C.  With a compression of the non-grinded particles pellet in the 

previous report, the dry grinded particle pellet shows similar bulk proton conductivity, which is 

supposed to depend on the crystal structure and the size of the crystalline.  But the 

boundary/interface proton conductivity is approximately one order of magnitude lower than the 

non-grinded particles pellet.  This is expected due to the increase in boundary/interface area with 

the decrease in particle size.  

 
Figure 2.1b.4. SEM image of the ball mill grinded VP powders: a) grinded nanoparticles, b) 

agglomerated nanoparticles, and c) nanoparticles with big junk particles. 

a) 

b) c) 
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Figure 2.1b.5. The impedance spectra of a grinded powders pellet under different temperatures (20-

150°C) and without humidification. 

Furthermore, as mentioned above, with the ball mill grinding treatment the partials size of VP 

powders can be reduced from 5-50 µm to ~50-100 nm, but there is still certain amount of large 

particle remaining with the size up to 5 µm.  Large particles would be fatal for the membrane/MEA, 

even with only a few existing.  To eliminate the big particles, a step-by-step nano sieving filtration 

method was developed with different multilayer microporous meshes.  The filtration method also 

attempted to sieve out the particles that were larger than 1 µm.  With preliminary observation, the 

final samples obtained from filtration can be well dispersed in water or other common solvents 

without any obvious precipitation. However, the filtrationôs efficiency was low (~10%) and time-

consumable.  This implies that the filtration method is successful, though the methodôs efficiency 

would need to be improved for high production. 

If future funding is available, HNEI will continute the development of the novel layered inorganic 

material for the catalyst layer of HT-PEMFCs.  Further research activities would specifically focus 

on: a) investigation of the proton conductivity under HT-PEMFC operating environments, i.e. air 

flow and low relative humidity, etc.; b) improving the grinding and filtration efficiency, and 

optimizing particles size to make the powder suitable for the catalyst layer; c) improving the 

material properties and performance by further characterization on the structures, composition, 

and stability, as well as optimization of the synthesis procedures; and d) integrating the selected 

proton conductive materials into the cathode catalyst layer of MEAs and evaluating the 

performance of HT-PEMFCs at 150-200°C and low relative humidity. 
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2.1c In-situ Catalytic Conversion Layer for  Fuel Cell Contaminant Mitigation  

Primary air contaminants, such as SO2, NO, NO2, CO, can significantly decrease the performance 

and durability of proton exchange membrane (PEM) fuel cells even with trace concentrations.  

Several methods have been proposed for the recovering of contaminated PEM fuel cells, namely, 

electrode potential scan, contaminant shut-down, and polarization curves.  Contaminant-tolerant 

catalyst development and air intake filter design are other important mitigation methods.  However, 

all of them present undesired side effects such as required cell shut down and performance 

degradation.  HNEI proposed developing an in-situ catalytic conversion layer to removes 

contaminants before they reach Pt catalyst, which can avoid Pt poisoning, performance loss, and 

degradation of PEM fuel cells.  The particle size and loading of the contaminant-active catalysts, 

the composition and structure of in-situ catalytic conversion layer can be optimized to minimize 

transport resistance, maximize catalyst utilization, contaminant removal efficiency, and the 

contaminant tolerance of MEA in PEM fuel cells.  Contaminant-active catalysts based on transition 

metal carbides were synthesized.  The electrochemical oxidation of aqueous SO2 at transition metal 

carbides catalysts was initially evaluated by ex-situ cyclic voltammetry in acidic medium.  

Previous results showed that carbon black supported vanadium carbide (V8C7/XC72) exhibited 

good electro-catalytic activity toward the electrochemical oxidation of aqueous SO2, which would 

be a promising SO2-active catalyst.  Under APRISES20 funding, V8C7/XC72 and V6C5/XC72 

were synthesized by adjusting the synthesis process (Figure 2.1c.1a).  It should be mentioned that 

V8C7/XC72 here was obtained at a lower temperature compared with previous work.  There is no 

evidence of the presence of any vanadium oxide in either V8C7/XC72 or V6C5/XC72.  The 

literature reveals that molybdenum carbide is very reactive toward sulfur-containing molecules, 

being able to break S-O, S-H, and S-C bonds at temperatures below 300 K [1].  Molybdenum 

carbide-based contaminant-active catalysts were also synthesized.  As shown in Figure 2.1c.1b, no 

crystal structure changes after acid leaching in 3 M H2SO4 at 80°C, indicating that Mo2C is acid 

resistant.  Future studies will include evaluation of the electrochemical oxidation of aqueous SO2 

at these catalysts by ex-situ cyclic voltammetry in acidic medium, integration of the contaminant-

active catalyst in MEA using the ultrasonic spray coater at HNEI, and evaluation of the 

contaminant tolerance of a PEM fuel cell to SO2 with an in-situ catalytic conversion layer to 

demonstrate its practical application. 
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Figure 2.1c.1. XRD patterns of an a) vanadium carbide and b) molybdenum carbide. 

Invention Disclosures 

1. Qi, J., Zhai, Y., & Bethune, K. (2025). In-situ catalytic conversion layer mitigating 

contamination in proton exchange membrane fuel cells, University of Hawaiᾶi Office of 

Technology Transfer (OTT) invention disclosure; Submission in progress. 
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2.1d Reference Electrode Standardization in Rotating Disc Electrochemical 
Experiments  

Generally, electrochemical studies are conducted in a three-electrode cell consisting of working, 

counter (or auxiliary), and reference electrodes.  In this system, the current is passed between the 

working and counter electrodes, and an appropriate reference electrode is used to establish the 

potential of the working electrodes.  The accuracy of the reference electrode potential is critical 

for studies in electrochemical processes. Reference electrodes can vary among various 

manufacturers and they can drift due to prolonged use or contamination, making it difficult to 

compare results from different research groups. The reversible hydrogen electrode (RHE) scale is 

of particular interest since it takes pH dependence into consideration, so that, regardless of the 

electrolyte pH, the potential point at zero current for the hydrogen oxidation and evolution 

reactions (HOR/HER) is defined to 0 V vs. RHE at the pH of measurement [1-2].  Converting the 
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potential against RHE facilitates electrocatalysis study across electrolytes with various pH [2].  

Experimental calibration of the reference electrode to RHE scale is strongly recommended, rather 

than calculation through the theoretical Nernst equation, which have been found yields inaccurate 

potentials in the range of several tens of mV [2-3].  This work studied an approach to calibrate 

reference electrodes experimentally to the reversible hydrogen electrode (RHE) scale.  Various 

working electrodes, rotation rates, scan ranges, and scan rates were carried out to demonstrate how 

the calibration process would affect the calibrated RHE values of reference electrodes.  This 

experimental practice aims to benefit the standardization of experimental reference electrode 

calibration in the electrochemical field. 

In this work, a platinum rotating disk electrode (RDE), comprising a Pt wire and thin, porous Pt/C 

catalyst film (Pt loading: 7, 14, 20 µgPt cm-2) deposited on the glassy carbon RDE were used as 

working electrodes.  Figure 2.1d.1a shows the HOR polarization curves on various working 

electrodes.  As shown in Figure 2.1d.1b, the RHE value for RE #1 at the 21st day calibration on 

Pt RDE and 7 µgPt cm-2 RDE both with rotation rate of 1600 rpm is -0.24041 and -0.24060 V, 

respectively, which is only 0.19 mV difference.  For the 33rd day calibration of RE #1, the RHE 

value on Pt RDE at 1600 rpm and Pt wire is -0.24049 and -0.24074 V, respectively, which is only 

0.25 mV change.  The change of RHE value for RE #3 at the 20th day calibration on Pt RDE with 

rotation and Pt wire is 0.56 mV.  For the 21st day calibration of RE #3 on Pt RDE and Pt wire, the 

difference of RHE value is 0.55 and 0.61 mV for Pt RDE with and without rotation, respectively.  

And the variation of RHE value at the 22nd day calibration of RE #3 on Pt RDE and Pt wire is 

0.43 and 0.60 mV for Pt RDE with and without rotation, respectively.  The change of RHE value 

for RE #4 at the 2nd day calibration on Pt RDE and 14 µgPt cm-2 RDE both at 1600 rpm is 1 mV, 

which is slightly larger than previous cases.  The RHE value of RE #7 on 20 µgPt cm-2 RDE (1600 

rpm, 3rd day) and Pt wire (4th day) is -0.27865 and -0.27803 V, respectively, which is 0.62 mV 

variation.  Based on the data comparison, it can be observed that the working electrodes of Pt RDE, 

Pt wire, and a thin, porous Pt/C catalyst film on RDE (7, 14, 20 µgPt cm-2) exhibit the similar RHE 

values for reference electrode calibration.  Generally speaking, the selection of working electrode 

will depend on the availability and convenience, but the working electrode with rotation is 

recommended. 
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Figure 2.1d.1. a) HOR polarization curves on various working electrodes in H2 saturated 0.5 M H2SO4, 

and b/c) RHE value correlates to working electrodes. 

Figure 2.1d.2a shows the typical hydrogen oxidation reaction at various rotation rates for RE #1.  

The limiting currents increase with increasing rotation rates.  In Figure 2.1d.2b, the 4 cycles for 

the case without rotation are not repeatable due to hydrogen oversaturation and bubble formation 

which can introduce mass transport resistances.  Figure 2.1d.2c shows the full scan from -0.245 to 
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scan without rotation, 1600 rpm, and narrow range scan 1600 rpm is -0.23863, -0.23966, and  

-0.23969 V, respectively.  The RHE value for RE #2 at full range scan without rotation, 1600 rpm, 

and narrow range scan 1600 rpm is -0.24083, -0.24129, and -0.24136 V, respectively.  The RHE 

value is close to each other at 1600 rpm regardless of full or narrow range scan.  However, the 

RHE value at full range scan with no rotation is 1.03 (RE #1) and 0.46 (RE #2) mV higher than 

that with 1600 rpm rotation.  To maximize accuracy, it is recommended to rotate Pt RDE working 

electrode for RHE value calibration. 
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Figure 2.1d.2. RHE scale calibration of a Ag/AgCl reference electrode with Pt RDE in H2 saturated 0.5 M H2SO4 at: a) various rotation rates for 

RE #1, b) the enlarged view of (a), c) various scan ranges for RE #1, d) the enlarged view of (c), e) various scan ranges for RE #2 and f) the 

enlarged view of (e), and RHE value correlates to (g) rotation rates derivated from (a), (h) scan ranges derived from (c, e).  
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Figure 2.1d.3a exhibits the full range scan from -0.245 to 0.26 V, narrow range scan from -0.242 

to -0.232 V for RE #3 on Pt wire working electrode.  As can been observed in Figure 2.1d.3b, the 

full range scan almost overlaps with that of the narrow range scan.  The full range scan from -0.25 

to 0.26 V with and without rotation, and narrow range scan from -0.25 to -0.24 V at 1600 rpm for 

RE #4 on 7 µgPt cm-2 RDE are shown in Figure 2.1d.3c.  In Figure 2.1d.3d, the full and narrow 

range scans at 1600 rpm are very close to each other, and the repeatability of 3 cycles full range 

scan without rotation is good.  Figure 2.1d.3e shows the full range scan from -0.245 to 0.26 V with 

and without rotation, and narrow range scan from -0.235 to -0.225 V with rotation for RE #4 on 

14 µgPt cm-2 RDE.  The full range scan largely overlaps with that of narrow range scan at 1600 

rpm and the 3 cycles of the full range scan without rotation are not repeatable (Figure 2.1d.3f).  

The full range scan from -0.245 to 0.26 V at 1600 rpm, and narrow range scan from -0.225 to  

-0.215 V with and without rotation for RE #6 on 20 µgPt cm-2 RDE are shown in Figure 2.1d.3g.  

As observed in Figure 2.1d.3h, the full and narrow range scans at 1600 rpm are very close to each 

other, and the repeatability of 3 cycles full range scan without rotation is not good.  In Figure 

2.1d.3i, the RHE value for RE #3 on Pt wire working electrode at full and narrow range scans is  

-0.23708 and -0.23713 V, respectively, which is 0.05 mV variation.   

The RHE value for RE #4 on 7 µgPt cm-2 RDE at full range scan without rotation, 1600 rpm, and 

narrow range scan 1600 rpm is -0.24557, -0.24565, and -0.24576 V, respectively.  The difference 

of RHE value is 0.11 mV between full and narrow range scans at 1600 rpm.  The RHE value at 

full range scan with no rotation is 0.08 mV higher than that with 1600 rpm rotation.  The RHE 

value for RE #4 on 14 µgPt cm-2 RDE at full range scan without rotation, 1600 rpm, and narrow 

range scan 1600 rpm is -0.22824, -0.22844, and -0.22850 V, respectively.  The change of RHE 

value is 0.06 mV between full and narrow range scans at 1600 rpm.  The RHE value at full range 

scan with no rotation is 0.2 mV higher than that with 1600 rpm rotation.  The RHE value for RE 

#6 on 20 µgPt cm-2 RDE at full range scan 1600 rpm, and narrow range scan with and without 

rotation is -0.22095, -0.22088, and -0.21991 V, respectively.  The variation of RHE value is 0.07 

mV between full and narrow range scans at 1600 rpm.  The RHE value at narrow range scan with 

no rotation is 0.97 mV higher than that with 1600 rpm rotation.  For Pt wire and 7, 14, 20 µgPt cm-2 

RDE working electrodes, there is no obvious difference of RHE value between full (to HOR 

diffusion limited current range) and narrow range scans.  The RHE value on 7 and 14 µgPt cm-2 

RDE is close to each other at full range scan regardless of rotation or not.  There is a large variation 

of RHE value on 20 µgPt cm-2 RDE at narrow range scan with rotation and no rotation. 
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Figure 2.1d.3 (a, c, e, g) RHE scale calibration of a Ag/AgCl reference electrode with various working electrodes in H2 saturated 0.5 M H2SO4 at 

various scan ranges, (b, d, f, h) the enlarge view of (a, c, e, g), and (i) RHE value correlates to scan ranges derived from (a, c, e, g). 
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To further optimize the narrow range scan, Figure 2.1d.4a and 2.1d.4b shows various scan ranges 

for HOR/HER on Pt RDE, i.e. ±0.005, ±0.01, ±0.05, ±0.1 V away from 0 V vs. RHE.  As shown 

in Figure 2.1d.4c, the RHE value deviates more when the scan range is far away from the RHE 

value, which is due to the interfere of HOR/HER.  The cyclic voltammetry potential range is 

suggested to be narrowed down to within approximately ±0.05 V away from 0 V vs. RHE to 

minimize errors in the analysis, agrees well with that a narrower scan range about the zero current 

point will improve the resolution of the RHE calibration value [1]. 

 
Figure 2.1d.4. a) RHE scale calibration of a Ag/AgCl reference electrode with Pt RDE in H2 saturated 

0.5 M H2SO4 at various scan ranges, b) the enlarged view of (a), and c) RHE value correlates to scan 

range away from 0 V vs. RHE derivated from (a, b).    
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mV between 0 and 1600 rpm rotation.  To maximize accuracy, it is recommended to rotate RDE 

working electrode for RHE scale calibration. 

 
Figure 2.1d.5. Cyclic voltammetry scans on Pt RDE in (a, b) N2 and (c, d) H2 saturated 0.5 M H2SO4 

with/without rotation at various scan rates, (e) RHE value correlates to scan rates derivated from (c, d). 

To further investigate the scan rate, Figures 2.1d.6a through c shows the cyclic voltammetry scans 
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mV s-1 without rotation was also added (Figures 2.1d.6b and c).  The currents increase with 

increasing scan rates ranging from 2 to 100 mV s-1.  The RHE value for RE #1 on 7 µgPt cm-2 RDE 

with no rotation is 0.14 mV higher than that with 1600 rpm rotation.  The change of RHE value 

for RE #4 on 14 µgPt cm-2 RDE is 0.09 mV between 0 and 1600 rpm rotation.  For Pt wire and 14 

µgPt cm-2 RDE, the RHE value is similar for the cases at the scan rate of 2, 5, and 10 mV s-1, then 

the variation of RHE value increase when the scan rate increases from 20 to 100 mV s-1.  For 7 

µgPt cm-2 RDE, the RHE value is similar for the cases at the scan rate of 2, 5, 10, 20, and 30 mV 

s-1, then the change of RHE value slightly increase when the scan rate increases from 40 to 100 

mV s-1.  For the best practice, it is suggested that the scan rate of cyclic voltammetry for RDE scale 

calibration is no more than 10 mV s-1, which agrees well with that cyclic voltammetry should be 

with a scan rate of 10 mV s-1 [1]. 

 
Figure 2.1d.6. (a, b, c) RHE scale calibration of a Ag/AgCl reference electrode with various working 

electrodes in H2 saturated 0.5 M H2SO4 at various scan rates, and (d) RHE value correlates to scan rates 

derived from (a, b, c). 

The exact cycle numbers depend on how long it takes to reach a steady state average potentil point 

of zero measured current [1].  Figures 2.1d.7a and b shows the 20 cycles for data analysis.  It can 

been seen that the repetability is good.  The average of the two potentials at which the current 

crossed zero from the anodic and cathodic sweeps was taken as the thermodynamic potential for 

-0.240 -0.238 -0.236 -0.234 -0.232 -0.230
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

RE #3

Pt wire H2, 0 rpm

 

 30 mV s-1

 40 mV s-1

 50 mV s-1

 100 mV s-1

 2 mV s-1

 5 mV s-1

 10 mV s-1

 20 mV s-1

C
u
rr

e
n
t 
(m

A
 c

m
-
2
)

Potential (V vs. Ag/AgCl)

(a)

-0.246 -0.244 -0.242 -0.240 -0.238 -0.236
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

RE #1

(b)

H2, 1600 rpm7 mgPt cm-2 RDE

 30 mV s-1

 40 mV s-1

 50 mV s-1

 100 mV s-1

 2 mV s-1, 0 rpm

 2 mV s-1

 5 mV s-1

 10 mV s-1

 20 mV s-1

C
u
rr

e
n
t 

(m
A

 c
m
-
2
)

Potential (V vs. Ag/AgCl)

-0.236 -0.234 -0.232 -0.230 -0.228 -0.226
-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

RE #4

 2 mV s-1, 0 rpm

 2 mV s-1

 5 mV s-1

 10 mV s-1

 20 mV s-1

14 mgPt cm-2 RDE H2, 1600 rpm

 30 mV s-1

 40 mV s-1

 50 mV s-1

 100 mV s-1

C
u

rr
e

n
t 

(m
A

 c
m
-
2
)

Potential (V vs. Ag/AgCl)

(c)

0 10 20 30 40 50 60 70 80 90 100
-0.242

-0.240

-0.238

-0.236

-0.234

-0.232

-0.230

-0.228

 Pt wire, 0 rpm

 7 mgPt cm-2 RDE, 1600 rpm

 14 mgPt cm-2 RDE, 1600 rpm

 7 mgPt cm-2 RDE, 0 rpm

 14 mgPt cm-2 RDE, 0 rpm

P
o

te
n

ti
a

l 
(V

 v
s
. 

A
g

/A
g

C
l)

Scan rate (mV s-1)

(d)



36 

the HOR/HER, corresponding to the 0 V vs. RHE value for the RE of interest [1-3].  The detailed 

data is shown in Figure 2.1d.7.  The average anodic and cathodic potential for 20 cycles is -0.24042  

and -0.24039 V, respectively.  The averge potential from the anodic and cathodic sweeps for 20 

cycles is -0.24041 V.  So -0.24041 V vs. Ag/AgCl of interest equals to 0 V vs. RHE.  In 0.5 M 

H2SO4, E(RHE) = E(Ag/AgCl) - (-0.24041 V) = E(Ag/AgCl) + 0.24041 V. 

 
Figure 2.1d.7. (a) RHE scale calibration of a Ag/AgCl reference electrode with Pt RDE in H2 saturated 

0.5 M H2SO4 at various scan cycles, (b) the enlarged view of (a), and (c) RHE value correlates to scan 

cycles derivated from (a, b).   

To figure out how often it is necessary to calibrate the reference electrode, RHE scale calibration 

of Ag/AgCl reference electrodes at different time intervals is shown in Figure 2.1d.8.  RE #1, RE 

#2, RE #3, RE #4, and RE #5 are single junction Ag/AgCl/NaCl (3M) reference electrodes which 

are from the same manufacturer.  RE #1, RE #2, and RE #3 are old ones and used for a long time.  

RE #4 and RE #5 are new ones.  RE #6 and RE #7 are new ones and from another manufacturer.  

RE #6 is single junction Ag/AgCl/KCl (4M) reference electrode, while RE #7 is double junction 

Ag/AgCl reference electrode with 4 M KCl internal filling solution and 10% KNO3 external filling 

solution.  As shown in Figure 2.1d.8a, the variation of RHE value for RE #1 at 33 daysô interval 

is within 1.92 mV.  The change of RHE value for RE #2 is within 1.41 mV at 19 days interval 
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(Figure 2.1d.8b).  The variation of RE #3 is within 7.84 mV at 22 daysô interval.  RE #4 was 

refilled with 3 M NaCl after two days of usage due to accidental contamination.  However, there 

was around 15 mV change after refilling.  The change of RHE value for RE #4 before refilling at 

2 daysô interval and after refilling at 3 daysô interval is within 0.16 and 0.33 mV, respectively.  The 

change of RHE value for RE #5 is within 2.71 mV at 3 daysô interval.  The variation of RE #6 is 

within 0.86 mV at 3 daysô interval.  The change of RHE value for RE #7 at 3 daysô interval is 

within 2.33 mV.  The stability of the reference electrode is manufacture-related and differs from 

different reference electrodes.  The best practice is to experimentally calibrate to RHE scale and 

periodically recalibrate to check for drift. 
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Figure 2.1d.8. RHE scale calibration of Ag/AgCl reference electrodes at different time intervals in H2 

saturated 0.5 M H2SO4. 
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The working electrodes of Pt RDE, Pt wire, and a thin, porous Pt/C catalyst film on RDE (7, 14, 

20 µgPt cm-2) exhibit the similar RHE values for reference electrode calibration.  The selection of 

working electrode will depend on the availability and convenience, but the working electrode with 

rotation is recommended.  There is no obvious difference for the RHE values when the rotation 

rate ranging from 400 to 2500 rpm.  For Pt RDE, Pt wire, and 7, 14, 20 µgPt cm-2 RDE working 

electrodes, there is no obvious difference of RHE value between full (to HOR diffusion limited 

current range) and narrow (±0.005, ±0.01 V away from 0 V vs. RHE) range scans.  For 7 and 14 

µgPt cm-2 RDE, the RHE value on is close to each other at full range scan regardless of rotation or 

not.  However, there is a large variation of RHE value at full range scan with rotation and no 

rotation on Pt RDE.  For Pt RDE, 7 and 14 µgPt cm-2 RDE, there is no effect on the RHE value at 

narrow range scan regardless of rotation or not.  However, a large variation of RHE value at narrow 

range scan with rotation and no rotation is observed on 20 µgPt cm-2 RDE.  To maximize accuracy, 

it is recommended to rotate working electrode for RHE scale calibration.  The cyclic voltammetry 

potential range is suggested to be narrowed down to within approximately ±0.05 V away from 0 

V vs. RHE to minimize errors in the analysis.  The stability of the reference electrode is 

manufacture-related and differs from different reference electrodes.  The best practice is to 

experimentally calibrate to RHE scale and periodically recalibrate to check for drift.  

A manuscript describing this work was prepared and will be submitted to a peer-reviewed journal 

for publication.  A citation and link to this publication will be accessible at 

https://www.hnei.hawaii.edu/publications/project-reports/aprises-20/ when available. 
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2.1e Co-Production of Hydrogen Peroxide and Electricity in a PEMFC 

Hydrogen peroxide is widely used as an environmentally friendly bleaching agent, disinfectant, 

and oxidizer by multiple industries, as well as the military.  The main method for hydrogen 

peroxide production today, an anthraquinone oxidation process, is not ideal as it is energy 

https://www.hnei.hawaii.edu/publications/project-reports/aprises-20/
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intensive, expensive, not environmentally friendly, and only allows for large scale operations.  

Hydrogen peroxide is a strong oxidizer and can be very corrosive and even explosive when 

transported in bulk from the production site to the point of use.  Because of these safety concerns, 

hydrogen peroxide is not readily accessible in developing countries where they would greatly 

benefit from the water treatment.  These issues emphasize the need to explore economical, 

environmentally friendly, and safe alternative methods of hydrogen peroxide production, allowing 

worldwide access to this valuable chemical. 

Polymer electrolyte membrane fuel cells (PEMFC) are susceptible to airborne sulfur contaminants, 

which cause catalyst degradation thus disrupting the oxygen reduction reaction and producing 

hydrogen peroxide as an undesired intermediate product within the membrane electrode assembly.  

Sulfur adsorbs onto the surface of the platinum/carbon catalyst, blocking active platinum sites and 

changing the reaction mechanism from a 4e- pathway producing water, to a 2e- pathway which 

produces hydrogen peroxide.  Using this fact, platinum catalysts can be intentionally poisoned 

with sulfur to promote the 4e- pathway to purposefully produce hydrogen peroxide and electricity 

within a PEMFC.  

Using a rotating ring-disc electrode measurement system, ex-situ experiments were conducted 

where the initial phase was to identify a stable catalyst which can perform effectively and maintain 

integrity under the challenging conditions within a fuel cell.  After achieving a stable catalyst 

(Figure 2.1e.1), further experiments were conducted to optimize the operational parameters for the 

co-generation of hydrogen peroxide and electricity.  It was observed that the catalyst, when used 

without applying potential holds, produced the highest yield of hydrogen peroxide.  However, 

introducing potential holds led to a significant increase in current suggesting enhanced efficiency 

for electricity generation.  Despite a slight reduction in hydrogen peroxide production with the 

potential holds, the trade-off was a marked improvement in overall current performance.  These 

results elucidate possible preferred conditions to maximize the production of hydrogen peroxide 

and electricity at an applied potential near 0.3 V with an indirect measurement of hydrogen 

peroxide yield up to 89% (Figure 2.1e.2, Table 2.1e.1).  Extended period tests (Figure 2.1e.3) 

indicated stability of the modified catalyst where platinum active sites were suppressed by the 

sulfur species, as indicated by the suppression of the hydrogen adsorption currents (Figure 2.1e.1).  

These findings provide a foundation for further refinement of the catalyst and operational 

conditions to enhance both hydrogen peroxide production and electricity generation when moving 

into the next phase of the project.  This work was conducted by a graduate student who received a 

Master of Science in Electrical Engineering in Summer 2024.  Further information on the 

experimental program can be found in the thesis listed at the end of this section. 
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Figure 2.1e.1. CV representing ECSA before and after 24-hour stability tests. Potentials listed in the top left corner represent the potential that 

was held for the stability test. 
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Figure 2.1e.2. Fraction of H2O2 yield produced from ring and disk ORR currents during potential 

cycling, after 35-minute potential hold at potentials between 0.1 V to 0.4 V. 

 
Figure 2.1e.3. H2O2 yield for a repeated 24-hour potential hold test at 0.1V. 
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Table 2.1e.1. Summary hydrogen peroxide yields vs applied potential measured during potential cycling 

following poisoning with SO2 for 25 minutes. 

Poisoned Potential 

(Vref H2) 

H2O2 % Yield at Applied Potential 

0.05 0.1 0.2 0.3 0.4 0.5 

OCP 78.8 75.7 79.3 81.6 83.5 85.6 

0.1 43.7 44.9 48.3 51.3 53.1 55.5 

0.2 49.8 45.2 48.6 51.1 53.1 55.6 

0.3 68.3 70.2 73.7 75.4 75.2 73.5 

0.4 56.8 59.0 64.6 67.6 68.9 69.2 

No Poisoning 24.1 12.6 5.6 2.7 2.4 2.3 

With the ex-situ work having demonstrated a set of operational parameters sufficient for inducing 

significant peroxide formation while simultaneously producing electricity, work began by scaling 

up to a working single cell PEMFC.  An industry standard 50 cm2 fuel cell test hardware from Fuel 

Cell Technologies was selected as a starting point as this hardware has been well-characterized 

over the years.  We established a test protocol to systematically evaluate and optimize the 

production, removal, and capture of aqueous hydrogen peroxide from the system.  We also 

completed validation tests of an auto-titrator based method for determining hydrogen peroxide 

yields.  Several upgrades were conducted to the cell and exhaust system material and process 

modifications for capturing product water and peroxide mixtures including adding a separate 

condenser system on the fuel cell exit for vapor condensation.  Several parameters were explored 

to evaluate the impact on the hydrogen peroxide yields and the resultant power production from 

the cell.  Generally, we found it difficult to distinguish whether low reaction efficiency is occurring 

or high reaction efficiency with decomposition of peroxide occurring prior to measurement.  Ex-

situ RRDE based experiments were able to achieve upwards of 60-80% production efficiencies 

while the best achieved in-situ prior to grant termination was 1-3% which may be sufficient for 

water purification applications, however ultimately the goal is to achieve >50% faradaic 

efficiencies.  A summary of the in-situ fuel cell experimental program with results and a limited 

discussion is presented below.  

All experiments were conducted at the HNEIôs Fuel Cell Systems Laboratory located in the POST 

building of the University of Hawaiᾶi at MǕnoa.  Tests were completed on an in-house modified 

fuel cell test station originally designed by United Technologies Fuel Cells that has been upgraded 

to allow for integration of advanced diagnostic tools as well as incorporating additional gas mass 

flow controllers for mixing and injection of gaseous impurities.  An external polymer (PFA/PP) 

gas condenser system was added at the outlet of the fuel cell to allow for effluent liquid collection 

for analysis as well as establishing the water balance within the MEA.  Additionally, a metered 

DI-water flow system using a valved rotameter flow meter with flow rates up to 100 mLpm was 

added at the inlet to allow for mixed inlet flows of humidified gas and DI water.  A standard 50 

cm2 Fuel Cell Technologies single cell fuel cell test hardware design was used as a starting point 

as this cell has been well characterized by many organizations over the years.  The endplates are 

chromate treated 6061 Al with gold plated copper current collectors.  Two types of graphite flow-
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field plates were used on the cathode (i.e. porous, pyro-sealed graphite and epoxy impregnated 

graphite).  The flow channels were double/triple serpentine on the anode/cathode with 0.79 mm 

channel and 0.76 mm land widths.  Cathode channels were 0.84 mm deep, whereas anode channels 

had a depth of 1.14 mm.  The cathode triple serpentine flow plate was also converted into an 

interdigitated flow channel by placing small fluorosilicone plugs in the middle channel at the cell 

inlet and the two outer channels at the cell outlet.  Cartridge heaters were used in both endplates 

along with attached fans to facilitate convective air heat removal.  Several improvements on to the 

cell configuration and test stand installation were made during the exploratory testing program.  

As a significant amount of liquid is being produced in the cell, early testing showed a galvanic 

interaction may be occurring between the aluminum endplates, 316L stainless steel connection 

fitting, and the flow-field plates as indicated by discoloration of the outlet effluent water.  In an 

effort to avoid secondary current loops that may have developed in the presence of liquid effluent 

and minimize the materials the effluent comes in contact with, the standard inlet fittings were 

capped off on the cathode side and PFA tubing was inserted directly into the cathode plate 

perpendicular to the flow channels (Figure 2.1e.4, along with a photograph of the test hardware 

installation in the test station).  By inserting the tubing made of a compatible material (PFA) as 

close to the active region as possible, we hoped to minimize the impact of dissimilar metals in the 

presence of a liquid electrolyte and this also may help improve the degradation of the peroxide 

prior to measurement.  A summary of the modifications to the test hardware and installation 

configuration is presented in Table 2.1e.2.  An equipment ID is used later in the results section to 

identify which hardware generation was used during the experiments.   

 
Figure 2.1e.4. Typical test hardware installation with fuel cell, DI water inlet supply, and effluent water 

collection vessels (left); and schematic of modification of cathode inlet and outlet fittings to minimize 

contact with endplate materials prior to the outlet collection vessel (right). 
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Table 2.1e.2. Test Hardware Cell Modification History. 

Hardware 

Build ID  
Test Cell Inlet Cell Hardware Test Cell Outlet 

A 
Standard through Al. plate 

w/ stainless steel fittings 

Standard FC Tech hardware 

w/ pyro-sealed graphite 3 channel 

serpentine 

Standard through Al. plate 

w/ stainless steel fittings 

B 
Standard through Al. plate 

w/ stainless steel fittings 

Standard FC Tech hardware 

w/ pyro-sealed graphite 3 channel 

serpentine 

ıò PFA tubing between 

cathode graphite plate and 

condenser*  

C 

ıò PFA tubing between test 

stand anode supply and 

graphite plate* and DI water 

inlet TEE added 

Standard FC Tech hardware 

w/ pyro-sealed graphite 3 channel 

serpentine 

ıò PFA tubing between 

cathode graphite plate and 

condenser*  

D 

ıò PFA tubing between test 

stand anode supply and 

graphite plate*  and DI 

water inlet TEE added 

Standard FC Tech hardware 

w/ pyro-sealed graphite 3 channel 

serpentine and channel plugs to 

convert to interdigitated flow field 

ıò PFA tubing between 

cathode graphite plate and 

condenser*  

E 

ıò PFA tubing between test 

stand anode supply and 

graphite plate*  and DI water 

inlet TEE added 

Standard FC Tech hardware 

w/ epoxy filled graphite 3 channel 

serpentine and channel plugs to 

convert to interdigitated flow field 

ıò PFA tubing between 

cathode graphite plate and 

condenser*  

*See Figure 2.1e.4 

Commercially relevant W. L. Gore and Associates 5715 MEAs with 0.1 mg Pt cm2 loadings on 

the anode and 0.4 mg Pt cm2 the cathode were employed as the standard MEA.  These catalyst 

coated membranes were inserted between SGL Carbon SIGRACET 29 BC gas diffusion layers 

with polytetrafluoroethylene gaskets sized for 80% compression.  Additional tests were also 

conducted with MEAs with 0.1 mg Pt cm2 the cathode to look at the impact of thinner catalyst 

layers as well as utilizing SIGRACET 22 AA gas diffusion layers which have no microporous 

layer or PTFE wet-proofing that the 29BC contains.  All MEA and GDL combinations were 

conditioned using the following sequential protocol: 0.6 V for 1 h, cycling between 0.85 V for 5 

min, and 0.6 V for 10 min for 20 cycles.  The operating conditions for MEA conditioning were as 

follows: temperature (80°C), cell inlet relative humidity (100%) and outlet pressure (48.7 kPag) 

for H2 and air compartments, and, for the 50 cm2 cell, flow rates of, respectively, 0.5 and 1.5 

standard L·min-1 for H2 and air. 

To facilitate exploratory testing with a wide range of parameters, a standardized test protocol 

sequence was established such that beginning of test and end of test diagnostics are consistent 

between experiments with varying test conditions for the peroxide production tests (Table 2.1e.3).  

Following cell build, the MEA is conditioned overnight, as described earlier, and the average 

current at 0.6 V at the end of conditioning is recorded and is used to compare the impact of different 

materials in a standardized manner.  Beginning of test (BOT) diagnostics are then performed at 

25°C to establish the equivalent hydrogen crossover current and the electrochemical surface area 

of both the anode and the cathode.  In contrast to the controlled potential deposition in the ex-situ 
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testing, sulfur deposition in Step 4 is performed under OCP conditions with hydrogen on the anode 

and nitrogen on the cathode.  Sulfur dioxide is supplied from a 1000 ppm source bottle, nitrogen 

balance from Matheson Tri-Gas and is mixed and diluted after the station humidifier to establish 

a 20 ppm SO2
 gas stream for sulfur deposition on the cathode catalyst.  Following sulfur deposition 

an additional electrochemical surface area evaluation is performed on the cathode, however, this 

time the maximum potential is limited to 0.4 V to avoid adsorbed sulfur species oxidation.  Next 

the peroxide generation experiments are conducted in Step 6 under constant voltage.  For all 

experiments performed, the cell voltage was held at 0.35 V.  The majority of experiments were 

conducted overnight to allow for sufficient effluent collection, however, experiments which 

included oxygen operation and DI water injection were conducted with a time scale of minutes 

due to amount of water flowing through the test cell and the collection bottle size limitations.  At 

the end of the peroxide generation experiment, an electrochemical surface area experiment is again 

performed on the cathode to validate the stability of the adsorbed sulfur during the generation 

experiments.  The effluent water was analyzed by peroxide test strips and where warranted, 

titration. 

Table 2.1e.3.  In-situ Fuel Cell Test Protocol. 

Step Title  Description 
Time 

Estimate 

1 New Cell Build Assemble new cell with desired test components 1 hr 

2 
Overnight 

Conditioning 

Warm-up to 80°C, 100% RH, 500/1500 sccm H2/Air, 50 kPag. 

Hold at 0.6 V for 1 hr, then 20 cycles of 0.85 V for 5 min, 0.6 V 10 

min. 

6-12 hrs 

3 
BOT MEA 

Diagnostics 

Cooldown to 25°C, measure hydrogen crossover and perform CV 

scans on both anode and cathode from 0.08-1.0 V for 3 cycles 
6 hrs 

4 
Sulfur Deposition 

under H2/N2 

Purge cell with 500 sccm H2 on anode, 500 sccm N2 w/ 20 ppm SO2 on 

cathode for 30 min-1 hr 
1 hr 

5 

BOT Sulfur 

Poisoning 

Validation 

Perform CV scan on cathode from 0.0-0.4 V for 3 cycles to validate 

sulfur coverage while remaining below sulfur oxidation potentials 

(>0.8 V) 

6-12 hrs 

6 

Constant Voltage 

H2O2 Production 

Parametric 

Experiments 

Establish desired test conditions while purging on H2/N2 at OCP. Set 

and engage the load at the desired test voltage (range: 0.15-0.4 V); 

ramp up air or oxygen flow depending on specific test conditions. 

Effluent water to be collected, measured, and analyzed for H2O2.  

1-24 hrs 

7 
EOT Sulfur Stability 

Validation 

Perform CV scan on cathode from 0.08-0.4 V for 3 cycles to validate 

any change in sulfur coverage vs BOT results. 
1 hr 

As this work was exploratory in nature, a series of parameters were initially identified to evaluate 

their impact on the ability co-produce electricity and hydrogen peroxide.  The major difficulty in 

transitioning from ex-situ to in-situ tests is the ability to remove the generated peroxide from the 

catalyst layer and reduce the residence time within the cell where degradation may occur.  The 

following concepts were identified for early evaluation as part of the research:  

1. 100% relative humidity operation to ensure saturated conditions, prevent evaporation and 

facilitate liquid removal; 
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2. Evaluate air vs oxygen operation to identify performance characteristics of each gas type, 

whereby ambient air is readily available while oxygen must be supplied directly from a 

storage source; 

3. Acid-Treated GDL to minimize the surface area of carbon available for peroxide 

decomposition reactions. To acid treat the GDL an MPL/PTFE-free GDL was selected to 

allow for full contact with the acid bath. The lack of the MPL might also minimize the 

mass transport resistance, allowing for larger channels to form for effluent liquid exiting 

the MEA; 

4. Induce thermo-osmosis by increasing the temperature on the anode side inducing water 

pumping from the anode to the cathode, possibly improving the peroxide removal from the 

catalyst layer; 

5. Interdigitation of the flow channels to force the gas to flow under the channels and increase 

the velocity within the GDL for liquid effluent removal; and 

6. Two-phase inlet flows mixing deionized water with the inlet oxidant (oxygen) to induce 

concentration diffusion of peroxide in addition to convective approaches.  

Prior to the grantôs termination, several experiments were completed allowing for comparison of 

the above parameters in a limited manner with no repeats conducted, although they were planned.  

Table 2.1e.4 presents the combination of parameters enumerated by an individual óTest Parameter 

IDô which is used in the results section along with the test cell hardware identifier as various 

hardware improvements were also made throughout the test program conducted. 

Table 2.1e.4. Test Parameter Combinations from Exploratory Experiments. 

Test 

Param. 

ID 

Cath. 

Gas 

An/Cath 

Cell Set 

Temp. [C] 

An/Catha 

Pt Loading 

[mgPt/cm2] 

Cath

GDL 

Typeb 

GDL 

Wet- 

Proof 

[y/n]  

GDL 

MPL  

[y/n]  

GDL 

Acid-

Treat 

[y/n]  

DI 

H2O 

Flow 

[y/n]  

CV Hold 

Potential [V]  

P1 Air  40/40 0.1/0.4 29BC y y n n 0.35 

P2 Air  40/40 0.1/0.4 22AA n n n n 0.35 

P3 Air  30/30 0.1/0.4 29BC y y n n 0.35 

P4 Air  32/30 0.1/0.4 29BC y y n n 0.35 

P5 Air  30/30 0.1/0.4 29BC y y n y 0.35 

P6 O2 30/30 0.1/0.4 29BC y y n y 0.35 

P7 Air  30/30 0.1/0.4 22AA n n n n 0.35 

P8 O2 30/30 0.1/0.4 22AA n n n n 0.35 

P9 O2 30/30 0.1/0.4 22AA n n n y 0.35 

P10 Air  30/30 0.1/0.4 22AA n n y n 0.35 

P11 O2 30/30 0.1/0.4 22AA n n y n 0.35 

P12 O2 30/30 0.1/0.4 22AA n n y y 0.35 

P13 O2 30/30 0.1/0.1 22AA n n y n 0.35 

P14 O2 30/30 0.1/0.1 22AA n n y y 0.35 
a GORE 510.x / M715.18 / C510.x MEAs 
b Gas Diffusion Layers from SGL Carbonôs Sigracet line; note GDL model 29BC has now been replaced with 22BB 
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Preliminary results are presented in Table 2.1e.5.  The óExperimental IDô refers to the combination 

of the óHardware Build IDô from Table 2.1e.2 and the óParameter Set IDô from Table 2.1e.4.  The 

MEA ID represents the electrode assembly used during testing.  Experiments with the same MEA 

ID used this MEA for all experiments in sequence.  The beginning of test (BOT) conditioning 

current @ 0.6 V describes the final current density level at the end of conditioning and is used to 

assess the impact of the materials and/or hardware components under one standard set of 

conditions.  The average power produced during the H2O2
 generation represents the average 

current density measured at 0.35 V expressed as units of power.  The percentage of water generated 

exiting the anode is a way of representing the net water balance in the cell.  To minimize the 

residence time of peroxide in the cell, a flux of water from the anode to the cathode could increase 

the water flowing through the catalyst layer sweeping out the peroxide.  Thus, decreasing or even 

negative values of the % water generated exiting the anode would be beneficial.  All water balance 

calculations performed, however, are calculated considering only water production, but are still 

beneficial when comparing cases, such as the impact of thermo-osmosis.  The final column 

presents the peroxide generation faradaic efficiency, or the percentage of the current produced that 

went into peroxide generation as opposed to water generation.  These values are calculated from 

measurement of the effluent water in the collection vessel.  The actual faradaic efficiencies may 

be much higher if significant decomposition is occurring between the catalyst layer and the effluent 

collection vessel.  Overall, a combination of improvements to the test hardware and test parameters 

resulted in the ability to improve the faradaic efficiency from 0.005% in the first experiments up 

to a range of 1.5-3.0% in the final tests performed prior to the awardôs termination.  A summary 

discussion of various experimental aspects such as sulfur deposition stability as well as the impact 

of specific parameters on the average power produced, water balance, and peroxide production 

efficiency is presented following Table 2.1e.5, along with recommendations for the path forward 

based on the limited set of experiments performed prior to grant termination. 
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Table 2.1e.5. Summary of Results from Exploratory Testing of Co-Production of H2O2 and Electricity 

with a PEM Fuel Cell. 

Exp. 

ID  

Hard- 

ware 

ID a 

Para- 

meter 

ID b 

MEA  

ID  

Beginning of Test 

Conditioning 

Current  

@ 0.6V 

[mA/cm2] 

Avg. Power Produced 

During H 2O2 

Generation 

CV holdc 

[mW/cm2] 

% of Water 

Generated 

Exiting 

Anoded  

[% H2Ogen2an] 

H2O2 

Generation 

Faradaic 

Efficiency 

[%]  

1 A P1 GORE001 599 208 47.3 0.005 

2 A P2 GORE002 459 77 28.3 0.011 

3 B P1 GORE003 310 116 53.1 0.018 

4 B P3 GORE003 310 96.6 33.3 0.098 

5 B P4 GORE003 310 102.6 6.8 0.120 

6 C P5 GORE004 800 23 - 0.04 

7 C P6 GORE004 800 51 - 0.05 

8 D P7 GORE005 745 199 15.7 0.07 - 0.30 

9 D P8 GORE005 745 286 22.0 0.02 - 0.05 

10 D P9 GORE005 745 37 - 1.10 

11 D P10 GORE006 613 181 26.4 0.07 - 0.30 

12 D P11 GORE006 613 247 26.1 0.005 - 0.02 

13 D P12 GORE006 613 82 - 0.7 - 1.3 

14 E P13 GORE007 513 86 - 0.53 - 1.2 

15 E P14 GORE008 318 135 43.1 0.02 - 0.04 

16 E P15 GORE008 318 67 - 1.5 ï 3.0 
a See Table 2.1e.2. 
b See Table 2.1e.4. 
c All tests held at constant potential of 0.35 V. 
d While the water balance in a fuel cell is typically expressed as the net water drag (NWD) coefficient, presenting this as the 

percentage of water generated on the cathode exiting the anode is simpler to conceptualize, i.e. NWD = -0.473 for Exp. 1. 

Due to various transitions between the load bank and the potentiostat as part of the test protocol, 

deposition of sulfur was accomplished using 20 ppm SO2 in nitrogen balance, while holding the 

cell at open circuit with hydrogen on the anode and nitrogen on the cathode.  As shown in Figure 

2.1e.5, the voltage rises after 15 minutes and stabilizes up above 0.35 V.  During ex-situ testing, 

voltage control during poisoning was possible and a measurable impact was observed.  However, 

at the scale of the fuel cell used, potential control isnôt possible with a load bank as the current 

range is too high and the load bank isnôt bidirectional.  Future studies should look at alternative 

methods of sulfur deposition so that potential control during the deposition might be possible or 

the use of other sulfur species such as H2S. 
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Figure 2.1e.5. Example of potential profile during SO2 poisoning under H2/N2 showing. 

Figure 2.1e.6 shows an example of cyclic voltammetry scans used in the determination of the 

electrochemical surface area to validate the sulfur deposition from experiment #8.  Positive 

currents represent the energy associated with hydrogen desorption while negative currents 

represent hydrogen adsorption.  Without going into too much detail of the analysis, effectively, 

the hydrogen desorption area under the blue curve is proportional to the active area of the platinum 

catalyst.  After poisoning, this area is drastically reduced with the peaks disappearing.  Tests were 

conducted after poisoning to validate the loss of surface area due to the purposeful poisoning, and 

then following the peroxide generation experiments to ensure the loss in active area remained.  For 

the data shown in Figure 2.1e.6, there may be a slight increase in the peak around 120 mV at the 

end of test validation experiment, however, the bulk of the area is still covered.  Future tests should 

include additional analyses to correlate atomic faces associated with the various peaks observed 

and whether or not they impact the hydrogen peroxide generation experiments.  The use of H2S 

should be considered as the adsorption properties may be different than with SO2.  Different sulfur 

species exhibit varying degrees of poisoning severity and kinetics.  While H2S is rapidly adsorbed 

and strongly bound, SO2 can also adsorb, often forming sulfates or sulfites on the surface 

depending on potential and presence of water.  Organic sulfur compounds like thiophenes might 

decompose on the catalyst surface or adsorb more weakly but could still block sites or lead to the 

formation of carbonaceous deposits containing sulfur, thus H2S would be good choice for an 

alternative poisoning gas. 
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Figure 2.1e.6. Cyclic voltammetry scans from experiment #8 showing beginning of life hydrogen 

adsorption, suppression of platinum active sites after SO2 poisoning and end of test minimal recovery of 

platinum active sites. 

Exemplary time series data from the constant voltage experiments is presented in Figure 2.1e.7.  

Overall, steady state was never achieved during any of the experiments, with the current initially 

rising fast, then slowly continuing to rise as time progressed for the majority of the experiments.  

Adding DI water caused significant instabilities with the standard flow field (Exp. 6 and 7) and 

became worse with the use of interdigitated flow field with liquid water introduction (Exp. 11 and 

12).  The gas diffusion layer porosity is not designed to handle consistent water flow and thus low 

currents and high pressure drops were observed.  In future tests, DI water flushing should only be 

considered as a last resort and should not be used with an interdigitated flow design without special 

modifications to reduce the pressure drop.   
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Figure 2.1e.7. Hydrogen peroxide production test time series data (Test IDôs from top left: 3, 4, 6, 7, 11, 

12, 13). 

Exp. #3 Exp. #4

Exp. #6 Exp. #7 

Exp. #11 Exp. #12 

Exp. #13 
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A comparison of experiments 4 and 5, where the anode temperature was increased 2°C to induce 

thermos-osmotic water transport from the anode to the cathode, showed an improvement 

(reduction) in net water generated transported to the anode from 33 % to 8%, an increase in the 

average current density during H2O2 production, as well as an increase in the amount of peroxide 

measured.  The increased water flux from the anode to the cathode may have contributed to 

improved removal of the peroxide from the catalyst layer by reducing the residence time of the 

peroxide in the catalyst layer by increased water flushing.  Temperature control, however, was 

difficult because of high heat generation with minimal heat removal capacity in this test cell.  

Future test hardware design iterations should include improved heat dissipation and isolated 

anode/cathode temperature control.  For example, a closed loop coolant channel could be added to 

the cathode side for heat dissipation and maintaining the reaction temperatures at the cathode, 

while a surface heater could be used on the anode to induce a temperature difference. 

Experiments 1 and 2 examine the effects of removing the microporous layer and wet-proofing 

(PTFE) from the cathode GDL where experiment 1 has PTFE and a microporous layer for the 

GDL and experiment 2 does not have PTFE or a microporous layer for the cathode GDL.  

Comparing pre- and production test current densities between experiments shows that experiment 

1 has an average higher current density than experiment 2 for both the pre and production tests, 

599 mA/cm2 vs. 459 mA/cm2 and 595 mA/cm2 vs. 220 mA/cm2 respectively.  Although 

experiment 1 showed increased current density compared to experiment 2, the net water generated 

to the anode was higher in experiment 1 than in experiment 2, 47% vs. 28% respectively, which 

may decrease the overall efficiency of the hydrogen peroxide reaction.  This can be seen in the 

difference of the faradaic efficiency of the hydrogen peroxide reaction where experiment 1 showed 

0.005% efficiency and experiment 2 having double the efficiency of 0.011%.  Evidence from these 

experiments will guide future work in determining the optimal materials for the cathode GDL by 

balancing power production and faradaic efficiency of the hydrogen peroxide reaction. 

Carbon radical species are known to induce hydrogen peroxide decomposition; therefore, it was 

suggested to acid treat the GDL to remove any radicals from the surface to avoid hydrogen 

peroxide decomposition before it can be removed from the cell.  Comparing results from 

experiment 11, where the cathode GDL was acid treated, and experiment 8, having the cathode 

GDL not acid treated, shows only minor differences.  Pre- and production tests currents differ in 

that experiment 8 has higher pre and production test currents relative to experiment 11, 745 

mA/cm2 vs. 613 mA/cm2 and 569 mA/cm2 vs. 518 mA/cm2, respectively.  An interesting result is 

the net water generated to the anode, where the acid treated GDL pushed more water to the anode 

compared to the non-acid treated GDL.  This contrasts with what is expected as acid treating 

carbon materials with oxidizing acids produces hydrophilic functional groups; therefore, less water 

should have been transported to the anode because of the hydrophilic nature of the cathode GDL.  

The data suggests otherwise, and follow-up experiments need to be conducted to understand this 

phenomenon.  The faradaic efficiency of the hydrogen peroxide reaction is nearly identical 

between experiments 8 and 11, suggesting that acid treating the GDL has minimal effect on 
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improving the faradaic efficiency of the hydrogen peroxide reaction.  (These findings donôt 

reinforce the notion that removing carbon from the GDL is beneficial.  From the data, it looks like 

acid treating only reduces the power produced and doesnôt increase peroxide formation.) 

Two different sets of graphite plates were used to determine how the porosity of the flow field 

material affects the peroxide formation efficiency.  The first set of experiments were performed 

with a standard, porous, pyro-sealed graphite flow field and the next set of experiments used an 

epoxy impregnated graphite flow field.  Examining data from these experiments shows that there 

is no remarkable difference between tests run with the standard graphite flow field plate and the 

epoxy impregnated graphite flow field plate.  

Two different flow field designs were utilized in this study: one being a standard triple serpentine 

flow field and the other being a modified interdigitated flow field.  Comparing the pre-test current 

values for experiment 2 and experiment 8, it is evident that the power produced from the 

interdigitated flow field design is much higher than that of the triple serpentine for this system, 

459 mA/cm2 vs. 745 mA/cm2.  The production test current is also much higher for experiment 8, 

569 mA/cm2 vs. 220 mA/cm2, and the net water generated to the anode was reduced, 16% for the 

interdigitated flow field and 28% for the serpentine flow field.  The faradaic efficiency of the 

hydrogen peroxide reaction increased when moving to the interdigitated flow field in experiment 

8 from a value of 0.01% in experiment 1 to 0.3% in experiment 8.  This suggests that the forced 

convection induced by the interdigitated flow field provides improved performance.  Therefore, 

further design iterations need to be considered and implemented to fully evaluate this system. 

The cathode gas stream was also varied from air to O2.  Experiments 8 and 9 compare equivalent 

experiments, where experiment 8 utilized air as the cathode gas stream and experiment 9 utilized 

O2.  The production test current is much higher for experiment 9 compared to experiment 8, 816 

mA/cm2 vs. 569 mA/cm2.  This is expected because utilizing pure O2 reduces the mass transport 

loss that occurs when utilizing air as the cathode gas stream.  Although the production test current 

is higher in experiment 9, the faradaic efficiency of the hydrogen peroxide reaction is lower than 

that in experiment 8.  Experiment 8 provided a range of efficiency from 0.07-0.3% and experiment 

9 provided a range of efficiency from 0.02-0.05%.  The increased efficiency of experiment 8 

compared to experiment 9 is possibly due to the higher flowrate, 1500 mLPM for air in experiment 

8 and 500 mLPM for O2 in experiment 9, which facilitates the rapid removal of hydrogen peroxide 

out of the cell.  It is postulated that longer peroxide residence times will decrease overall faradaic 

efficiency.  Future design iterations will address this issue by optimizing the flow field design as 

well as exploring new GDL materials which may facilitate efficient peroxide removal. 

Liquid water was utilized to assist in efficiently flushing out hydrogen peroxide from the cathode, 

thus reducing its residence time.  Introducing liquid water to the cathode causes a decrease in the 

current produced during peroxide production as can be seen from the production tests where 

experiment 12 had a value of 705 mA/cm2 and experiment 13 had a value of 233 mA/cm2.  
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Comparing experiments 12 and 13, there is a substantial increase in the faradaic efficiency of the 

hydrogen peroxide reaction.  Experiment 12 has a faradaic efficiency in the range of 0.005-0.02% 

and experiment 14 had a faradaic efficiency in the range of 0.53-1.2%.  This provides evidence 

that efficiently removing peroxide from the cathode and reducing residence time can increase 

production.  The flow rates used in this study (10-40 mLPM) is not conceivable to be scaled to the 

industrial level for continuous operation; thus, future efforts should focus on maximizing the 

amount of water transported from the anode as well as reducing the residence time of the generated 

peroxides.  

The membrane catalyst loading on the cathode was also tested.  Two platinum loadings were 

utilized in this study, 0.4 mg/cm2 and 0.1 mg/cm2.  Experiments 12 and 15 are equivalent 

experiments where 12 uses the higher platinum loading and 15 uses the lower loading.  The pre- 

and production test currents were lower in experiment 15 compared to experiment 12, 318 mA/cm2 

vs. 613 mA/cm2 and 387 mA/cm2 vs. 705 mA/cm2, respectively.  The faradaic efficiency of the 

hydrogen peroxide reaction increased from experiment 12, 0.005-0.02%, to experiment 15, 0.02-

0.04%.  The lower platinum loading on the cathode catalyst reduces the overall thickness of the 

membrane by approximately 75% which likely reduces the peroxide residence time and in turn 

increases the faradaic efficiency.  This result suggests that the next fuel cell design needs to 

consider reducing the residence time of species in the cathode flow field. 

The key takeaways from this work include: 

- Ex-situ testing demonstrated promising stability of the modified platinum-sulfur catalyst 

and achieved >60% hydrogen peroxide selectivity under defined conditions, which 

subsequently informed the design of the in-situ experiments.  

- Removing PTFE and the microporous layer reduced current density but doubled faradaic 

efficiency (0.005% to 0.011%).  

- Net water transported to anode was reduced when the PTFE and microporous layer were 

not present in the GDL.  

- Acid treatment of the cathode GDL showed no significant difference between tests when 

examining current densities and faradaic efficiencies.  

- Interdigitated flow field design demonstrated significant improvement in current density 

and peroxide efficiency over the traditional serpentine flow field.  

- Future designs should optimize the local velocities within the GDL to match those achieved 

in the ex-situ testing with the rotating ring disc electrode testing.  

- Using O  increased pre-test current output, but air led to higher faradaic efficiency due to 

faster peroxide removal.  

- Liquid water injection to the cathode reduced the current density but dramatically improved 

faradaic efficiency.  Unfortunately, the flowrates required are not scalable and also resulted 
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in significant pressure buildup and voltage instabilities and therefore, future designs need 

to consider this aspect.  

- Platinum catalyst loading provided reduced current density but increased faradaic 

efficiency by reducing peroxide residence time due to the thinner catalyst layer and shorter 

transport paths.  

- No experiments were conducted to assess the compatibility of the carbon species in the cell 

(catalyst layers, GDL, flow-field plates); however, literature suggests carbon can induce 

hydrogen peroxide decomposition therefore future design iterations should consider 

removal of carbon.  This could be accomplished by using platinum black catalyst layers 

and metallic or metallic coated GDL and flow-field plates.  

- No experiments were performed to analyze the impact of the purposeful production of 

hydrogen peroxide and its acceleration of degradation of the Nafion polymer, which is 

widely known.  Future evaluations should test alternative membranes and ionomers or 

other modifications to mitigate any peroxide induced degradation to the fuel cell materials.  

- Overall, based on the ability to produce over 80% hydrogen peroxide faradaic efficiencies 

in the ex-situ experiments, and having increased the efficiency from 0.005% to nearly 3% 

with standard 50 cm2 fuel cell components prior to the project ending, another design cycle 

is recommended with the above recommendations to be considered. For perspective, 

achieving 50% faradaic efficiencies in-situ would be a significant advancement. 

More detail on this work can be found in the thesis listed below. 

Publications and Presentations 

Student Thesis 

1. Fernandez, A. M. (2024). Proton Exchange Membrane Fuel Cell Modification for 

Catalytic Cogeneration of Hydrogen Peroxide and Electricity. Master of Science Thesis, 

Department of Electrical Engineering, University of Hawaiᾶi at MǕnoa, Honolulu, HI. 

 

2.2 Battery Characterization and Modeling  

The battery research conducted under the APRISES20 Battery Characterization and Modeling 

subtask covered three topics: a) the evaluation of commercial sodium-ion batteries, b) the 

characterization of the relationship between the impact of rate and temperature, and c) the 

continuation of the development of our modeling framework with the validation and 

implementation of new features.  All the testing was conducted at HNEIôs PakaLi Battery 

Laboratory on the University of Hawaiᾶi MǕnoa campus.  Key accomplishments and details of this 

work conducted were or will be published or presented at international conferences and are 
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summarized below.  The associated five publications (one of which is currently under review) and 

five presentations (including two invited) are referenced at the end of each activity. 

 

2.2a Evaluation of Commercial Na -ion Cells 

Following the work reported under APRISES18 where we investigated a commercial Na-ion 

batteries (SIB) comprising of hard carbon and sodium vanado-fluorophosphate electrodes, our 

efforts on commercial SIBs continued with the investigation of cells with a layered iron nickel 

manganese oxide positive electrode chemistry.  Three batches of cells using this chemistry from 

different manufacturers were evaluated, one in collaboration with RWTH Aachen University, 

Germany, and two in collaboration with SANDIA National Laboratory and the University of 

Oviedo in Spain.  

SIBs are regarded as key technology for future energy storage applications, offering potential 

solutions to the ecological, economic, and ethical challenges associated with lithium-ion batteries. 

However, a comprehensive evaluation of the applicability of SIBs requires a thorough 

investigation of their aging behavior under various environmental conditions. This was a 

significant research gap as no extensive aging studies of commercial SIBs have been conducted to 

date.  To fill this research gap, we collaborated with RWTH Aachen University to analyze a design 

of experiments consisting both of cyclic and calendar aging experiments and comprising 67 

commercial SIBs from the same manufacturer at different temperatures (see Klick et al., 2025).  

Within the design, the impact of C-rates, temperature, and depth of discharge were examined to 

assess aging patterns and degradation modes.  We analyzed the initial cell-to-cell variance across 

three key attributes: maximum capacity, rate capability, and polarization to understand the 

performance distribution and its implications for future applications.  Our findings reveal 

consistent performance across cells, with all data falling within a 2ů (ů = 8 mAh) interval.  

Furthermore, we conducted voltage response analysesðemploying techniques such as incremental 

capacity analysis (ICA) and differential voltage analysis (DVA)ðto evaluate the electrochemical 

behavior uniformity among cells which allowed to assess the capacity fade and resistance increase 

under various aging conditions.  Using half-cell data, we constructed a virtual model of the full-

cell employing a degradation modes model (Figure 2.2a.1).  Our analysis reveals two primary 

degradation modes: loss of sodium inventory and loss of active material for both the positive and 

negative electrodes.  Within the cycled cells, we observed four categories of degradation, enabling 

us to determine which electrode was limiting and thereby established the specific degradation 

mode responsible for capacity loss.  Notably, at high temperatures, the loss of active material on 

the negative electrode was particularly evident.  Our work represented a crucial initial step towards 

a more in-depth analysis of the aging modes and degradation processes occurring in commercial 

SIBs.  
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Figure 2.2a.1. Initial voltage response at C/50 for the PE and NE as well as C/20 for the full-cell with respectively (a,d,g) the voltage vs. 

normalized capacity, (b,e,h) the incremental capacity, and (c,f,i) the differential voltage responses. 
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In collaboration with SANDIA National Laboratories and the University of Oviedo (Spain), we 

investigated two additional Na-ion cells with the same chemistry, but from different manufacturers 

(see Wittman et al., under review).  Our survey indicated manufacturing consistency within 

batches that were similar than of commercial Li-ion production.  As these SIB materials can use 

the same production techniques as Li-ion production techniques, it is likely that they are produced 

on Li-ion production lines and repurposed to use SIB batteries.  The core differences in both cells 

laid in the composition of the electrolyte and the binder used in the NE materials.  The changes in 

electrolyte pointed to differences in the initial solid electrolyte interphase which was verified using 

X-ray photoelectron spectroscopy.  The differences will likely impact cell durability, which will 

be evaluated at a later time.  

More detail on this work can be found in the Batteries & Supercaps publication listed below.  An 

additional manuscript describing this work was submitted to the EES Batteries journal.  It is 

currently undergoing peer review.  A citation and link to this publication will be accessible at 

https://www.hnei.hawaii.edu/publications/project-reports/aprises-20/ when available. 

Publications and Presentations 

Peer-Reviewed Publications 

1. Klick, S., Laufen, H., Schütte, M., Qian, B., Quade, K. L., Rahe, C., Dubarry, M., & Sauer, 

D. U. (2025). Failure mode and degradation analysis of a commercial sodium ion battery 

with severe gassing issue. Batteries & Supercaps, 8(4), e202400546. 

https://doi.org/10.1002/batt.202400546 

2. Wittman, R.M., Anseán, D., Meyerson, M. L., Beck, D., Valdés, E. E., García, V. M.,  

Cameán, I., Rich, C., Langendorf, J., Rodriguez, M., Valdez, N., Román-Kustas, J., 

Schafer, D., Juba, B., Bates, A., Torres-Castro, L., & Dubarry, M. (Under review). Initial 

Characterization of Two Batches of Commercial Hard-carbon/NaxNiyFezMn1-y-zO2 Sodium 

Ion 18650 Cells. EES Batteries. 

Conference Proceedings and Presentations 

1. Dubarry, M. (2025, May 21). Recent Advances on Degradation Modes Modeling for Li-

Ion and Na-Ion Batteries, A05-0574. 247th Electrochemical Society Meeting, Montreal, 

Canada. 

 

2.2b Impact of Kinetics on the Voltage Response of Commercial Li -ion Batteries  

On-board battery diagnosis plays an essential tool to ensure safe and reliable operation of battery 

systems.  The accuracy of the diagnosis can however be significantly affected by the cell 

temperature as it will affect its voltage and thus some of the information fed to the battery 

management system.  While calibration at different temperatures is possible, the required 

laboratory testing will be extensive.  We implemented a methodology relating the impact of rate 

https://www.hnei.hawaii.edu/publications/project-reports/aprises-20/
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to the impact of temperature showing that the impact of higher rates is similar than of the impact 

of lower temperatures and inversely (see Fernando & Dubarry, 2025).  This allowed us to define 

a simple set of equations enabling the emulation of the cellsô electrochemical response at different 

temperature without the need for any complex battery model. 

Our work showcased the similarities between the voltage response changes induced by rate and 

temperature for two different commercial batteries using different chemistries.  Our results 

indicated that, with proper calibration, one can be used to simulate the other as higher rates were 

found to be analogous to low temperatures and inversely.  This could allow us to simulate different 

temperatures from room temperature data or inversely to estimate cell temperatures from their 

voltage response (Figure 2.2b.1).  The calibration involves two parameters: a rate degradation 

factor that relates the voltage responses and a resistance correction that relates the polarizations.  

They were both found to respectively follow close to an Arrhenius and linear relationship with 

temperature which enable the estimation of any intermediate values.  In addition, since the 

relationships were found to be relatively rate independent, they also enabled estimations at rates 

that were not tested.  

 
Figure 2.2b.1.  Calculated IC vs. temperature maps for (a) the LFP cell at C/10, (b) the NMC cell at 

C/10, (c) the LFP cell at C/3, and (d) the NMC cell at C/3, all in charge. 

Looking further, the same approach shall be applicable to study the impact of pressure or 

mechanical stress.  Finally, only two chemistries were studied in this work and, to generalize, the 

results of study should be verified on different positives (NCA, NMC111, é) and negative 

electrodes (Si, lithium titanate, é) as well as on sodium-ion cells. 

More detail on this work can be found in the Journal of Power Sources publication listed below.   
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Publications and Presentations 

Peer-Reviewed Publications 

1. Fernando, A., & Dubarry, M. (2025). Model-free emulation of the impact of kinetics and 

temperature on commercial Li-Ion Batteries. Journal of Power Sources, 654, 237796. 

https://doi.org/10.1016/j.jpowsour.2025.237796  

Conference Proceedings and Presentations 

1. Ishtiaque, M., Ramamurthy, J., Alahmad, Q., Dubarry, M., Pint, C., & Kingston, T. (2025, 

May 21). Correlating Thermal Gradient and Ionic Migration Directionality to Lithium-Ion 

Battery Electrochemistry, A08-0843. 247th Electrochemical Society Meeting, Montreal, 

Canada. 

 

2.2c New Methodologies to Characterize Performance and Lifetime of Lithium -ion 
Batteries  

Under APRISES20, HNEI modeling work focused on two specific aspects of battery simulation 

with: 1) the diagnosability of cells containing a high level of silicon in collaboration with the 

University of Warwick, United Kingdom and 2) the integration of our approach into an equivalent 

circuit model to allow for dynamic simulations in collaboration with the Offenburg University, 

Germany. 

The growing demand for high-energy-density lithium-ion batteries (LIBs) in portable electronics, 

electric vehicles, and grid storage has accelerated the introduction of silicon-graphite blended 

electrodes in commercially available lithium-ion cells.  Despite their commercial adoption and 

higher energy density, the widespread deployment of silicon-graphite (Si-Gr) composites is 

hindered by rapid degradation phenomena which limit both their calendar and cycle life.  In this 

work, a novel diagnostic framework that enabled the quantification and separation of silicon and 

graphite active material losses in blended electrodes was defined, based on DV and IC analysis 

(see Darikas et al., 2025).  Expanding upon the established methods for graphite electrodes, a novel 

silicon-specific IC diagnostic marker was proposed for the detection of silicon active material loss.  

The proposed method was validated using synthetic datasets generated from our óalawa 

mechanistic modelling toolbox (https://www.hnei.hawaii.edu/alawa-toolbox/), simulating a broad 

range of degradation mode combinations and cell architectures.  

Overall, the mean relative errors for graphite and silicon diagnosis were in the order of ~10%-

15%, which may not be accurate enough for an absolute quantification of the active material losses, 

but is sufficient for qualitative analysis, capturing the relative trends between graphite and silicon 

losses in composite electrodes.  The design-of-experiments investigation provided further insights 

into the interdependency between the degradation modes and their impact on the methodôs 

https://www.hnei.hawaii.edu/alawa-toolbox/
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accuracy, indicating that siliconôs diagnostic accuracy is significantly influenced by the composite 

negative electrodeôs degradation, both in terms of graphite and silicon (Figure 2.2c.1).  This work 

offers a framework for blended anode diagnostics which can be readily applied to new and existing 

datasets, providing immediate insights in the ageing behaviour and characteristics of silicon-

graphite anodes.  

 



63 

 
Figure 2.2c.1. Coded model parameters for the four tested blends both for the fit of the LAMGr (circles) and LAMSi (squares) error estimation 

showcasing the combined effects of several degradation modes. 
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Even with good diagnosis methods, predicting the lifetime of lithium-ion batteries is a complex 

task due to the nonlinear and strongly coupled interactions of various aging mechanisms.  This can 

result in nonlinear aging dynamics, commonly referred to as the "knee" phenomenon.  While 

physicochemical models capture these dynamics, they are often computationally intensive and 

involve complex parameter derivation.  In our collaboration with Offenburg University, Germany, 

a physically-informed equivalent circuit model was proposed (Figure 2.2c.2) (see Mmeka et al., 

2025).  The model integrated key aging modes (loss of active material at positive and negative 

electrode, and loss of lithium inventory), and describes their kinetics.  The rate expressions for 

each aging mode included a calendric component (dependent on half-cell potential) and a cycle 

component (dependent on current and relative volume changes in the active materials).  The model 

was calibrated using measured degradation modes of a 3.35 Ah nickel cobalt aluminium oxide and 

graphite lithium-ion cell, which was aged calendrically for ca. 65 weeks and cyclically for ca. 400 

equivalent full cycles using a dynamic stress test.  The equivalent circuit model demonstrated good 

agreement with experimental aging data (capacity loss, internal resistance increase) and 

successfully predicted the knee in the capacity loss curve.  The knee formation could be primarily 

attributed to the onset of lithium plating that occurred when increased resistance at the negative 

electrode caused its potential to drop below the plating potential. 
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Figure 2.2c.2. Equivalent circuit model (ECM) used in our present study. The ECM consisted of two voltage sources representing the two half-cell 

potentials; two R-RC representing resistance and dynamics of the two electrodes, respectively; and another series resistors  representing 

resistance offered by the electrolyte and current collection system. Elements in red represent aging mechanisms. The model is able to predict cell 

current as function of cell voltage, or vice versa. 
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More detail on this work can be found in the Journal of the Electrochemical publications listed 

below.   

Publications and Presentations 

Peer-Reviewed Publications 

1. Darikas, G., Dubarry, M., Barai, A., Amor-Segan, M., & Greenwood, D. (2025). 

Assessment of the impact of silicon on loss of active material quantification in blended 

silicon/graphite negative electrodes. Journal of The Electrochemical Society, 172(8), 

080536. https://doi.org/10.1149/1945-7111/adfca1  

2. Mmeka, P. O., Dubarry, M., & Bessler, W. G. (2025). Physics-informed aging-sensitive 

equivalent circuit model for predicting the knee in lithium-ion batteries. Journal of The 

Electrochemical Society, 172(8), 080538. https://doi.org/10.1149/1945-7111/adf9cb  

Conference Proceedings and Presentations 

1. Dubarry, M. (2025, May). Big data for the diagnosis and prognosis of deployed energy 

storage systems. Battery Modeling Webinar Series, Virtual. 

2. Dubarry, M. (2025, March 17-20). Big data for the diagnosis and prognosis of deployed 

energy storage systems. International Battery Seminar & Exhibit, Orlando, FL. 

3. Mmeka, P., Dubarry, M., & Bessler, W. (2025, March 10-12). An aging-sensitive and 

physically-informed equivalent circuit model for predicting the lifespan of lithium-ion 

batteries. ModVal 2025: 21st Symposium on Modeling and Experimental Validation of 

Electrochemical Energy Technologies, Karlsruhe, Germany. 

 

TASK 3: ALTERNATIVE FUELS 

Task 3 included two subtasks, one focused on novel materials from the constant volume 

carbonization of biomass and a second supporting HNEIôs hydrogen fueling infrastructure.  Based 

on work conducted under previous awards, HNEI continued exploring the conversion of biomass 

under constant-volume reactor conditions.  Under Subtask 3.2, HNEI supported the development, 

assessment, and operation of the hydrogen fuel cell buses and the refueling station on the Big 

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

 

3.1 Constant Volume Carbonization  

A pressurized constant volume pyrolysis reactor was used to investigate the impact of pressure 

and oxygen content on the auto-thermal pyrolysis of woody biomass.  A range of initial gas 

compositions (N2 + O2) and initial pressures were tested to study their impacts on the reactor 

heating profile, gas generation, and the resultant biocharsô material properties.  The results of this 
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research formed the basis for a provisional patent that was filed by the University of Hawaiói Office 

of Technology Transfer as U.S. provisional patent application number 63/737,522 on 12/20/2024 

titled "Method for Pressurized Oxidative Pyrolysis."  A manuscript describing this work was 

prepared and will be submitted to the Energy & Fuels journal once the full patent application is 

processed.  A citation and link to this publication will be accessible on HNEIôs website when 

available. 

 

3.2 Hydrogen Refueling Technology  

The Hawaiᾶi Hydrogen Power Park (ñPower Parkò) was established in 2003 to support the U.S. 

Department of Energyôs (DOE) Technology Validation Program.  The Power Park was funded by 

the DOE through the Department of Business, Economic Development and Tourismôs Strategic 

Industries Division (DBEDT), with the Hawaiᾶi Natural Energy Institute (HNEI) at the University 

of Hawaiᾶi serving as the implementing partner.  This effort conducted engineering and economic 

validation of pre-commercial hydrogen technologies.  Power Park Phase 1 systems included a 

commercial scale grid-connected alkaline electrolyzer interfaced with a gas storage system and a 

5 kW proton exchange membrane (PEM) fuel cell located at the Hawaiᾶi Fuel Cell Test Facility 

(HFCTF) in Honolulu.   

Power Park Phase 2 was proposed to expand the capabilities of the Power Park through the testing 

and validation of hydrogen fueling system technologies on the Big Island of Hawaiᾶi.  In parallel, 

the Hawaiᾶi Volcanoes National Park (HAVO) had been selected for funding through the Advanced 

Transportation for Parks and Public Lands (ATPPL) program by the Department of Transportation 

(DOT) via the Department of Interior (DOI) to purchase two hydrogen-hybrid shuttle buses for tours 

of the park.  The project was intended to support HAVOôs hydrogen fueling requirements leveraging 

additional investment from the State of Hawaiᾶiôs Hydrogen Investment Capital Special Fund 

(ñHydrogen Fundò).  In its initial formulation, the Department of Defense (DOD), through the 

Kilauea Military Camp (KMC), offered to serve as the host site for the fueling infrastructure for the 

vehicles.   

While initially targeted for installation at the HAVO site, concern about environmental issues in the 

National Park resulted in a site change to the Puna Geothermal site.  In this configuration, support 

for the HAVO vehicles was to be provided by leveraging a hydrogen production system installed at 

the Puna Geothermal Ventures (PGV) power plant utilizing renewable electricity produced at the 

geothermal plant to produce electrolytic hydrogen.  The hydrogen was to be delivered to HAVO by 

tube trailer and dispensed to the HAVO vehicles from a dispenser located at the KMC site.  

In 2010, in response to Navyôs interest in the use of fuel cell vehicles to achieve higher vehicle 

efficiency and to lower fuel use, HNEI collaborated with the Naval Research Laboratory (NRL), 



68 

proposing a collaborative project to DOE to investigate the potential for the intermittent operation 

of a grid-connected electrolyzer to produce hydrogen and provide grid services for large-scale 

electric grid applications.  NRL served as the technical lead and overseer of the hydrogen production 

program with HNEI serving as the implementing partner.  Ultimately, community concerns with the 

PGV site resulted in a final siting at the Natural Energy Laboratory Hawaiᾶi Authority (NELHA) site 

in Kona, Hawaiᾶi. 

The PGV/NELHA hydrogen production system was procured under Award N00173-10-1-G037, 

P00001 through NRL.  The stated objectives of the project were to optimize use of the electrolyzer 

and hydrogen storage system and utilize the hydrogen for transportation while also allowing 

greater penetration of variable renewable generation sources onto the grid, and to reduce barriers 

to the introduction of the hydrogen infrastructure.  The variable hydrogen production was intended 

to support load leveling of the electricity produced by variable renewable energy sources such as 

wind, solar, and geothermal on the Big Island of Hawaiᾶi.  Hydrogen produced from the system 

was also intended to be used as a transportation fuel.   

Under this agreement with NRL, HNEI conducted cyclic testing of the hydrogen production 

system at Powertech Labs, located in Vancouver, Canada, to characterize the dynamic response of 

the system.  Following modification of the system controls, it was installed at NELHA on the 

Island of Hawaiᾶi.   

In addition to conducting the research to characterize and control the variable load to provide grid 

services, additional goals included: 

1. Support hydrogen vehicle demonstration projects on the Big Island of Hawaiᾶi; 

2. Conduct technical analysis of system and subsystem performance in a real-world 

environment; and 

3. Document liability, insurance, and permitting issues and their resolutions. 

As illustrated in Figure 3.2.1, the concept was to produce fuel cell grade hydrogen at NELHA to be 

delivered to the Mass Transit Agency (MTA) base yard in Hilo to support heavy-duty FCEBs 

operated by the MTA Hele-On public bus service.  Three trailers each with a capacity of 105 kg were 

procured for transporting hydrogen between the production and fueling site.  The trailers were 

certified by the Federal Transit Administration Department of Transportation for use on U.S. public 

roads. 
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Figure 3.2.1. Concept diagram of the transportation of hydrogen on the Big Island of HawaiԀi. 

These investments collectively supported workforce development, operations, and research 

activities within Hawaiᾶiôs unique island environment. 

At the core of this project was Hawaiᾶiôs first public hydrogen fueling station, commissioned at 

NELHA.  The station utilizes a Nel (formerly Proton Onsite) 65 kg/day PEM electrolyzer to 

produce ultra-pure hydrogen at 30 bar (440 psi).  A Hydro Pac compressor increases this pressure 

to 438 bar (6,352 psi). Hydrogen fueling occurs at a nominal 350 bar (5,000 psi) through fully 

automated dispensers equipped with advanced safety interlocks and fail-safe mechanisms, 

supported by redundant underground piping and specialized interfaces designed specifically for 

these hydrogen transport trailers (Figures 3.2.2, 3.2.3, and 3.2.4).  Previous work revealed issues 

with control system responsiveness and software reliability, leading to a complete redevelopment 

of fueling control software and operational protocolsða process that granted HNEI full technical 

autonomy over its hydrogen dispensing systems. 

 
Figure 3.2.2. Major components of HawaiԀiôs first hydrogen fueling station at NELHA. 
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Figure 3.2.3. The components inside the shipping container. 

 
Figure 3.2.4. Process flow illustrating hydrogen being produced on site through water electrolysis and 

then compressed to 450 bar and stored in mobile hydrogen tube trailers. 

During the initial bus deployment phase, HNEI played a critical role supporting U.S. Hybridôs 

startup and integration of the 21-passenger hydrogen fuel cell electric bus, resolving a range of 

technical challenges such as optimizing fuel cell battery charging, algorithms to allow safe 

charging at stoplights, mitigating DC-to-DC converter fuse failures through hardware and software 

improvements, and enhancing thermal management via increased radiator fan speeds at low bus 

speeds.  Additional efforts included troubleshooting sensor interference, repairing drivetrain 

components, and addressing cooling system leaks, enabling the bus to enter reliable daily service 

routes where it demonstrated impressive performance metrics of approximately 1.2 kWh energy 

consumed per mile and 12.7 miles per kilogram of hydrogen over 145-mile runs.  

Operating in close proximity to Hawaiᾶiôs marine environment posed additional technical 

challenges.  The team developed an aggressive program to address corrosion caused by the coastal 

salt-air atmosphere that included selecting corrosion-resistant materials and refining maintenance 

schedules.  

In addition to station development, HNEI supported the retrofit and deployment of two fuel cell 

electric buses (FCEBs) in the County of Hawaiᾶiôs Hele On fleet.  The primary vehicle (Figures 

3.2.5 and 3.2.6) is a 21-passenger ADA-compliant bus designed and converted by U.S. Hybrid, 

Proton onsite C30 

electrolyzer 
Hydro-Pac compressor 

Powertech/HNEI mobile 

hydrogen tube trailer 
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powered by dual 11 kWh lithium-ion batteries, a 200 kW drivetrain, and a 40 kW fuel cell 

(upgraded from the original 30 kW).  This bus also integrates a 10 kW export power system capable 

of sustaining emergency AC power for up to 30 hours on a single hydrogen fillðan innovation 

enhancing community resilience in emergencies or extended power outages.  The secondary 

platform is a 19-passenger bus originally intended to serve Hawaiᾶi Volcanoes National Park that 

was upgraded with a 90 kW Hyundai fuel cell and an expanded 33 kWh battery pack to enable 

service on Hawaiᾶiôs more challenging topographic routes. 

 
Figure 3.2.5. Components of a hydrogen fuel cell bus. 

 
Figure 3.2.6. Hele-On Bus refueling at the 350 bar hydrogen dispenser. 

Advanced data collection systems for bus and station operations were developed (Figure 3.2.7).   
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Figure 3.2.7. Telemetry data from the buses. 

Under these programs, HNEI developed and delivered training modules tailored for bus operators, 

maintenance technicians, emergency responders, and fueling station staff.  These programs 

included classroom instruction, hands-on equipment familiarization, and emergency drills, 

building a robust, locally based cadre of hydrogen-qualified personnel poised to sustain and 

expand hydrogen transit operations.  

Community and stakeholder engagement included tours (Figure 3.2.8), briefing sessions, public 

demonstrations, and educational programs enriching local understanding and support. 

 
Figure 3.2.8. Tour of the hydrogen station. 
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The program maintained comprehensive hydrogen station operational and safety documentation, 

including the operations manual, safety management plan, emergency response plan, standard 

operating procedures, and hazardous material and waste management program to ensure safe and 

reliable station and fleet.  

In 2024-2025, HNEI initiated a transition of the assets to another state agency, NELHA, for 

continued use and development.  With the closure of U.S. Hybridôs local operations in 2024, the 

program assumed full responsibility for station system controls and maintenance.  Hydrogen 

trailers were decommissioned.  As of the publication of this report, negotiations with NELHA are 

ongoing with transfer expected to occur in late 2025 or early 2026.  

Overall, the project has achieved several key goals: 

- End-to-End Hydrogen System Deployment: Designed, demonstrated, commissioned, and 

operated Hawaiᾶiôs first public PEM-based refueling station, integrated with County bus 

operations; 

- Transit Fleet Integration: Deployed and upgraded buses, and documented bus performance 

(efficiency, range, maintenance); 

- Technical Feasibility and Innovation: Collected operational data at both station and bus 

levels, developed in-house control systems and manuals, and proved hydrogen transit 

viable under island conditions; 

- Workforce Development: Trained dozens of drivers, mechanics, and first responders with 

sustained funding from FTA to ensure future pipeline capacity; 

- Public/Stakeholder Engagement: Conducted tours, workshops, community events, and 

policy briefings, strengthening Hawaiᾶiôs role in global hydrogen collaboration; and 

- Research/Science Contributions: Advanced knowledge of corrosion challenges and 

materials performance, published peer-reviewed findings, and influenced design standards. 

During the development and operation of the facility and buses, funding from four awards by the 

Office of Naval Research (ONR): APRISES20 (N00014-21-1-2250), APRISES21 (N00014-22-1-

2045), APRISES22 (N00014-23-1-2720), and APRISES23 (N000142412397) were used to 

support the operation and maintenance of the fueling infrastructure and collect data from the 

hydrogen fuel cell electric buses (FCEBs).  These ONR funds leveraged ongoing support from the 

State of Hawaiᾶi and the County of Hawaiᾶi. 

Key contributions supported by APRISES20 funding included:  

- Supported U.S. Hybridôs startup and integration of the 21-passenger hydrogen fuel cell 

electric bus (FCEB), resolving critical technical issues including: 

o Adjusting fuel cell battery charging algorithm to enable charging at stoplights, 

preventing battery state-of-charge drops; 
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o Mitigating DC-to-DC converter fuse blowouts by adding capacitor filters, 

extending pre-charge timing, and updating control algorithms; 

o Enhancing fuel cell thermal management with increased radiator fan speeds at low 

bus speeds; 

o Troubleshooting and repairing low-pressure hydrogen sensor interference via 

wiring improvements and software tolerance adjustments; 

o Replacing and testing drivetrain components such as gearbox and faulty insulated-

gate bipolar transistor (IGBT); 

o Repairing MCU cold plate cooling leaks by replacing seals and O-rings; and 

o Addressing diode failure in the DC-to-DC converter with removal, off-site repair, 

and reintegration. 

- Applied lessons learned from initial bus integration toward upgrades on two 19-passenger 

FCEBs (fuel cell power increased from 30 kW to 90 kW; added 33 kWh lithium-ion 

batteries), funded by the County of Hawaiᾶi; 

- Advanced daily passenger operations of the 21-passenger bus on gentle routes; collected 

data showing approximately 1.2 kWh/mile and 12.7 miles/kg hydrogen over 145-mile runs; 

- Completed initial commissioning and startup of the NELHA hydrogen refueling station, 

including: 

o Proton Onsite (now Nel) 65 kg/day PEM electrolyzer, compressor, and automated 

dispensing system operating at 350 bar (5,000 psi); and 

o Deployed three DOT-certified hydrogen transport trailers (105 kg capacity each). 

- Developed and delivered workforce training on hydrogen safety, bus operations, and 

station protocols, training approximately 12 state/county personnel, 15 bus operators, and 

34 first responders; secured FTA funding to continue these efforts; 

- Installed telemetry and data acquisition systems for real-time monitoring of bus fleet 

performance; 

- Fire protection system installed and commissioned; 

- Engaged in broad public outreach despite COVID restrictions, including tours for 

government officials, academia, utilities, and industry; and 

- Provided an update on the project to key sustainability stakeholders in Hawaiᾶi.  

 

TASK 4: RESILIENT ENERGY SYSTEMS 

Under Task 4, HNEI proposed to continue research to enable high penetration of variable 

renewable generation technologies while maintaining resilient, reliable, and secure energy 

systems.  The proposed work included two closely integrated activities.  Under Subtask 4.1, HNEI 

continued development of enabling technology focused on the integration of new technology and 
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reliable control at the grid edge.  Subtask 4.2 was intended to focus on power systems analysis to 

ensure that the energy systems and related critical infrastructure on Oᾶahu and the other Hawaiian 

Islands, while leveraging resources from the Energy Systems Development Special Fund (ESDSF) 

managed by HNEI (also known as ñbarrel taxò).  However, due to this grantôs early termination, 

much of this effort was shifted to the ESDSF.  In place of this analysis, funding under APRISES20 

supported efforts to develop the Molokaᾶi Community Energy Resilience Action Plan (CERAP), 

an independent, island-wide, community-led and expert-informed collaborative planning process 

to increase renewable energy on the island of Molokaᾶi.  A paper study examined the potential for 

various electro-fuels to support the islandôs firm power needs.  Details of each research subtask 

are provided in the following sections. 

 

4.1 Advanced Grid Technology  

Leveraging previous funding and partnerships across Hawaiᾶi and the Asia Pacific region, HNEI 

continued to advance, demonstrate, and validate efficient grid performance, reliability, and 

resilience with high renewable penetrations, focusing on grid edge technologies, distributed energy 

resources (DER), and microgrid applications. The work under this subtask was conducted by 

HNEIôs Grid System Technologies Advanced Research Team (GridSTART).  Utilizing 

APRISES20 funding, the team engaged in two research activities: a) enhancement and monitoring 

of an advanced EV charging management system; and b) completion of the Advanced Power 

System Laboratory (APSL), a state-of-the-art research facility designed for conducting hands-on 

research on the integration of variable and intermittent energy resources in a real-time simulated 

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

 

4.1a Bidirectional EV Charging Optimization  

The electrification of transportation presents challenges for electric grids, such as increased 

electricity demand and altered load patterns.  However, there is significant potential to utilize the 

flexibility of electric vehicles (EVs) for managed charging, offering benefits, and services that can 

enhance economic value for EV owners while improving grid reliability and energy security.  

Toward that end, HNEI engaged in a collaboration with IKS Co., Ltd. (ñIKSò) on technology 

development, test, and demonstration of advanced control of two bidirectional EV chargers (H-

PCS) on the campus of the University of Hawaiᾶi at MǕnoa (UHM).  The H-PCS was developed 

by IKS with support from Hitachi Limited as part of the earlier JUMPSmart Maui smart grid 

demonstration project, in which HNEI was one of the partners. 
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To tackle the complex optimization problem and demonstrate the use of bidirectional EV chargers, 

GridSTART developed, evaluated, and demonstrated the performance of novel algorithms to 

optimize the charge and discharge cycles of shared fleet vehicles.  Its demonstration site is shown 

in Figure 4.1a.1.  The main goal of this project was to minimize energy costs through optimized 

EV fleet management.  The research and development outcomes were intended to inform the 

universityôs consideration of options such as the electrification of fleet vehicles, advanced car-

sharing applications, and the integration of distributed alternative energy resources on the UHM 

campus.  Additionally, the scalable field test results can enable the assessment of larger EV fleets 

in car-sharing systems, particularly for providing grid ancillary services. 

 
Figure 4.1a.1. Demonstration system located on the University of HawaiԀi at MǕnoa campus. 

HNEI achieved significant progress across various project components under APRISES20.  Key 

activities completed include: 

- EV Charging Management System Enhancement: Continued monitoring and refinement of 

EV charging management system to maximize EV utilization and optimize 

charge/discharging schedules; 

- Electricity Bill Calculation Functions: Investigated and developed mathematical functions 

to calculate electricity bills under different Hawaiian Electric Company (HECO) rate 

schedules (Advanced Rate Design (ARD) Schedules R, G, and J, and Schedule P).  This 

work provided greater clarity on the structure of each rate schedule and how these rates 

apply to different customer load profiles; 

- Analysis of Real-World EV Battery Usage: Analyzed actual charging and discharging 

patterns of EV batteries to improve the accuracy of the rate calculation functions used in 

charge/discharge optimization algorithms; 

- Minimum Driving Range Thresholds: Defined minimum driving range thresholds for each 

EV to ensure daily transportation needs are met.  This measure helps reduce driver ñrange 

anxietyò caused by starting the day with a low battery, which can result from economic 

optimization trade-offs; 
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- Improved Energy Consumption Estimation: Enhanced the estimation of EV energy 

consumption by applying machine learning methods, resulting in more accurate modeling 

of EV energy use; 

- Dissemination: The research findings regarding a model to assess the technical aspects of 

integrating fast EV chargers into low voltage power networks were presented at an 

international conference, the 2024 IEEE KPEC Conference on High Penetration 

Renewable Energy Systems in Kansas.  The conference paper was published in the IEEE 

Xplore digital library; and 

- Student Training and Skill Development: Supported recent engineering graduates in 

developing foundational skills in optimization problem-solving and Python programming, 

with a focus on energy applications.  As part of their training, students gained a solid 

understanding of the core components of the bidirectional EV charging energy 

management system.  They participated in system monitoring and error identification, and 

observed the impact of operational issues on overall system performance.  In addition, they 

learned basic troubleshooting and error resolution techniques. 

Accurately calculating electricity bills are essential for both utility providers and consumers to 

effectively monitor energy costs and usage patterns.  HECO offers several time-of-use (TOU) rate 

schedules designed to accommodate different customer categories and usage profiles.  These 

schedules (ARD Schedules R, G, and J, and Schedule P) define how electricity charges are 

determined based on energy consumption, TOU period, and customer type.  Under APRISES20, 

GridSTART investigated the mathematical functions used to calculate electricity bills under these 

specific HECO rate schedules.  This analysis aimed to clarify the structure of each rate schedule 

and demonstrate how rates are applied to a variety of customer load profiles.  The summarized rate 

calculation functions are presented in Table 4.1a.1. 
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Table 4.1a.1. Billing Calculation Functions by HECO Rate Schedule. 

Schedule Functions 

ARD 

TOU-R 

Applicable to residential customers for standard household electricity usage. 

                                                            $0.1742 * E(kWh)        (Daytime) 

Electricity Cost = $17.54/month +     $0.3484 * E(kWh)        (Overnight) 

                                                            $0.5226 * E(kWh)        (Evening Peak) 

ARD 

TOU-G 

Defined for small commercial customers with monthly consumption up to 5,000 kWh and 

demand not exceeding 25 kW. 

                                                            $0.2127 * E(kWh)        (Daytime) 

Electricity Cost = $31.07/month +     $0.4254 * E(kWh)        (Overnight) 

                                                            $0.6382 * E(kWh)        (Evening Peak) 

ARD 

TOU-J 

Intended for medium commercial customers whose usage exceeds 5,000 kWh per month or 

whose demand exceeds 25 kW three times in a year, but remains below 300 kW and is 

served through a single meter. 

                                                                                              $0.1924 * E(kWh)    (Daytime) 

Electricity Cost = $77.06+/month + $4.25 * Pmax(kW) +  $0.3849 * E(kWh)    (Overnight) 

                                                                                              $0.5774 * E(kWh)     (Evening Peak) 

TOU-P For large commercial customers with a demand of 300 kW or greater. 

                                                                                        $0.2297 * E(kWh)   (Daytime) 

Electricity Cost = $803/month + $26.5 * Pmax(kW) + $0.2797 * E(kWh)   (Overnight) 

                                                                                        $0.3097 * E(kWh)    (Evening Peak) 

A thorough understanding of the real-world charging and discharging behaviors of EV batteries is 

critical for optimizing energy usage and facilitating effective integration with the electric grid.  The 

timing and performance of these charging cycles play a pivotal role in determining the overall 

efficiency of energy management systems, as they directly impact load balancing and grid 

reliability.   

HNEI has conducted detailed investigations into the actual charging and discharging patterns of 

EV batteries under typical operating conditions to improve the accuracy of rate functions used in 

charge and discharge optimization algorithms.  By analyzing these patterns, the team ensures that 

optimization models are grounded in realistic energy flow data, resulting in more reliable and 

practical scheduling recommendations.  As part of this effort, the charging and discharging profiles 

of the two EVs (Nissan LEAFs) utilized in the demonstration project were examined, with their 

real-world patterns illustrated in Figure 4.1a.2. 
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Figure 4.1a.2. Charging and discharging patterns of the projectôs EVs. 
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Establishing a minimum driving range threshold for each EV is essential to consistently meet daily 

transportation needs.  Without this safeguard, charge/discharge optimization algorithms might 

prioritize grid services or energy cost savings, potentially leaving the EVs with insufficient battery 

levels for regular use.  This situation can cause driver ñrange anxietyò and disrupt daily mobility.  

To prevent such issues, GridSTART integrated vehicle-specific range limits into the optimization 

framework.  This ensures that energy management objectives are balanced with the practical 

requirement of maintaining reliable transportation.  By doing so, the system preserves driver 

confidence and guarantees that EVs remain a dependable mode of transport, even when their 

charging and discharging are actively managed for grid or cost benefits.  The minimum ensured 

driving ranges at 9:00 a.m. for the two EVs utilized in the demonstration project are illustrated in 

Figure 4.1a.3. 

 
Figure 4.1a.3. Ensured 9 A.M. driving range for the two Nissan EVs in demonstration. 

HNEI enhanced its EV energy consumption estimation method to better accommodate differences 

among various EV models by implementing a probabilistic neural network approach based on 

Bidirectional Long Short-Term Memory (Bi-LSTM) neural networks.  This advanced method 

provides more accurate and informative results by generating a range of possible energy 
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consumption values, rather than a single fixed estimate, effectively capturing uncertainties such as 

those arising from variations between different EV models.  

The estimation process begins with the collection and processing of trip data from EVs.  This 

cleaned data is then input into multiple Bi-LSTM neural networks, each configured with slightly 

different parameters, using a Monte Carlo approximation technique to model uncertainty in 

predictions.  The outputs from these networks are aggregated to produce a final energy 

consumption estimate accompanied by confidence intervals, reflecting the reliability of the 

prediction.   

In Figure 4.1a.4 below, the red line indicates the average estimated energy consumption per trip, 

while the shaded red area represents the uncertainty range.  The green line displays the actual 

measured energy consumption for the same trips, allowing for direct comparison.  

 
Figure 4.1a.4. Probabilistic Bi-LSTM estimates of EV energy consumption for eight trips. 

As shown in Figure 4.1a.4, the estimated energy consumption generally aligns well with the 

measured values, especially for trips 1 through 6, with both estimates and measurements peaking 

at trip 3, demonstrating the Bi-LSTM modelôs accuracy.  However, some discrepancies are 

observed, such as trips 5 and 7.  For trip 7, the difference between estimated and actual values 

remains within the modelôs uncertainty range, indicating that the model reliably accounts for 

variability.  In contrast, the larger discrepancy in trip 5 falls outside the expected range, suggesting 

that further refinement of the Bi-LSTM model may be necessary to improve accuracy in similar 

cases. 

To improve usersô understanding of EV energy consumption estimation, GridSTART developed a 

visualization dashboard specifically for reserved EV trips.  The dashboard presents both input data 

(such as elevation, temperature, distance and trip duration, which are obtained from Google APIs), 

and the resulting energy consumption predictions.  The system automatically records and updates 
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this information every minute, ensuring that the dashboard reflects the most current reservation 

data.  An example of the EV energy consumption estimation dashboard is shown in Figure 4.1a.5. 

 
Figure 4.1a.5. EV energy consumption estimation dashboard. 

Under APRISES20 funding, HNEI had planned to continue to advance the EV charging 

management system to further optimize vehicle usage and charging schedules.  Collection and 

analysis of system data were to support the creation of high-quality training datasets, which are 

essential for a machine learning based approach to improving the accuracy of the energy estimation 

algorithm.  Additionally, the team planned to conduct economic analyses of the demonstration 

system as applied to residential loads under various TOU rate structures.  These analyses were 

aimed at guiding the development of a novel technoeconomic algorithm designed to determine 

optimal sizing for home stationary batteries and rooftop solar systems, particularly when integrated 

with EVs equipped with bidirectional charging capabilities.  Although some of these plans and 

related analyses were conducted under APRISES23 funding, most activities were suspended in 

due to the stop work order. 

More detail on this work can be found in the IEEE conference paper listed below. 

Publications and Presentations 

Conference Proceedings and Presentations 

Tran, Q. T., Roose, L., Thongmai, K., & Singh, C. (2024, April 25-26). A Technical 

Evaluation Model for Integrating Fast Electric Vehicle Chargers into the Low Voltage 

Network. IEEE Kansas Power and Energy Conference, Manhattan, KS, United States. 
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4.1b Advanced Power System Laboratory  

With support from APRISES20 funding, HNEI has successfully completed construction of its 

Advanced Power System Laboratory (APSL), a state-of-the-art research facility designed for 

conducting hands-on research on the integration of variable and intermittent energy resources in a 

real-time simulated grid environment.  The APSL is located within the University of Hawaiói 

Marine Center (UHMC) at Pier 35 in Honolulu Harbor.  Since its completion, the APSL has 

functioned as a highly flexible and distinctive power system research facility in Hawaiói, providing 

robust capabilities for the testing of AC and DC equipment, systems, and microgrid technologies 

within a precisely controlled, field-representative electrical environment.  This new laboratory has 

not only supported research across multiple APRISES-funded projects, but also significantly 

enhanced HNEIôs research and instruction capabilities on grid integration, smart grids, microgrids, 

DC systems, and other advanced grid-related research domains. 

In addition to single-phase and three-phase grid power, the laboratory architecture incorporates the 

DC circuits from a 35.3 kW rooftop photovoltaic (PV) system, which is directly connected to the 

laboratory and interfaces with four advanced PV inverters (three single-phase and one three-phase) 

in the laboratory that feature grid support functions.  These systems serve three AC/DC equipment 

test bays.  The APSL architecture further includes a real-time grid simulator coupled to a 30 kVA 

power amplifier, establishing a power hardware-in-the-loop (PHIL) configuration.  The PHIL 

setup enables evaluation of electrical power equipment as units under test (UUTs) within a 

simulated grid environment.  Figure 4.1b.1 below illustrates the principal components comprising 

the APSL architecture. 

 
Figure 4.1b.1. APSL architecture. 
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The laboratory architecture includes three modular test bays for evaluating advanced functions, 

communications and controls of various UUTs such as, but not limited to: 

- Advanced function PV inverters; 

- Electric vehicle (EV) chargers, including vehicle-to-grid (V2G) and vehicle-to-home 

(V2H) enabled chargers; 

- Battery energy storage systems (BESS); 

- Power monitoring and edge computing devices; 

- AC or DC loads/appliances and load control devices; and 

- Voltage management devices. 

Each test bay in the APSL is equipped with outlets of different voltages and currents, as shown in 

Figure 4.1b.2 below, including: 3ū 208Y/120 V grid-tied; 1ū 240/120 V grid-tied; 3ū 

0~520 voltage line-to-line (VLL) grid simulator; and 600 VDC off-grid. 

 
Figure 4.1b.2. AC/DC test bay conceptual design. 

The laboratory architecture includes an off-grid DC test bed rated at 600 VDC, which is accessible 

from all three test bays.  The test bed features two separate 600 VDC buses: one powered by the 

laboratoryôs PV system and the other by a Chroma 61830 grid simulator operating in DC mode.  

The facility also includes an AC test bed comprising the following three AC test buses: 

1) 1ū/3ū 0~520 VLL AC grid simulator bus served by the Chroma 61830 grid simulator 

(Figure 4.1b.3); 

2) 3ū 208Y/120 VAC bus served by a 225 kVA transformer (Figure 4.1b.4); and 

3) 1ū 240/120 VAC bus served by a 100 kVA transformer (Figure 4.1b.5). 
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Figure 4.1b.3. Design of the AC test bed ï grid simulator (off-grid). 
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Figure 4.1b.4. Design of the AC test bed ï 208 V (grid-tied). 
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Figure 4.1b.5. Design of the AC test bed ï 240 V (grid-tied). 
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The APSL was constructed in two phases.  In the first phase, a 35.3 kW rooftop PV system and 

accompanying inverters were installed.  The second phase, funded under APRISES20, focused on 

building the remainder of the laboratory architecture.  Upon completion of the first phase, HNEI 

conducted an institutional safety evaluation.  After successfully passing this evaluation, the team 

began utilizing the APSL for various projects.  In particular, the laboratory equipment was 

frequently used to validate the architecture and control algorithms for the Okinawa advanced 

conservation voltage reduction (CVR) demonstration project, which was also funded by other 

APRISES awards.  

The following list summarizes major activities completed: 

- Designed a highly flexible lab architecture that incorporates grid test and simulation 

equipment purchased with previous funds from the Office of Naval Research (ONR) and 

other sources; 

- Collaborated with a local engineering firm to develop construction drawings; 

- Competitively procured a contractor and installed the 35.3 kW rooftop PV system and four 

advanced grid-support PV inverters (first phase construction); 

- Contracted a qualified safety consultant to evaluate the laboratory architecture design, 

identify potential safety risks, propose design changes for hazard mitigation, and develop 

engineering and administrative controls, including the laboratoryôs safety documentation; 

- Worked closely with the manufacturer, Meltric, to design the layout of receptacle 

enclosures for the three AC/DC equipment test bays, following the safety consultantôs 

strong recommendation to use the Meltric receptacles originally selected by HNEI; 

- Collaborated with the local engineering firm to update the construction drawings to 

incorporate changes suggested by the qualified safety consultant and Meltric; 

- Coordinated the building permit application process with the Honolulu Department of 

Planning and Permitting (DPP), including engaging a DPP-approved third-party reviewer 

to expedite review and approval of construction drawings, and addressing all permitting 

requirements in collaboration with the engineering firm; and 

- Issued an Invitation for Bids (IFB) package to procure electrical wiring, associated 

equipment and labor for the laboratory build-out (second phase construction), concurrent 

with the permitting process. 

The labôs key safety features include: 

- Meltric receptacle enclosures (Figure 4.1b.6): 

o Integrated disconnect push button for safe equipment isolation; 

o Arc-flash protection to minimize electrical hazards; 

o UL listed for compliance with recognized safety standards; 

o Compatible with lock-out tag-out (LOTO) devices for secure maintenance; 
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o Voltage- and current-specific designs to prevent incorrect connections; and 

o Custom-designed enclosures for each AC/DC equipment test bay in collaboration 

with Meltric. 

- Emergency stop (e-STOP) button (Figure 4.1b.7): 

o Located near the laboratory room exit for quick access; 

o Instantly de-energizes all test bays by tripping their circuit breakers; 

o Serves as a last-resort safety measure in emergency situations; and 

o Recommended and incorporated based on safety consultant guidance. 

- Segregated DC bus wiring (Figure 4.1b.8): 

o Incorporated safety consultantôs recommendation to provide separate wiring for 

each DC bus; 

o Prevents cross-connection and reduces risk of wiring errors; and 

o Enhances overall electrical safety of the DC test bed. 

 

Figure 4.1b.6. Meltric receptacle enclosures mounted at the AC/DC test bays. 
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Figure 4.1b.7. Diagram of the E-STOP push button-controlled circuit breakers. 
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Figure 4.1b.8. Diagram of the DC test bed (off-grid). 
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After a competitive procurement process that received multiple valid bids from Oᾶahu-based 

construction companies, HNEI awarded the construction contract to American Electric Company, 

LLC.  Construction was completed in 2023 using APRISES20 funding.  The facility provides a 

controlled environment for rigorous evaluation and development.  Additionally, the real-time 

simulation and PHIL testing equipment were upgraded with the latest OPAL-RT software, and 

GridSTART members completed detailed training to ensure effective use of these systems. 

A series of training sessions for proprietary software, including the ETAP microgrid control 

system, were also conducted in the APSL.  ETAP provides integrated microgrid modeling tools 

and enables seamless integration with the APSLôs PHIL system, supporting a comprehensive 

microgrid design and control training curriculum for power system engineers across the Asia 

Pacific region.  For example, HNEI recently hosted hands-on training for four engineers from 

Thailandôs state-owned utility, Provincial Electricity Authority (PEA), focusing on microgrid 

control development using ETAP and other tools.  In addition, the APSL and its PHIL equipment 

are being utilized alongside HNEIôs field-deployed microgrid testbed on Coconut Island, also 

developed with APRISES funding, for the development and testing of resilient microgrid control 

algorithms for dynamic load management, supported by a recently awarded U.S. Department of 

Energy research grant of approximately $1 million. 

 

4.2 Resilient Grid Systems 

Under Subtask 4.2, Resilient Grid Systems, HNEI focused on support of efforts to develop the 

Molokaᾶi Community Energy Resilience Action Plan (CERAP) and developed a paper study to 

examine the potential for various electro-fuels to support the islandôs firm power needs.  The latter 

is available as a draft, but cannot be considered final as the award was terminated before references 

were validated.   The reliability studies initiated under APRISES19 were deferred to APRISES21.   

In 2022 and 2023, stakeholders in Molokaᾶi developed the CERAP.  The CERAP is a first of its 

kind initiative in Hawaiᾶi and represents an independent, island-wide, community-led and expert-

informed collaborative planning process to increase renewable energy on Molokaᾶi.  HNEI 

supported the CERAP process by providing technical expertise, data, modeling capabilities, and 

technical reviews throughout the project.  Funded primarily using Hawaiᾶi State funds from the 

Energy Systems Development Fund (ESDSF), matching ONR funding was also expended on the 

project focusing on understanding grid dynamics and the role of energy storage for reliable, 

resilient island grids.  Lessons learned are applicable to other small island grids.   

The HNEI team developed a simplified power system dispatch tool to select candidate resource 

portfolios and evaluate load, renewable generation, storage scheduling, curtailment, and oil 

consumption.  HNEI staff and a graduate student supporting CERAP were exposed to the various 
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power flow and dynamic modeling techniques.  Results of the analysis was presented at 

community meetings and the technical support provided to the Molokaᾶi community was included 

in the CERAP 1.0 report to the Hawaiᾶi Public Utilities Commission (Docket #2109-0178).   

Within that framework, HNU (a Maui energy company) developed a detailed plan for analysis of 

the dynamics of the Molokaᾶi grid that included: 1) mapping of the existing Molokaᾶi grid, 

especially the West End to identify the physical location of circuits for power systems computer-

aided design (PSCAD) dynamic analysis; 2) identifying West End metering and a data analysis 

plan to assess circuit operating characteristics and issues; and 3) planning for trade-off studies to 

assess cost versus grid reliability/resilience performance using various metrics.  Modeling using 

data from prior ONR-funded energy storage work on Molokaᾶi was initiated, but then temporarily 

terminated to ensure compatibility with the community effort.  Unfortunately, APRISES20 was 

terminated before this work could be completed.  We anticipate renewing these efforts under future 

funding including the ESDSF, and potential future funding from ONR and the U.S. Department of 

Energy.   

The report developed to examine the potential for various electro-fuels to support the islandôs firm 

power and hard-to-decarbonize needs is available as a draft report, but is missing final references 

due to early termination of the award.  The report provides a summary of developments in the 

electro-fuels (e-fuels) market, including eSAF, e-methanol, and e-diesel, highlighting their 

potential for supporting hard-to-abate sectors such as aviation, maritime shipping, and heavy-duty 

transportation.  It examines the critical role of renewable energy, including the potential strategic 

advantages of geothermal power, in achieving cost-effective e-fuel production.  The report 

synthesizes current global technological advancements, ongoing projects, and market dynamics, 

emphasizing their relevance to Hawaiᾶiôs energy landscape. 

Given Hawaiᾶiôs significant dependence on imported petroleum, e-fuels offer a potential pathway 

to enhanced energy security and supports Hawaiᾶiôs ambitious decarbonization targets.  

Technological innovations, including those in high-temperature electrolysis, and supportive policy 

frameworks have the potential to drive down production costs and to accelerate adoption.  

However, due to Hawaiᾶiôs high electricity costs, near term production of efuels in Hawaiᾶi 

remains a challenge.  Strategic recommendations for Hawaiᾶi focus on leveraging its indigenous 

renewable resources, fostering pilot projects for cheaper geothermal energy, advocating for 

supportive policies, and assessing essential port infrastructure to accommodate a potential 

worldwide e-methanol market.  
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TASK 5: ADVANCED MATERIALS 

Task 5 comprises two subtasks that includes purification technology research for gas contaminant 

removal and the development of multi-functional novel polymers for use in photovoltaic and 

electrochemical systems and devices.  Details of each research subtask are provided in the 

following sections. 

 

5.1 Purification Technology  

Purification technology is critical to the continued expansion of fuel cell technology into 

environmental conditions relevant to DOD interests.  HNEIôs previous achievements in this area, 

included development of a smart air purification system containing contaminant sensors 

implemented in a fuel cell powered bus and ionic liquid-activated carbon materials that showed 

improved breakthrough capacity and selectivity for SO2 capture compared to commercial 

materials.  Ionic liquids have gained significant research interest for varied applications [1-2] due 

to their unique combination of qualities including tunable chemical properties, high thermal 

stability, low vapor pressure, and low viscosity [3-5].  They are finding applications in numerous 

industries as solvents [6-7], catalysts [8-9], and gas sorbents [10-12].  

Under this award, HNEI synthesized and characterized novel metal containing ionic liquids 

capable of removal of acidic gas contaminants (SO2).  Three novel metal-containing ionic liquids 

(MIL)  were synthesized: Zn3[OAc]8[C2mim]2, Mg4[OAc]10[C2mim]2, and Fe4[OAc]10[C2mim]2 

and characterized their properties.  The crystal structures of the materials were characterized by 

X-ray diffraction; their thermal stability was elucidated by TGA-DSC, and functional groups by 

FTIR-ATR. 

The SO2 sorption performance of the synthesized and characterized novel metallo-ionic liquids 

were evaluated after integrating the materials with high-surface-area, nanoporous coconut-shell-

activated carbon to form hybrid filter media with enhanced gas sorption properties.  The MIL-AC 

hybrid materials were tested for SO2 sorption performance using a simulated polluted air 

environment of 10 ppm of SO2, relative humidity of 50%, and a temperature of 28°C using a 

custom made, low gas flow filtration test stand (Figure 5.1.1).  
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Figure 5.1.1. The custom made low gas flow (<2 LPM) filtration test stand.   

The metal-containing ionic liquid impregnated activated carbon sorbents had improved SO2 

breakthrough sorption performance relative to pure activated carbon.  The best-performing 

sorbent, Mg4[OAc]10[C2mim]2 impregnated onto activated carbon, had an SO2 breakthrough 

capacity of 215 mg SO2/g MIL, which was comparable to the state-of-the-art [C2mim][OAc] ionic 

liquid impregnated onto activated carbon.  Surprisingly, the 5 wt % sorbents had the highest 

SO2 breakthrough performance compared to the 10 wt %, as well as the pure activated carbon 

(Figure 5.1.2).  
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Figure 5.1.2. The SO2 breakthrough curves for the metallo-ionic liquids-activated carbon hybrid filter 

media.  

The absorption of SO2 was directly confirmed as SïO vibrations at 1100 cm-1 in ATR-FTIR 

spectra and sulfur peaks in EDS.  The results clearly indicate that metal-containing ionic liquids 

are good candidates for practical acidic gas mitigation at low contaminant concentrations in the 

future. 

Publications and Presentations 
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