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Final Technical Report 

Asia Pacific Research Initiative for Sustainable Energy Systems 

Grant Award Number N00014-17-1-2206 

March 1, 2017 through March 31, 2022 
 
 

EXECUTIVE SUMMARY 

This report summarizes work conducted under Grant Award Number N00014-17-1-2206, the Asia 

Pacific Research Initiative for Sustainable Energy Systems 2016 (APRISES16), 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 APRISES16 comprises research, develop, 

testing, and evaluation (RDT&E) of a variety of distributed energy systems and novel energy 

technologies.  APRISES16 also included significant effort directed toward power grid integration 

using Hawaiᾶi as a model for applicability throughout the Pacific Region.  Areas of emerging 

energy technologies researched under APRISES16 included membrane-based energy systems 

(primarily fuel cells), battery systems, water and air filtration technology, hydrogen refueling 

technology, and novel printable photovoltaics.  APRISES16 also included significant work in the 

area of biorenewable resources with activities in novel biocarbons, anaerobic digestion, and marine 

fuels; as well as continued work in the area of methane hydrates.  Significant effort was also 

focused on alternative energy systems for electric power generation and integration into smart 

microgrids and energy efficiency technologies.  Makai Ocean Engineering, under subcontract to 

the University of Hawaiᾶi, also continued their ongoing efforts to develop high-performance, low-

cost heat exchangers.  A brief summary of results by major task follows. 

Task 1, Outreach and Program Management, supported senior faculty to provide overall program 

management and coordination, developed and monitored partner and subcontract agreements, and 

developed outreach materials for both technical and non-technical audiences.  All subawardees 

completed the contracted work.   

Task 2, Emerging Energy Technologies, included RDT&E in the areas of fuel cells, air and water 

purification technology, Li-ion batteries, hydrogen refueling infrastructure, and the development 

of new techniques for printable photovoltaic materials.  Substantial progress was made in each of 

these areas.   

Under APRISES16, HNEI continued its collaboration with the Naval Research Laboratory (NRL) 

supporting Northwest UAV (NWUAV), the licensee of NRLôs stamped metal bipolar plate 

unmanned aerial vehicles (UAV) fuel cell stack design, as they moved towards commercialization 

of their first generation 1.5 kW fuel cell power system.  During this reporting period, HNEI 



5 

 

continued to provide troubleshooting support as NWUAV implemented their own production line 

for in-house stack builds based on the NRL fuel cell stack design.   

HNEI also continued efforts to complete the move from the Hawaiᾶi Sustainable Energy Research 

Facility on Hawaiian Electric property to individual labs on the UH campus.  With limited fuel 

cell test capability during this transition, efforts were focused on technology development, 

specifically novel transition metal-carbide catalysis and potentially lower cost electrolytes for 

vanadium flow batteries.  During this period, HNEI developed a new electrochemical reduction 

method for production of high-concentration low-acidity vanadium electrolytes.  Initial testing 

showed promising results.  

In the area of Battery Energy Systems, HNEI, under this award, completed the characterization of 

Generation 2 commercial Li-ion titanate batteries under representative grid conditions, evaluated 

the impact on battery lifetime when electric vehicles (EV) batteries are used to support grid 

operation, progressed its models of battery packs lifetime performance including the impact of  

inhomogeneities in the batteries, and continued development of non-invasive characterization 

methodologies for Li-ion batteries.  Testing was completed at HNEIôs Hawaiᾶi Sustainable Energy 

Research Facility prior to the move to campus.  Key accomplishments are described in this report 

and in the 8 publications and 13 presentations resulting from the work.  

Under Task 2, HNEI also progressed its work on filtration materials for those contaminants unable 

to be managed in-situ and for purification of water via forward osmosis (FO).  Results include 

development of regenerative air filtration materials; fabrication of a test system for high-efficiency 

forward osmosis for water purification; and exploration of synthesis techniques for novel hybrid 

materials combining ionic liquids and ionic solids for high draw forward osmosis solutes.  While 

the results from this study demonstrated the technical feasibility of photocatalytic regeneration of 

purification materials, results were not sufficiently promising to continue the effort under future 

awards.  HNEI synthesized and characterized novel metallo-ionic liquids and molten salts using a 

syntheses strategy that combines ionic liquids and ionic solids presents opportunities to tailor the 

physico-chemical properties.  Under future funding, we will optimize the FO system to enable 

accurate, long duration measurements and regeneration of draw solutes and evaluate commercial 

and HNEI-developed draw solutes for forward osmosis seawater desalination. 

Task 2 also continued support for HNEIôs Hydrogen Refueling operations system at the Natural 

Energy Laboratory of Hawaiᾶi Authority (NELHA) fueling station site.  Efforts included ongoing 

support for the commissioning of hydrogen production and compression equipment and hydrogen 

transport trailers.  Finally, Task 2 also included a modest effort to continue the development of a 

novel low-cost printing process for the fabrication of electronic materials (primarily 

Cu2ZnSn(S,Se)4: CZTSSe) for solar energy conversion.  While fully integrated solar cells made 

with this new technique reached power conversion efficiency up to 7%, the open circuit voltage of 

these cells was found to be approximately 250 mV lower than that typically measured on parent 
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chalcopyrite solar cells (e.g., CuInGaSe2, CIGSe).  Work was initiated to identify the causes of the 

lower than anticipated open-circuit voltage.  

Task 3, Biorenewable Resources, continued research supporting the development of novel high- 

carbon products exhibiting characteristics of having undergone transient plastic phase during 

formation; continued efforts to identify commercial partners for HNEIôs novel anaerobic digestion 

technology; and continued the investigation into the storage and oxidation stabilities of DSH-76, 

CHCD-76, and their blends with F-76.   

HNEI had previously reported that, using constant volume pyrolysis under moderate reactor 

conditions, the biomass feedstock is converted to a powdered, free-flowing biocarbon.  During this 

period, a constant-volume reactor test bed was used to explore reaction conditions that resulted in 

biocarbons exhibiting characteristics of transient plastic phase during formation.  Results from 

characterization of materials produced under this task resulted in a patent disclosure filed with the 

UH Office of Technology Transfer.   

Under Subtask 3.2, a master design for the anaerobic system was completed to support transfer to 

industry.  Efforts to identify a commercial partner for deployment have not, to date, been 

successful. 

Under the third subtask, HNEI continued its investigation into the physicochemical properties and 

storage and oxidation stability of CHCD-76, SIP-76, and their blends with F-76.  Under this award, 

two American Society of Testing and Materials (ASTM) methods, i.e. ASTM D4625 and ASTM 

D5304, were used to investigate the storage stability of these fuel samples.  ASTM D5304 was 

also modified to determine the oxygen consumption rate of fuels.  ASTM D2274 testing was 

conducted to study the fuel oxidation stability.  Results are summarized in this report. 

Task 4, Methane Hydrates, focused on three objectives: advancing our understanding of the 

environmental impacts of natural seeps and accidental releases of methane and other hydrocarbons 

in the deep ocean; exploring the feasibility of sequestering CO2 in natural methane hydrate 

reservoirs; and continued promotion of international research collaborations on methane hydrates.   

While previous research provided significant insight into the dissolution process of CH4 bubbles 

in seawater, the majority of laboratory experiments have been performed using pure water and 

field studies have been conducted in seawater.  Furthermore, laboratory experiments mainly 

focused on the effects of the hydrate film formation on the dissolving bubbles, and only a very 

small number of measurements have been made of the bubble dissolution rate under non-hydrate 

forming conditions.  In consideration of these deficiencies, HNEI developed a facility and methods 

to measure the dissolution rate of CH4 bubbles outside of the hydrate film forming regime.  A 

description of the facility and preliminary data are reported.  
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Injection of CO2 into methane hydrate reservoirs in sediment has been proposed as a means to 

destabilize the hydrate to release methane gas for energy, and to sequester CO2 from the 

atmosphere.  While the limited number of laboratory experiments suggests that the exchange 

proceeds too slowly to be viable at a commercial-scale, new theoretical thermodynamic analyses 

have indicated that gas mixtures of N2 and CO2 may improve the kinetics of replacement of CH4 

with CO2 in hydrate deposits.  In order to assess the feasibility of CO2-CH4 hydrate exchange for 

simultaneous methane production and carbon sequestration, experiments were performed.  While 

the methane and CO2 hydrate dissociation peaks were observationally separate, it was not easy to 

separate heat flows associated with each phenomenon.  Further, the heat flows of methane hydrate 

dissociation were very irregular compared to previously performed methane dissociation 

experiments ï possibly as a result of CO2 hydrates forming concurrently with CH4 hydrate 

dissociation. While this remains an area of interest, HNEI is unlikely to continue these efforts 

under future awards.    

Task 5, Secure Microgrids, included a range of projects to develop, test, and integrate secure 

microgrid technologies into larger grid systems.  Activities supported under this award included 

the Molokaᾶi Dynamic Load Bank; a Bi-Directional EV Charging Demonstration Project; 

development of a Hawaiᾶi Virtual Power Plant Demonstration; and the Coconut Island DC 

Microgrid.  

In March 2015, Maui Electric Company, Ltd. (MECO) informed customers that the Molokaᾶi grid 

had reached its system-level PV hosting capacity limit.  In response, under previous APRISES 

awards, HNEI initiated a joint HNEI and MECO project, to deploy a custom controlled Dynamic 

Load Bank (DLB) as a practical, reliable, and inexpensive means to prevent the baseload diesel 

generators from operating below their minimum dispatch level, and enable the grid connection of 

significantly more rooftop PV on Molokaᾶi island.  In November 2018, following the load bank 

commissioning and implementation of the automated controls, the utility was able to add an 

additional 725 kW of distributed PV capacity to the system.   Under APRISES15, HNEI and 

MECO conducted field tests to determine if the DLB was capable of meeting the demands of fast 

frequency response.  Under APRISES16, this information was summarized and presented to 

MECO.  While the capabilities of the DLB appear able to contribute in mitigating the impact 

severity of under-frequency events (e.g., avoid shedding a ñkickerò load block in the Molokaᾶi 

automatic under-frequency load shedding scheme), the existing BESS was delivering adequate 

grid-stabilizing dynamic response for effective system operation.  It was determined that available 

engineering resources were inadequate to meet the substantial time and effort required to 

coordinate and tune the controls of the DLB with the existing fast-frequency responsive BESS on 

the island.   

To tackle the complex optimization problem and demonstrate the use of bidirectional EV chargers, 

HNEI is developing and evaluating the performance of novel algorithms that optimize the 
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charge/discharge schedules of shared fleet EVs under its EV Bidirectional Charging demonstration 

project.  The novel EV charger control algorithms are intended to ensure that the shared vehicles 

are efficiently assigned and readily available for transport needs while simultaneously, the controls 

deliver ancillary power and energy services through intelligent EV charge and discharge 

commands.  Major project activities completed under APRISES16 included: finalizing electrical 

installation drawings; developing a bid package for the final construction and field installation 

work; awarding the construction contract to a contractor; installation and connection of the EV 

charger system; and continued development of the overall architecture of the proposed control 

algorithm.  Under future APRISES funding, the web-based car reservation software will be 

finalized with the testing and evaluation phases initiated. 

The objective of the Virtual Power Plant Demonstration project is to analyze the tradeoffs and 

demonstrate the economic dispatch of numerous customer- and utility-side energy/power services 

from multiple combined behind-the-meter (BTM) battery energy storage system plus photovoltaic 

(BESS + PV) units.  Under APRISES14 and 15, a new electrical service was installed to connect 

the BESS units to the MECO power system, permits were acquired, and final site and equipment 

inspection was completed by MECO to allow installation of four Sunverge Solar Integration 

Systems.  Ultimately, it was determined that the Sunverge rulesets were too limited to allow the 

full, dynamic economic optimization desired for the project.  For this reason, under APRISES16, 

HNEI designed and implemented a web-based method to utilize the existing Sunverge website to 

allow external optimization algorithms and software to monitor and control the units.  HNEI also 

contracted HaleakalǕ Solar to install a metering box using HNEIôs Advanced Realtime Grid 

Energy Monitor System (ARGEMS) to allow tests to begin.  In a typical test scenario, HNEI plans 

to economically dispatch the four BESS + PV units according to the defined optimization problem 

and the time-varying load profiles of the four HVAC systems in conjunction with PV generation. 

Coconut Island (Moku O Loᾶe) is a 28-acre (113,000 m²) island in KǕneᾶohe Bay off the island of 

Oᾶahu and is home to the Hawaiᾶi Institute of Marine Biology (HIMB) of the University of 

Hawaiᾶi.  As such, it is an ideal site for a renewable energy technology-based test bed, particularly 

representative of an isolated location vulnerable to energy disruption yet serving critical power 

needs essential to the research and educational mission of HIMB.  The Coconut Island DC 

Microgrid Project was initiated under previous APRISES funding with the objective of 

demonstrating the performance and resilience of a DC microgrid designed to serve critical loads 

within two buildings on Coconut Island, including reliable power to critical loads during 

interruptions of grid supplied power, and providing the island with clean electrified transportation 

options powered primarily by the sun.  With the major components procured under APRISES15, 

HNEI applied APRISES16 funding to procure the balance of the microgrid system components 

and infrastructure installation, including the construction and build-out of a control room next to 

one of the buildings.  HNEI also installed the major components of the system within the control 
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room.  Under future APRISES funding, HNEI will complete the installation and commissioning 

of the DC microgrid system and initiate the testing and evaluation phases of the research.   

Task 6, Ocean Energy, supported two projects.  Under subcontract to HNEI, Makai Ocean 

Engineering continued development of its thin foil heat exchangers; and in support of potential sea 

water air conditioning (SWAC) for Honolulu on the Island of Oᾶahu, HNEI collaborated with the 

University of Hawaiᾶiôs Department of Oceanography to develop a thorough understanding of the 

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

Makai Ocean Engineering has been developing Thin Foil Heat Exchangers (TFHX) for use in 

seawater-refrigerant, air-water, and water-water applications.  In this report period, Makai 

advanced the TFHX design and, after resolving production issues, produced several full length 

plates; reduced both TFHX fabrication time and cost; and expanded TFHX pressure capacity and 

channel sizes and began geometric and mechanical characterization of the thermal, hydraulic, and 

structural/mechanical performance of these new combinations.  This work added to Makaiôs 

expertise in the fundamental principles of laser welding and furthered understanding of the TFHX 

technology.  Additional detail is provided in this report and in Makaiôs final report, available on 

the HNEI website.  

The objective of the seawater air conditioning monitoring project, conducted in collaboration with 

the University of Hawaiᾶiôs Department of Oceanography, was to develop a thorough 

understanding of the baseline oceanographic conditions at the proposed site of the Honolulu 

SWAC system.  At this time, the proposed SWAC plant for Honolulu will not be constructed as 

previously planned.  Sampling and data collection for this SWAC monitoring project ended in 

December 2020.   

Task 7, Energy Efficiency and Transportation included two activities in the area of energy 

efficiency and one focused on emissions from the conversion to electric vehicles.  The two 

activities in energy efficiency were to support an efficient nano-scale microgrid at Ka Honua 

Momona (KHM), on Molokaᾶi, Hawaiᾶi, a not-for-profit organization that supports the local 

Hawaiian community in Molokaᾶi, including operation of aquaponics; and design and test an 

adaptive lighting study conducted in collaboration with the California Lighting Technology Center 

at the University of California, Davis. 

Under previous APRISES awards, KHM collaborated with HNEI to develop an online dashboard 

providing visualization of the energy use and renewable energy production of their off-grid energy 

system for community education purposes.  Under this award, the KHM compound was used as a 

proof-of-concept site to demonstrate a control scheme to optimize battery use, reduce inverter 

losses, and utilize energy that is otherwise wasted when a battery system can no longer store 

additional energy due to capacity constraints.  HNEIôs objectives for this project were to develop 

a load shifting scheme to maximize utilization on a site whose load profiles have intermittent and 
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varying loads and finite battery storage capacity; increase system utility by adding load dumps 

(ñopportunity loadsò) to utilize more available energy; and to test a ñsmartò predictive look ahead 

programming control strategy to match solar generation with partitioned battery storage in order 

to minimize inverter standby losses.  The project successfully demonstrated that small off-grid 

renewable energy systems can significantly improve the utilization of the available energy sources 

(specifically, solar photovoltaic energy) by eliminating unnecessary inverter standby losses and 

adding opportunity loads to utilize excess available energy that may not otherwise be captured due 

to limited battery capacity.  Details are provided in this report and the associated final report for 

the project.   

In the second energy efficiency project, HNEI collaborated with the California Lighting 

Technology Center at the University of California, Davis to demonstrate and test a prototype 

adaptive lighting system intended to save energy and provide additional security in an outdoor 

setting.  Demonstrations were established at the University of Hawaiᾶi at MǕnoa and at a civilian 

U.S. Navy facilities site.  Significant energy efficiency gains were achieved at both sites and a 

number of recommendations for incorporation of adaptive lighting into real-world sites were put 

forward.  A technical report describing the project details and key findings is available on the 

HNEI website. 

The last activity under Task 7 was an analysis to assess the impact on fossil fuel use and emissions 

with the transition from Internal Combustion Engine (ICE) to plug-in Electric Vehicles (EVs), in 

combination with renewable electricity generation on a remote, isolated power grid.  As expected, 

results show fossil fuel use and CO2 emissions decrease with more clean power on the grid and 

decreasing ICE numbers.  Results specific to varying charge scenarios was not explored but is 

included in other climate change related analysis being conducted by HNEI.  

This final report describes the work that has been accomplished under each of these tasks, along 

with summaries of task efforts that are detailed in journal and other publications, including reports, 

conference proceedings, presentations, and patent applications.  Publications produced through 

these efforts are linked below and available on HNEIôs website at 

https://www.hnei.hawaii.edu/publications/project-reports/aprises-16/. 

 

TASK 1: OUTREACH AND PROGRAM MANAGEMENT 

As the prime recipient of the agreement from ONR, HNEI conducts research, development, testing 

and evaluation across a range of alternative and enabling energy technologies; and is responsible 

for development and monitoring of partner and subcontract agreements.  Under this task, senior 

HNEI staff developed and managed partner and subcontract agreements and coordinated 

development of outreach materials for both technical and non-technical audiences.  Senior staff 

https://www.hnei.hawaii.edu/publications/project-reports/aprises-16/
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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 organized consistent with the APRISES16 proposal, summarized below.  

 

TASK 2: EMERGING ENERGY TECHNOLOGIES 

Task 2 comprises five subtasks that included the development and testing of membrane-based 

energy systems (primarily fuel cells), evaluation and modeling of Li -ion batteries and battery 

systems, the development and testing of air and water filtration materials, support of the 

development and operation  of hydrogen refueling infrastructure on the Big Island of Hawaiᾶi, and 

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

conversion using inexpensive and scalable liquid-based processing.  Details for each of these 

subtasks are described in more detail below. 

 

2.1 Membrane -Based Energy Systems 

Research in the area of membrane-based energy systems encompassed a range of activities.  These 

included  support of the Naval Research Laboratoryôs (NRL) efforts to develop fuel cells for 

unmanned aerial vehicles and commercialize the technology with the licensee Northwest UAV 

and testing to evaluate the functionality of porous materials used by NRL to achieve high 

performance fuel cells; research to develop low cost and durable transition metal carbide catalysts 

applicable to fuel cells, water electrolyzers, and vanadium redox flow batteries; and a project to 

develop and demonstrate the applicability of high-concentration low-acidity salts to reduce the 

cost of vanadium flow battery technology. 

Key accomplishment and details of the work conducted in each of these areas are described below.  

Associated publications and presentations are referenced at the end of this section. 

Support to NRL  

Under APRISES16, HNEI continued its collaboration with NRL supporting Northwest UAV 

(NWUAV), the licensee of NRLôs stamped metal bipolar plate unmanned aerial vehicles (UAV) 

fuel cell stack design, as they moved towards commercialization of their first generation 1.5 kW 

fuel cell power system [1].  Under APRISES15, HNEI led a one-week hands-on training course in 
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Honolulu for two engineers from Northwest UAV to support their efforts to develop in-house 

production, testing, and evaluation capabilities.  HNEI continued this support under APRISES16 

through bi-weekly conference calls providing consultations regarding the design and development 

of the balance of plant components into a UAV chassis compatible system layout, and more 

importantly, review of fuel cell stack data and troubleshooting support as NWUAV implemented 

their own production line for in-house stack builds based on the NRL fuel cell stack design.  As 

the work towards commercialization is not approved for public release, neither data or discussion 

of results is included in this report.  For more information on the commercialization efforts of  

NRL and NWUAV, please contact Benjamin Gould at benjamin.gould@nrl.navy.mil.   

As a follow-on to work published under APRISES15 [2], HNEI supported NRLôs research efforts 

to better understand the role gas diffusion media (GDM) to actively control water management 

and enable high-power operation.  GDM are an essential component of proton exchange membrane 

fuel cells (PEMFC), that mediate transport processes including electron and heat conduction, 

reactant gas diffusion and distribution to areas beneath the flow channel and land, and product 

water expulsion.  Most PEMFC literature on gas diffusion media to date focuses on the influence 

of the cathode GDM with less emphasis of the role of the anode GDM.  The goal of this effort was 

to maximize current densities over a broad range of operating conditions through effective water 

management implemented through GDM selection focused on both the anode and the cathode.  

The work demonstrated that tailored asymmetric pairings of GDMs on the anode and cathode can 

ensure adequate water expulsion from the cathode, lowering oxygen transport resistance, while 

maintaining adequate cell hydration leading to higher current densities vs. symmetrically paired 

GDMs.  Under this collaboration, NRL performed fundamental fuel cell performance 

measurements, e.g. polarization and oxygen mass transport resistance experiments, along with 

more detailed measurements of GDM morphology through X-ray computed tomography and 

scanning electron microscopy.  This work was correlated with net water drag/water balance 

measurements performed by HNEI.  Net water drag (NWD) measurements [3,4] were performed 

using the same test cell and materials that NRL utilized.  NWD represents the net water transport 

rate per proton transport through the membrane and is defined as the number of water molecules 

transported from the anode to cathode per hydrogen proton.  The NWD can be calculated as the 

difference between the molar flow of water at the inlet vs. outlet for either the anode or the cathode 

(nH20,a
in

,  nH20,a
out, nH20,c

in
,  nH20,c

out) divided by two times the molar flow of water generated (nH20
gen) 

and can be derived independently from either side such that 

ὔὡὈ
ȟ ȟ

ᶻ

ȟ ȟ

ᶻ
   [Equation 1] 

while satisfying the overall water balance within the cell as follows.  

ὲ ȟ ὲ ȟ ὲ ὲ ȟ ὲ ȟ   [Equation 2] 

mailto:benjamin.gould@nrl.navy.mil
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Positive values indicate a net water flux from the cell cathode to the anode, while negative values 

indicate net water flux from the cell anode.  As water transport within the cell is a complex 

interplay of diffusion processes and electro-osmotic drag, practically speaking, the net water drag 

coefficient represents an indicator of the direction and fate of water generated in the cell.  For all 

NWD results in this investigation, the percent difference in the water balance as described in 

Equation 2 were on average ±3.2% with a standard deviation of 1.2% validating the high fidelity 

of measurements performed at HNEI.  NWD data was acquired during constant current 

experiments at 0.6 A/cm2 and 1.5 A/cm2, 80°C cell temperature, 150 kPaabs outlet pressure, 2 

stoich, and 25% and 50% RH on both the anode and the cathode.  Following conditioning 

protocols, the current was stepwise ramped to the desired current density and allowed to stabilize 

for 2 hours prior to resetting the outlet water collection system.  Due to the low water production 

rate of 10 cm2 cells used in the experiments, water collection times at each point were no less than 

16 hours to minimize errors in the water collection system.  Figure 2.1.1 presents an example of 

results obtained at 50% and 25% relative humidity for select GDM material combinations, both 

symmetric and asymmetric.  The data presented shows that the asymmetric combination of 

Freudenberg H23C3/H23C2 resulted in a higher net water drag from the anode to the cathode vs. 

the three symmetric pairs under all conditions with higher differences under wet conditions.  The 

asymmetric combination also resulted in higher performance.  One intriguing finding from this 

work was that the best performing cathode GDMs had variations in in the pore morphology and 

shape of the pores, while the bulk porosity and average pore diameters did not change.  Further 

details of this work will be reported in a peer-reviewed publication, which is being finalized for 

submission to the Advanced Functional Materials Wiley journal. 

 
Figure 2.1.1. Exemplary net water drag coefficient measurements of selected anode and cathode GDM 

pairings at (A) 50% RHinlet and (B) 25% RHinlet. Positive values indicate a net water flux from the cell 

anode to the cathode, while negative values indicate net water flux from the cell cathode. Figure legend in 

(A) lists the anode and cathode GDM, respectively. 
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Under future APRISES awards, as described in the June 2021 APRISES17 progress report, HNEI 

intends to support NRLôs newest fuel cell development focused on producing new fuel cell 

architectures aimed at reducing overall system costs to support the Navyôs growing interest in the 

development of attritable technologies.  Additionally, HNEI will continue work towards resuming 

full operation in the relocated on-campus laboratories. 

Transition Metal Carbide Catalysts  

Currently, Pt-group metals-based catalysts are used in most commercially available fuel cells and 

water electrolyzers.  Unfortunately, they have the shortcomings of high cost, low earth abundance, 

and limited lifetime. The objective of this activity was the development of potentially low cost, 

active, and durable transition metal carbide catalysts for potential application to fuel cells, water 

electrolyzers, and vanadium redox flow batteries (VRFBs).  While a variety of carbon-based 

materials have been widely investigated as electrodes for VRFBs, they often show limited activity 

and reversibility.  Transition metal carbides are attractive candidates because they possess good 

electronic conductivity, low cost, high abundance, and outstanding thermal and chemical 

stabilities.  The morphology of these transition metal carbide catalysts was designed to have a large 

active area to reduce kinetic voltage losses and a stronger bond between catalysts particles and 

support to delay degradation due to aging.  

Vanadium carbide is of interest and investigated as catalysts for VRFBs because it possesses the 

same element, vanadium, as VRFBs, which would reduce potential contamination due to catalyst 

degradation.  This work explored a simple and environmentally friendly synthesis process that 

involved in situ carburization of a metal precursor and a carbon material.  Vanadium carbides was 

obtained from graphite (denoted VCgraphite) and Vulcan XC72 (denoted VCXC72) as carbon sources 

and supports.  Figure 2.1.2 shows the TEM images and the corresponding histograms of the particle 

size distribution of VCgraphite and VCXC72.  The vanadium carbides have a wide particle size 

distribution and a large particle size on the graphite support.  In contrast, the vanadium carbide 

particles distributed on the XC72 support are smaller in size.  These results show that VCgraphite 

seems to agglomerate more than VCXC72.  
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Figure 2.1.2. TEM images of (a) VCgraphite and (b) VCXC72. 

Figure 2.1.3 shows the baseline cyclic voltammetry curves for VCgraphite and VCXC72.  Graphite, 

the incumbent catalyst for VRFBs, was also included to benchmark the results obtained in this 

work.  XC72 was also added because both carbon substrates are quite different and results were 

used to clarify the factors that influence the electrochemical activity of VCgraphite and VCXC72.  As 

shown in Figure 2.1.3a, the cathodic currents for all electrodes in 3 M H2SO4 are due to the 

hydrogen evolution reaction.  XC72 shows a higher cathodic current than other samples indicating 

that it is more active for the hydrogen evolution reaction.  Although the cathodic current 

remarkably increases for graphite and XC72 in Figure 2.1.3b, a significant anodic current is not 

detected, indicating that the reversibility of the graphite and XC72 toward the V3+/V2+ redox 

reactions is poor.  In contrast, anodic and cathodic currents substantially increase on VCgraphite, 

especially VCXC72, signifying an improvement in catalytic activity and reversibility toward the 

V3+/V2+ redox reactions in comparison to graphite.  The undesired hydrogen evolution reaction 

appears to have an important influence on the V3+ to V2+ reduction reaction.  Figure 2.1.3c shows 

the catalytic activity of graphite, XC72, and vanadium carbides after background current 

subtraction.  Anodic and cathodic currents substantially increase on vanadium carbides, signifying 

an improvement in catalytic activity toward the V3+/V2+ redox reactions in comparison to graphite.  

The peak potential separation (DE
p
=E
pa
ïE
pc
) and peak current ratio (I

pa
/I
pc
) indicate the 

reversibility of a redox couple.  Values of 0.059 V for DE
p
 and 1 for I

pa
/I
pc
 at 25ÁC correspond to a 

reversible one-electron process (which is the ideal case) [5].  The vanadium carbide-modified 

electrodes exhibit lower ȹEp values, which are 0.16 and 0.13 V for VCgraphite and VCXC72, 

respectively, than the pristine graphite and XC72 electrodes.  The I
pa
/I
pc
 for VCXC72 (1.12) is closer 

to 1 than that for VCgraphite (1.48), which also indicates enhanced reversibility.  
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Figure 2.1.3. Cyclic voltammograms on various electrodes (a) at 5 mV s-1 in N2-saturated 3 M H2SO4 at 

25°C, (b) at 5 mV s-1 in N2-saturated 3 M H2SO4 + 1 M V3+/V2+ at 25°C, and (c) the currents in Figure 

2.1.3a were subtracted from those in Figure 2.1.3b. 

In this work, vanadium carbides exhibited significantly enhanced catalytic activities and improved 

reversibility compared to graphite which is the incumbent catalyst for VRFBs.  The improved 

performance of these promising materials has  been evaluated by ex-situ cyclic voltammetry 

experiments.  Future studies will include modifications to the catalyst synthesis approach to 

increase the activity by tuning the catalyst structure and morphology.  The synthesis will then be 

adapted to integrate the new catalyst into an electrode for the fabrication of a VRFB single cell 

and validate its use in applications. 

Vanadium Flow Battery with High Concentration Electrolytes 

Under previous APRISES funding, vanadium flow battery (VFB) work was initiated by HNEI 

with the objective to reduce battery cost by reducing salt purity and maximizing cell voltage 

efficiency.  Under this award, a simple flow battery system with a 25 cm2 single cell and a titrator 

was fabricated and used for charging/discharging tests and to verify the electrolyte composition.  
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Electrolytes utilizing all four vanadium valences (V2+, V3+, VO2+, and VO2
+) were successfully 

prepared by conventional method with the high acidic vanadium electrolytes, and the effects of 

impurities on the V2+/V3+ and VO2+/VO2
+ redox reactions was investigated using rotating disk 

electrode analysis.  The stabilities of all four electrolytes under low acid condition were 

investigated.  With a concentration of 0.2 mol L -1, V(II), V(III), and V(IV) electrolytes started 

precipitating at pH values of 4, 4.5 and 3.5, respectively; V(V) electrolyte kept clear till pH value 

up to 5 except of the color change from light yellow to light orange.  The work indicated that all 

four vanadium electrolytes may be stable at low acid concentration down to mmol L-1 grade. 

Under APRISES16, HNEI also conducted research to improve the power and energy density, and 

reduce the corrosion impact on the system components by increasing the electrolyte concentration 

with low acid concentration for VFB.  A new electrochemical reduction method was developed 

for producing the V3+ solution.  An in-situ pH, conductivity, and potentials monitoring system for 

both electrodes of a VFB was also established (Figure 2.1.4).  Using this new method and the 

monitoring system, stable V3+ solutions (2 mol L-1 with pH 5~6 and ~5 mol L-1 with pH 1~1.5) 

were successfully prepared.  For the 3 mol L-1 VO2+ reduction, the final green solution was 

detected to be ~5.2 mol L-1 of V3+ with a little crystal precipitates.  The V concentration increase 

was due to the solution evaporation.  Figure 2.1.5 (a) and (b) shows the cell voltage responses 

under different current densities when the 2 and 3 mol L-1 VO2+ solutions were electrochemically 

reduced V3+.  The cell voltages linearly decreased with time under all current densities except the 

discharging at 30 mA cm-2, which might be due to the initial electrode activation.  Before the 

charge/discharge cycling test, a cell with the V3+ solution in negative side and 2 or 3 mol L-1 VO2+ 

solution in positive side without acid had been completely charged to investigate the stability of 

V2+ and VO2
+ solutions.  The results indicated negative electrolyte (V2+, purples) was stable but 

positive electrolyte (VO2
+, yellow) showed brown precipitates on pipeline when the cell was 

deeply charged.  Fortunately, during the subsequent step discharges, the precipitates disappeared 

and negative electrolyte and positive electrolyte came back to clear green (V3+) and blue (VO2+), 

respectively. 
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Figure 2.1.4. The in-situ pH, conductivity, and potentials monitor system for both electrodes of a 

vanadium flow battery. 

 
Figure 2.1.5. The electrode potentials at different currents during the reduction of a) 2 and b) 3 mol L-1 

VO2+ solutions. 

Figure 2.1.6 shows the charge/discharge cycling data of a cell with 2 mol L-1 V solution (pH ~5) 

without acid under different current densities and different electrolyte cycling flowrates: a) 40 

RPM; b) 100 RPM; and c) 100 RPM (last two charge/discharge cycles before positive electrode 
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clogging).  The asymmetric results suggest reversibility issues which my come from the electrode 

activity or the electrolyte system.  In Figure 2.1.6c, no charge/discharge at 60 mA cm-2 is due to 

the charging voltage reaches to the limit of 1.8 V, and also the clogging happened during the third 

discharge at 20 mA cm-2, which resulted in the cell failure.  

 
Figure 2.1.6. The cycling charge/discharge of a cell with 2 mol L-1 V under different current densities and 

different electrolyte cycling flowrates: a) 40 RPM; b) 100 RPM; c) 100 RPM (last two charge/discharge 

cycles before positive electrode clogging). 

Figure 2.1.7 shows the cell voltage responses to the initial separated a) charging and b) discharging 

tests with 3 mol L-1 V solution (pH ~1) without acid.  There were brown precipitates in positive 

electrolyte pipeline during the charging at 20 mA cm-2.  The instable voltage responses at last two 

charges (at 20 and 10 mA cm-2) suggest that the clogging might happened in positive electrode.  

Same as the discharging of the cell with 2 mol L-1 V, the precipitates disappeared and negative 

electrolyte and positive electrolyte came back to clear green (V3+) and blue (VO2+), respectively 

after the step discharges in Figure 2.1.7b.  The abnormal discharging behaviors at low current 

densities (20, 4 and 2 mA cm-2) may suggest the dissolving processes of V(V) precipitates.  

Unfortunately, the membrane was noticed broken and positive electrolyte crossovers to negative 
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side after the step discharges.  It might be a result of the V(V) precipitates clogging in positive 

electrode. 

 
Figure 2.1.7. The cell voltage responses to the initial separated a) charging and b) discharging tests with 3 

mol L-1 V solution (pH ~1) without acid under different current densities in subsequence. 

 
Figure 2.1.8. The ending colors of Vanadium electrolytes after applying, a) the new electrochemical 

reduction method; and b) fully charging with the VO2+ solution in positive side as a starting electrolyte; 

and c) discharging in Figure 2.1.6. 
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Under APRISES17, the novel reduction method for producing the V3+ solution without acid may 

be filed to a patent.  The reversibility issues will be figured out by the special electrochemical 

characterizations and attempted to be solved by modifying the membrane or the electrodes.  The 

benefits of the vanadium flow battery system without acid may be demonstrated. 
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2.2 Battery Systems 

The research conducted under subtask 2.2, Battery Systems, included four activities, (1) the 

completion of the characterization of Generation 2 commercial Li-ion titanate batteries under grid 

representative conditions, (2) the evaluation of electric vehicles (EV) batteries when used to 

support grid operation, (3) the development of battery packs lifetime performance models 

accommodating inhomogeneities, and (4) the development of non-invasive characterization 

methodologies for Li-ion batteries.  Testing was conducted at HNEIôs Hawaiᾶi Sustainable Energy 

Research Facility (HiSERF).  Cell performance was modeled using tools developed under previous 

APRISES funding.  Key accomplishments and details of the work conducted were all fully 

published and summarized below.  The 8 publications and 13 presentations associated with this 

subtask are referenced at the end of this section. 

Battery Durability under Power Systems Operation 

The testing and analysis of the Generation (GEN) 2 Altairnano cells was completed and published 

under APRISES16 (Baure, 2020).  The testing protocol for the cells was based on input from the 

utility  company and lessons learned from the GEN1 cells.  The commercial cells were tested under 

conditions representative of the various usages associated with modern grid applications as well 

as calendar aging.  The cells exhibited remarkably small capacity loss after more than 450 days of 

cycle-aging testing.  However, a careful analysis of the changes in their electrochemical behavior 

enabled the automatic quantification of the silent degradation modes, i.e. degradation that does not 

induce capacity loss, to forecast their impact over a 20-year lifespan (Figure 2.2.1).  We showed 

that, for the cells tested at 35°C and held at low state of charge, capacity loss could accelerate after 

6 years of deployment.  Under all other conditions, if the temperature remained below 35°C, the 

capacity loss is limited and a 20-year deployment life should be attainable.  These results provide 

confidence in the endurance of the two deployed MW systems using this battery technology on 

the island of Oᾶahu and Molokaᾶi.  This study also demonstrated that the three main 

thermodynamic degradation modes were affected differently by the testing conditions and that 

their individual quantification is essential for accurate prognoses. 
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Figure 2.2.1. The 20-year prognosis for the cycle-aging experiment. 

Durability of  EV Batteries Used for Grid Services 

Efforts to assess the durability of EV batteries under operations representative of providing grid 

services was completed under APRISES16 (Baure, 2019).  This subtask started under APRISES12, 

where we showed negative impact to the batteries when using EV for energy shifting via vehicle 

to grid (V2G) usage.  This was attributed to the additional usage of the cells.  Additional work was 

undertaken under APRISES15 to assess that the impact of a different grid application, frequency 

regulation, on the same cells was lower on battery degradation.  Under APRISES16, we addressed 

an additional important point for the battery community, whether the synthetic driving cycles often 

used to accelerate testing were representative of real driving (Figure 2.2.2).  Based on the 

conventional metrics of capacity, resistance, and degradation, we found that although the synthetic 

cycles matched pretty well, the degradation mechanisms observed when batteries are tested under 

real constant driving cycles, the average current and charge capacity during discharge were 

important parameters to match the degradation extent.  More importantly, it was found that traffic 

greatly influenced cell degradation and cycle life.  Since none of the synthetic cycles sufficiently 

imitated the range of lifetimes and degradation profiles caused by real varied driving, we proposed 

that realistic EV battery testing must require looping several iterations of the same synthetic cycle 

at different intensities. 
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Figure 2.2.2. Tested duty cycles and associated degradation path. 

Battery Energy Storage System Modeling 

Under APRISES16, the battery pack model developed under APRISES15 was used to investigate 

the variability of performance  resulting from different levels of cell-to-cell variations (CtCV) at 

time of assembly (Dubarry, 2019).  This study investigated the impact of several normally 

distributed intrinsic CtCV, individually or as a whole, on battery pack voltage response and 

capacity retention.  It was found that, for all chemistries, CtCV do not significantly effect battery 

packs with batteries connected in parallel because of the possibility of self-balancing.  When cells 

are connected in series, CtCV had much more of an impact on the assembly performance and that 

effect is chemistry dependent, NCA cells being the less affected. 

The proposed methodology allowed investigating the relationship between cells quality and 

performance.  Results showed that this is especially important for packs with cells connected in 

series (Figure 2.2.3).  In view of a potential BMS implementation, nothing at the pack level was 

deemed accurate enough for automated estimation of the CtCV from the battery pack 

electrochemical response.  At the single-cell level, the initial state of charge and capacity ration 

could be deciphered automatically at low rate but the accuracy of the estimation will drop with 

increasing rate because of the influences of the variations in resistance and rate capability. 
















































































































































































