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Final Technical Report  

Asia Pacific Research Initiative for Sustainable Energy Systems 

Grant Award Number N00014-12-1-0496 

May 1, 2012 to June 30, 2017 

EXECUTIVE SUMMARY  

This report summarizes work conducted under Grant Award Number N00014-12-1-0496, the 

Asia Pacific Research Initiative for Sustainable Energy Systems 2011 (APRISES11), , funded by 

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

University of Hawaii at Manoa (UH).  The overall objective of the APRISES11 effort was to 

develop, test, and evaluate distributed energy systems using Hawaii as a model to address 

integration of emerging technologies in Hawaii and throughout the Pacific Region.  APRISES11 

encompassed fuel cell testing and evaluation including technologies developed at the Naval 

Research Laboratory (NRL); synthetic fuels processing and production to accelerate the use of 

liquid biofuels for Navy needs; the extraction and stability of seabed methane hydrates; and 

alternative energy systems for electric power generation, energy efficiency, and secure-smart 

microgrids.  Testing and evaluation of alternative energy systems includes work on  Ocean 

Thermal Energy Conversion (OTEC), grid-scale battery energy storage, support for hydrogen 

fuel operations at the Marine Corps Base Hawaii and on the Island of Hawaii, building energy 

efficiency test platforms, end-use  high value energy efficiency technologies, and development of 

several microgrid test projects  

Under Task 1, Program Management, HNEI managed the program, developed and monitored 

partner and subcontract agreements, and developed outreach materials for both technical and 

non-technical audiences.  HNEI continued to collaborate closely with ONR and NRL to identify 

high-priority areas requiring further detailed evaluation and analysis.     

 

Under Task 2, Fuel Cell Systems, , HNEI conducted testing and evaluation of single cells, stacks 

and balance of plant components to support NRL efforts to develop fuel cell powered UAVs; to 

improve understanding of contamination mechanisms, assess the tolerance of alternate catalysts 

to contaminants, and, development of contaminant mitigation techniques.  Support to NRL 

including validation of the impedance-based NRL battery state of health diagnostic method with 

a battery pack. Under Task 2, HNEI also designed, built and commissioned an air filter test 

station that is being used to test and evaluate filt ration materials and designs for fuel cell 

demonstration buses in the harsh atmosphere of Hawaii Volcanoes National Park.  

 

Efforts under Task 3, Alternative Fuels, focused on the development, testing and evaluation of 

alternative fuels and technologies included activities in the areas of Methane Hydrates, 

Technology for Synthetic Fuels Production, Sustainable Biomass, Low-cost Material for Solar 

Fuels Production, and Hydrogen Fuel Production.  Methane hydrates efforts focused on hydrate 

stability and related environmental issues; hydrogen fuel storage in binary hydrates; and 

promoting international research collaborations.  Technology for Synthetic Fuels Production 

included efforts in Hydrogen Production for Fuel Cell Applications, Evaluation of Second 

Generation Biofuels, Novel Solvent Based Extraction of Bio-oils and Protein from Oil-Bearing 

Biomass, Biochemical Conversion of Synthesis Gas into Liquid Fuels, Bio-contamination of 

Fuels, Biofuel Corrosion Control, and Waste Management Using the Flash-CarbonizationTM 

Process. 
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Task 4, Ocean Energy work included continued development and testing of cost effective heat 

exchangers for Ocean Thermal Energy Conversion (OTEC) under a subaward to Makai Ocean 

Engineering; and technology support of wave energy testing at the Navyôs Wave Energy Test 

Site (WETS), off Marine Corps Base Hawaii (MCBH). 

 

The objective of Task 5, Geothermal Resource Assessment, was to perform preliminary surveys 

on DOD lands in Hawaii to assess their potential for hosting a geothermal resource, using audio-

magnetotelluric survey methods.   

 

Task 6, Microgrids/Grid Integration included efforts on developing Solar Hydrogen at Marine 

Corps Base Hawaii, a range of projects to develop, test and evaluate cost effective Secure 

Microgrids along with the enabling technology, and Grid Integration at a Community College, 

focused on integration of renewable energy generation and related technologies.   

 

Task 7 comprised three projects relating to Energy Efficiency in buildings. This instrumenting 

and monitoring zero energy research platforms and existing, conventional classrooms to 

determine comparative performance in energy, indoor environmental quality, and comfort.  

Desiccant dehumidification was examined as a means to improve comfort at lower energy 

expense, and the applicability of ceiling fans to low energy thermal comfort.   

 

This report provides detail of 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 and presentations.  Publications produced through these efforts 

are listed and available on HNEIôs website at http://www.hnei.hawaii.edu/publications/project-

reports#APRISES11. 

  

http://www.hnei.hawaii.edu/publications/project-reports#APRISES11
http://www.hnei.hawaii.edu/publications/project-reports#APRISES11
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Task 1. PROGRAM MANAGEMENT AND OUTREACH 
 

This program-wide task provided management and coordination of all research, test, 

development and evaluation efforts under APRISES11.  Partner and subcontract agreements 

were developed and monitored, and outreach materials for both technical and non-technical 

audiences were developed.  In close collaboration with ONR, high-priority areas requiring 

further detailed evaluation and analysis were identified.  Partners, outreach materials and high-

priority areas requiring further are included in the specific tasks below.  

 

Task 2. FUEL CELL SYSTEMS  
 

Work under Task 2 included continuation of fuel cell testing and evaluation, continued 

development of new diagnostic techniques. An air filter test station was designed, built and 

commissioned to field testing of FC-electric buses and development of contaminant mitigation. 

Under Task 2, testing of single cell Li-ion batteries was also expanded. 

 

Fuel cell stacks and humidifiers were tested in support of NRL UAV system development. 

Significant efforts continued to be devoted to the impact of contaminants on fuel cells. The 

distributed effects of contamination along the fuel cell stacking direction (cell number) was 

demonstrated with an organic airborne contaminant and mechanistic explanations were 

formulated. The sensitivity of alternative catalysts that do not contain precious metals, to several 

common inorganic air contaminants, was evaluated to clarify catalyst replacement options. A 

mathematical model for a fuel cell contaminated with carbon monoxide in the hydrogen stream 

was validated for concentrations closer to the international standard requirement using 

segmented cell data to capture local variations across the cell active area, and to predict 

performance losses. To determine the existence of mass transport losses associated with 

contaminant adsorption on materials that modify their hydrophobic properties, the quantity of 

product water in the fuel cell air compartment was measured at NIST using neutron imaging. The 

efficiency of a fuel cell stack compatible performance recovery method, based on the circulation 

of nitrous oxide to oxidize contaminants irreversibly adsorbed on the catalyst surface, was also 

investigated. An impedance model containing mass transport parameters was developed as a first 

step toward the cross-validation of an HNEI developed method to separate reactant mass transfer 

coefficients into fundamental contributions for cell design optimization purposes. HNEI verified 

the state of health diagnostic based on single frequency impedance developed by NRL for 

lithium ion batteries.  

 

An air filter test station was designed, built and commissioned to evaluate options for fuel cell 

demonstration buses that will be exposed in the field to high levels of atmospheric sulfur dioxide 

during field tests at Volcano National Park.   

 

Support for Big Island Fuel Cell Buses, subtask 2.2, entailed converting fossil-fueled internal 

combustion engine powered shuttle buses to battery-fuel cell hybrids fueled by hydrogen.  Under 

other funding, these buses will be operated in harsh environments with elevated levels of SO2 to 

demonstrate and evaluate fuel cell and filtration performance.   

 

The following provides more detail on each of these subtasks. 
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2.1 Fuel Cell Systems: Development and Testing  
 

Work performed under previous ONR awards focused on the understanding, performance, and 

durability of fuel cell systems subject to harsh environments, and issues associated with UUV 

and UAV fuel cell systems. Efforts to develop new fuel cell diagnostics for improved 

understanding were also continued. Additionally, HNEI provided testing services to NRL in 

support of their activities to explore the potential of 3D printing and metal stamping for fuel cell 

bipolar plates. A fuel cell stack with an integrated humidifier was also selected and characterized 

as an alternative to off-the-shelf humidifiers. Work under APRISES11 continued and extended 

these efforts to batteries for hybrid power systems. 

 

Many aspects of fuel cell contamination were investigated because little or no information was 

available to anticipate issues, failures, maintenance needs and technology improvement options. 

These aspects include the performance loss distribution in a stack (cell to cell variations), the 

tolerance of alternate catalysts based on iron, the predictive mathematical modeling of 

performance losses for low contaminant concentrations, the impact of contaminants on product 

water management within a cell, and the recovery of performance losses in a stack. Fuel cell 

technology has partially focused on operation at high current densities and decreases in costly 

platinum catalyst loadings to meet commercialization cost targets. Under these design 

parameters, performance losses associated with reactant mass transfer are exacerbated, which 

have stimulated research in the measurement of mass transfer coefficients for cell design 

optimization. Battery state of health diagnostics with a minimal system complexity and cost are 

needed to minimize the occurrence of failures. However, the applicability of single frequency 

impedance measurements to battery packs, which simplifies excitation signal generation, data 

acquisition and treatment, has not been evaluated. 

 

A more detailed description of all these contributions follows below.  

 

NRL support 

 

The potential of 3D printing, also known as additive manufacturing (AM), was explored by NRL 

to evaluate the possibility of simplifying the manufacture of metallic bipolar plates (BPP). 

Additive manufacturing for fuel cell components is a recent trend due to its ability to create 

metal parts with complex geometries, such as the internal passages of coolant flow fields inside 

bipolar plates, with a relatively short lead time. Single piece metallic bipolar plates could lead to 

a significant reduction in the number of parts and assembly complexity of fuel cell stacks. In 

addition, multiple flow field designs could be created during a single run, highlighting rapid 

prototyping capabilities.   

 

NRLôs overall goal was to evaluate whether 3D printed metallic bipolar plates could match the 

performance of existing technologies, i.e. graphite composites and stamped metallic bipolar 

plates, for use in ultra-lightweight fuel cells. Using the 3D-printing method of direct metal laser 

sintering (DMLS), NRL designed and built 21 cm2 titanium-alloy bipolar plates with embedded 

flow channels that were subsequently polished to the appropriate roughness and coated with a 

conductive corrosion barrier. During the research and development cycle, NRL delivered four 

stack builds using these plates to HNEI for testing and evaluation, i.e. a 10 cell stack (Figure 

2.1.1), an 8 cell stack, a 40 cell stack (after flight testing) with standard bolt compression (Figure 

2.1.1), and another 13 cell stack with NRLôs newly developed spot welded titanium strap 

compression system. The strap compression technique aimed to reduce the weight of the end 
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plates and compression rods typically used in fuel cell applications not requiring ultra-light 

weight. In addition, HNEI also tested a Protonex 60 cell 1.5 kW test system to provide 

comparison data with tests performed on a brassboard at NRL and humidifier performance 

evaluations as part of the balance of plant development.   

 

    
Figure 2.1.1. Pre-installation photo of first 3-D printed bipolar plate 10 cell stack delivered to 

HNEI with standard endplate/bolt combination for stack compression (left). 40 cell stack photo 

(right).  

 

For the 3D printed stack evaluations, HNEI developed a short testing program for each stack 

build aimed at determining the performance under typical fuel cell conditions, for comparison 

with standard plate designs, and a sequence of in situ individual cell diagnostics to evaluate the 

cell to cell variability and uniformity to determine any inconsistencies due to the 3D printed plate 

design and/or manufacturing. As part of the diagnostic test development, HNEI was able to 

optimize an existing single cell experimental method to evaluate individual cell hydrogen 

crossover and electrical shorting, reducing the experiment completion time from 45 minutes to 7 

minutes per cell or from 30 to 4.6 h per 40 cell stack. 

 

Previous work by NRL demonstrated that a single-cell fuel cell made from the 3D-printed 

bipolar plates performed well compared to standard parts.1,2 However the 8, 10, and 40 cell fuel 

cell stack power as tested at HNEI was over 20 % less than expected due to performance losses 

induced by the inadequate flatness of several of the BPPs. This cell-to-cell mismatch led to high 

contact resistance in several of the cells, as well as caused electrical shorting from pinching on 

parts of the membrane/electrode assembly. NRL was able to correlate white light prolifometry 

data with in situ cell diagnostic data taken at HNEI for plates demonstrating poor performance.3-5   

 

HNEI also noted that the observed poor performance and instability at higher current densities 

may be a by-product of the plate design iterations. Early single cell 3D printed designs by NRL 

used straight parallel flow channels with embedded straight parallel coolant channels where a 

temperature differential from inlet to outlet is maintained to limi t condensation downstream in 

the flow-field channels. Subsequent design iterations by NRL lead to adapting a serpentine flow 

field design while maintaining straight, parallel embedded coolant channels. This could have 

resulted in condensation of water in the downstream section of the flow field that is passing the 

cooler section of the coolant channel inlet due to the serpentine design. However without in situ 
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water content analysis, such as that provided by neutron imaging or residence time distribution 

methods, this hypothesized effect could not be verified.  

 

NRL concluded that DMLS clearly showed the benefit of being able to make complex flow 

fields and hollow parts with no welds and is useful for prototyping flow fields in single cells or 

short stacks. However, NRL also concluded more work is needed toward reducing the weight 

and increasing the flatness of BPPs made by DMLS before they can be used in larger stacks. A 

summary of the test plan, diagnostic method development and key results from testing and 

evaluation of the four stack builds delivered to HNEI are presented below. Further details of this 

work by NRL and HNEI has been documented in 4 publications, 1 conference proceeding, and 1 

magazine article.1-6 As new approaches to 3D printing of metals are developed, such as those 

recently developed in 2017 by Desktop Metals Inc,7 revisiting the production of bipolar plates by 

3D printing may be prudent.  

 

All fuel cell experiments were performed at HiSERF using the in-house designed 5 kW test 

stand. An Agilent 4338B AC milliohm meter was used for high frequency resistance (HFR) 

measurements and a Solartron 1287 Potentiostat/Galvanostat was used for membrane/electrode 

assembly (MEA) diagnostics, i.e. hydrogen crossover (H2X), shorting resistance (SHORT), and 

cyclic voltammetry (CV) for determination of electrochemical surface area (ECSA) experiments. 

A novel in-house multi-cell electrochemical impedance spectroscopy (EIS) based on National 

Instruments CDAQ signal conditioning modules was also used for evaluation of the 8 cell stack 

to help diagnose mass transport issues observed. All HFR, H2X, SHORT, and ECSA 

measurements were performed sequentially from cell 1 to the last cell, using a 4-wire system that 

was changed manually by test operators after each cell diagnostics experiment. The 3D printed 

plate design has unused square holes at the end of each cell which were used to make 

connections for the 4-wire measurements, as shown in Figure 2.1.2. The unused holes were also 

used for cell voltage measurements, also shown in Figure 2.1.2. 

 

  
 

Figure 2.1.2. Layout of 4-Wire probe for individual cell measurements (left). Cell voltage 

monitoring connections on 10 cell stack (right).  

 

For all experiments performed, the stack was operated in a Z-flow configuration with the 

reactants in co-flow mode. The anode and cathode gas inlets are located at opposite sides of the 

top of the positive endplate and the outlets at the bottom of the negative endplate. The coolant 

inlet and outlet was opposite to that of the gas flow, with the inlet and outlet located at the 

negative and positive endplate, respectively. For all experiments the coolant was controlled at a 
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constant flow rate of 2 LPM with inlet temperature control and no back pressure.Error!  

Reference source not found. Figure 2.1.3 shows the port orientation and flow paths for the 

reactant gases and coolant. From Figure 2.1.3, bottom, the downstream portion of the reactant 

flow paths coincide with the inlet of the coolant, which may lead to detrimental condensation of 

water in the reactant flow paths, as mentioned previously, due to the lower temperature at the 

coolant inlet vs. outlet and the higher water content from water generated by the fuel cell 

reactions in the downstream portion of the flow paths.  

 

    
4

3

6

1 2

5

 
Figure 2.1.3. Front view of end plates with port identification (top, left). Port orientation for co-

flow reactants, counter-flow coolant (top, right). Serpentine reactant and straight parallel coolant 

flow paths labeled with anode = black, cathode = red, and coolant = blue (bottom).  

 

A limited set of diagnostic tests was agreed upon between NRL and HNEI to provide sufficient 

information for comparison data and diagnose any major issues with the plate design. A 

summary of these experiments, test conditions, and test profiles is provided in Table 2.1.1.  

 

As mentioned previously and described in Table 2.1.1, most researchers to date have used a 

simple, slow potentiodynamic scan for measuring the shorting resistance and equivalent 

hydrogen crossover currents. However these scans take approximately 45 minutes per cell which 

is not practical for measuring multiple cells in a fuel cell stack, particularly without an automated 

multiplexer for switching the cell measurement points. CV scans for ECSA typically take about 

5 minutes per cell for small cells. To reduce the time to make individual H2X, SHORT, and 

ECSA measurements, a ramp and hold method was developed and tested so that all 40 cells can 

be tested in one working day with a technician switching the 4-point cell measurement 

connections manually. Only two points are needed to calculate a slope, thus a two-step sequence 

was developed, whereby first ramping at 5 mV sec-1 from open circuit to 0.35 V and holding for 

3 minutes while averaging the last 15 seconds of the hold to obtain the current at 0.35 V. Then 

another ramp at 5 mV sec-1 is initiated from 0.35 to 0.5 V again holding for 3 minutes and 

averaging the last 15 seconds of the hold to obtain the current at 0.5 V. The slope can then be 

calculated using the current/voltage (IV) data of the two points to provide the shorting resistance. 

The equivalent hydrogen crossover current can then be obtained using the short resistance 

corrected current at 0.5 V. The method schematic and validation of the ramp and hold method vs 

Location Orientation 

+ End Plate Ports Top 

- End Plate Ports Bottom 

1 H2 Out 

2 Coolant In 

3 Air Out 

4 Air In 

5 Coolant Out 

6 H2 In 
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the scanning method are provided in Figure 4, with data recorded on cell 8 from the 8 cell stack 

tests which showed an excessively large electrical short.  

 

Table 2.1.1. Summary of experimental diagnostics. 

Experiment Test Conditions Test Profile 

H2/Air Polarization  

with 1 kHz HFR 

and multi-cell EIS from 

0.1 Hz to 10 kHz 

performed at 0.8 A/cm2 

on selected stacks 

60 °C, 100 % RH, 

2/2 Stoichiometry, 

Ambient Back 

Pressure 

Condition at 0.8 A/cm2 for >10 min, ramp to 1 

A/cm2, perform descending steps to OCV with 

flows constant below 0.4 A/cm2, extend hold 

time (~30 min) to allow for HFR 

measurements, average data last 30 seconds of 

hold.  

Cathode Stoichiometry  

Sweep at 0.8 A/cm2 

to Evaluate mass 

transport losses 

60 °C, 100 % RH, 

2/Variable 

Stoichiometry, 

Ambient Back 

Pressure 

Condition at 0.8 A/cm2 for >10 min, 

Increase cathode flows to equivalent 

stoichiometry of 3, change flows in 0.2 

increments every 5 minutes down to 1.3 

stoichiometry  

Short Resistance and 

Hydrogen Crossover 

(Long Method: 

Potentiodynamic) 

(Short Method: Ramp 

and Hold) 

30 °C, 100 % RH, 

0.25 SLPM/cell H2, 

0.25 SLPM/cell N2, 

Ambient Back 

Pressure 

Potentiodynamic: 0.1 mV/sec scan  

From 0.1 to 0.5 V vs. reference  

Ramp and hold: OCV to 0.35 V to 0.5 V vs. 

reference 

Ramp rate: 5 mV/sec, Hold time: 3 min 

Average data last 15 s of hold. 

Short Resistance = dV/di (0.5 V, 0.35 V) 

H2 Xover = short corrected i @ 0.5 V 

(Ramp and Hold was a newly protocol 

developed)  

Cyclic Voltammetry 

for Electrochemical 

Surface Area 

Determination 

30 °C, 100 % RH, 

0.25 SLPM/cell H2, 

0.1 SLPM/cell N2, 

Ambient Back 

Pressure 

CV Scan @ 20 mV/sec 

Scan Range: 0.06-0.6 V vs. reference, 3 cycles 

Short corrected V vs. I data before integration  

of H2 adsorption and desorption regions for 

surface area estimations 

   

 

 

 



11 

 

 
Figure 2.1.4. Schematic of ramp and hold shorting resistance/hydrogen crossover diagnostic 

method (left). Comparison/validation data using the 45 minutes potentiodynamic scan method 

vs. the 7 minute ramp and hold two point method (right). 

 

A 10 cell stack was the first 3D printed stack build delivered to HNEI in July 2013. NRL 

indicated that they built both a 10 cell and a 32 cell stack (not tested by HNEI) simultaneously. 

However the 10 cell stack was made with ñB-gradeò plates which were qualitatively selected 

based on their less than flat appearance. The MEAs utilized for this test were GORE 5715 Series 

with 0.1/0.4 mg Pt cm-2 platinum loadings on the anode and cathode, respectively. The only 

experiments performed on this stack were the air polarization curve with HFR measurements, 

anode ECSA, and cathode ECSA MEA diagnostics. Figure 5, top, left displays the averaged 

polarization curve data, while Figure 5, top, right shows the corresponding HFR measurements. 

Figure 5, bottom, left presents the time series data during the polarization curve and Figure 5, 

bottom, right displays the ohmic-corrected polarization curve data. From the time series data 

plot, cell 3 was observed to drop off at 400 mA cm-2, possibly due to insufficient water clearing 

with the lower flow rates, however cell voltages were relatively stable at higher current densities. 

Cell 4 losses were found to increase with increasing current density indicating ohmic loss related 

issues, and cell 10 had a lower open circuit voltage than all other cells possibly indicating higher 

hydrogen crossover or an electrical short. From the averaged polarization curve data, HFR 

measurements confirmed cell 4 losses were predominantly ohmic losses, with the adjacent cells 3 

and 5 having the next highest HFR magnitude. The ECSA measurements (not shown) indicated 

no loss of active area and the surface area calculations for all 10 cells on both the anode and the 

cathode were within expectations for new GORE 5715 electrodes (~70-80 m2 g of Pt). Cell 10 

did show a slight increase in current with increasing voltage during the ECSA tests indicating a 

possible electrical short, which correlates with the lower open circuit voltage. Thus for all future 

ESCA and H2X measurements, evaluation of the electrical shorting was deemed necessary to 

correct the scan IV data results prior to calculating the ECSA and H2X magnitudes. A Quality 

Assurance/Quality Control (QA/QC) procedure was also recommended to NRL using an 

Alternating Current (AC) milliohm meter to measure the HFR under ambient temperature 

conditions with hydrogen and nitrogen on the anode and the cathode, respectively, following the 

initial stack build to validate the HFR and compression characteristics. This would enable NRL, 

who has limited test stand capabilities, the ability to identify whether the flatness of the plates 

was causing an issue with contact resistance that was not negligible, prior to sending a stack to 

HNEI.  
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Figure 2.1.5. Initial 10 cell stack evaluation polarization curve data. Average cell voltage vs 

current density data (top, left), high frequency resistance vs. current density (top, right), 

individual cell voltages and current vs. time (bottom, left), and ohmic-corrected average cell 

voltage vs. current density (bottom, right).  

 

Following the short testing evaluation performed at HNEI, the stack was returned to NRL for 

disassembly and evaluation of the plate flatness which confirmed cell 4 was shaped like a ópotato 

chipô. In summary:  

 

¶ The initial polarization curve showed highly variable high frequency resistances with 

some cells displaying values 3x greater than expected  

¶ Further parametric testing was halted due to the large variability observed 

¶ A surface area estimation methodology (flows, connections, scan metrics) was developed 

and demonstrated to correct data for electrical shorts prior to estimating the cell real 

active area 

¶ The most significant issue was contact resistance, but electrical shorting was also evident 

¶ An Agilent 4338B milliohm meter was recommended for fast QA/QC of builds at NRL 

¶ NRL indicated that the observed issues were not unexpected as the stack was made up of 

ñB-gradeò plates.  
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After the return of the 10 cell stack to NRL, NRL implemented the HFR QA/QC procedure into 

their build process. As a result, they re-built and disassembled the 10 cell stack multiple times 

using the same internal components, while checking the HFR QA/QC results after each re-

compression sequence. These activities resulted in the elimination of cells with high HFR values. 

NRL returned to HNEI a shorter 8 cell stack for re-evaluation. Experiments performed on this 

stack were a repeat of the HFR QA/QC procedure, air polarization curve, multi-cell 

electrochemical impedance spectroscopy, ECSA measurements, and the newly optimized ramp 

and hold method to determine the H2X and SHORT magnitudes. Figure 2.1.6 displays the 

polarization curve data recorded on the 8 cell stack (10 cell stack rebuild).  

    

    
 

Figure 2.1.6.  Evaluation polarization curve data of 8 cell stack (re-built 10 cell stack). 

Average cell voltage vs. current density data (top, left), high frequency resistance vs. current 

density (top, right), individual cell voltages and current vs. time (bottom, left), and ohmic-

corrected average cell voltage vs. current density (bottom, right).  

 

The initial ambient temperature HFR QA/QC evaluations as well as the HFR data recorded 

during the polarization curve demonstrated that the contact resistance issue observed in the 

previous 10 cell stack build was mitigated. However, as shown in Figure 2.1.6, cell 6 was still 

low performing even after the ohmic correction. A significant drop in cell 6 voltage was also 
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observed in the time series after each current step. This observation indicated a significant mass 

transport issue, which may have been caused by repeatedly re-building the stack leading to a 

collapse in the GDL properties or a possible physical blockage in the flow channels from a 

misaligned gasket or some other similar cause. HNEIôs in-house developed multi-cell 

electrochemical impedance spectroscopy (EIS) system was used to deconvolute the stack 

performance losses at 800 mA cm-2 to confirm the mass transport issue with cell 6. Figure 2.1.7 

displays the EIS data as recorded, as well as the reduced data in bar plots showing the 

ohmic/HFR impedance and the activation plus mass transport resistance magnitudes. Figure 

2.1.8 presents data from the MEA diagnostics. As shown in Figure 2.1.7, right, cell 6 was found 

to exhibit a significantly higher activation plus mass transport losses. Although more advanced 

analyses were available to differentiate the activation and mass transport losses, the basic 

analysis displayed was sufficient to deduce and confirm the low performance observed in cell 6 

was due to a mass transport issue, particularly as the ECSA tests results displayed in Figure 2.1.8 

showed the absence of a decrease in cathode catalyst surface area which would indicate a higher 

activation impedance. The source of the mass transport loss, however, could not be identified. 

This could have been a blockage in the flow field from a misaligned gasket or over-compression 

of the gas diffusion layers from the repeated stack re-builds. A high variability in the electrical 

shorting behavior was also noted, as shown in Figure 2.1.8, which also correlated with the 

variability in the Open Circuit Voltage (OCV) during the polarization curve. Several cells 

showed a shorting resistance at or below the Department of Energyôs limit of 1000 ohm cm2, 

which is used for accelerated durability testing of MEAs. The hydrogen crossover results, 

although showing a skew from inlet to outlet (possibly due to an uneven gas flow distribution) 

were within acceptable ranges for new MEAs (less than 1.5 mA cm-2). Thus, based on the 10 

cell and 8 cell test results, the primary impact of the inadequate plate flatness caused issues with 

high contact resistance from areas of the plates not being close enough, and electrical shorting 

issues where plates may be pinching the MEAs. In summary:  

 

¶ NRL rebuilt the 10 cell stack using the same components, by removing 1 cell at a time, 

and recompressing and checking the HFR before returning an 8 cell stack to HNEI. 

¶ HNEI repeated the ambient temperature HFR QA/QC procedure NRL performed prior to 

the return shipment which demonstrated the contact resistance issue observed in the 10 

cell stack was mitigated.  

¶ The polarization curve data showed a significant mass transport issue in the stack which 

may have been due to the multiple recompression cycles during the rebuild. A multi-cell 

EIS scan was performed which confirmed a mass transport loss was predominantly 

causing the loss of performance.  

¶ The open circuit voltage showed a high variability which was caused predominantly by 

electrical shorting and not a high hydrogen crossover.  

¶ For future cell builds, it was recommended to focus on ensuring selected plates are 

sufficiently flat. The number of diagnostics tests can then be reduced by primarily 

looking at electrical shorting and contact resistance behaviors to validate the stack build.  
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Figure 2.1.7. Simultaneous multi-cell impedance data recorded at 0.8 A cm-2 and displayed in a 

Nyquist plot (left). Calculated impedance/resistance losses per cell from EIS data (right).  

 

    

    
Figure 2.1.8. Membrane/electrode assembly diagnostic test results for the 8 cell stack.  

 

NRL proceeded to identify a series of plates, using the evaluation data and lessons learned from 

the 10 cell and 8 cell stacks, with similar physical shape in an attempt to group cells into those 

that will align the best and not cause any significant shorting or contact resistance issues. From 

the selected plates, a 40 cell stack was built by NRL to complete a short 15 minutes test flight in 

the Ion Tiger NRL UAV.8 A pre-test evaluation was not performed at HNEI due to project time 

restraints. After the flight, the 40 cell stack was sent to HNEI for evaluation. For this round of 

testing, the full suite of performance diagnostics from Table 2.1.1 was performed on the stack as 

well as MEA diagnostics on every cell. Figure 2.1.9 displays the results from polarization curves 

(only selected currents shown) along with HFR measurements to evaluate the contact resistance. 

Regions highlighted in blue represent the expected levels of cell voltage, ohmic-free cell voltage, 

and HFR magnitudes at 1 A cm-2. There was still a significant number of cells with poor contact 

resistance as observed in the 10 and 8 cell stacks. The ohmic-free cell voltage data, after HFR 

correction, indicate as well that there were several poor performing cells where the performance 

loss could not solely be attributed to a poor contact resistance. As seen previously in the 8 cell 

stack test (Figure 2.1.7), these additional losses may be due to mass transport issues, possibly 
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from misaligned gaskets blocking flow fields, poorly compressed gas diffusion layers, or 

inadequate water clearing.  

 

     

  
Figure 2.1.9. 40 cell stack post-flight evaluation polarization curve data. Average cell voltage vs. 

current density data (top, left). Ohmic-corrected average cell voltage vs. current density (top, 

right), and high frequency resistance vs. current density (bottom). The blue highlighted areas 

indicate expected range of values at 1 A cm-2.  

 

Mass transport losses were further examined in the cathode stoichiometry sweep, as shown in 

Figure 2.1.10. The power output of the stack, shown on the left, ranged from 385 W at the lowest 

flows tested (1.5 stoichiometry) to 415 W at the highest flows tested (3 stoichiometry). The right 

graph shows the difference in the cell voltages measured at 3 stoichiometry minus the cell 

voltages measured at all other stoichiometries. Linearly correlated cell voltages vs. cell number 

show a slight mal-distribution developing as the stoichiometry is decreased, where the cells near 

the positive end plate (higher cell numbers) are lower than the cells at the negative end plate, 

thus indicating increasing gas flow per cell with decreasing cell numbers. Overall, however, this 

maldistribution was not significant indicating the cell to cell flow distribution was not an issue 

with the 40 cell design.   
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Figure 2.1.10. Cathode stoichiometry sweep data for 40 cell design. Inlet to outlet cathode 

pressure and temperature differential, anode temperature differential and stack power vs. cathode 

stoichiometry (left). Cell voltage differential (difference vs. cell voltage at 3 stoichiometry) for 

each cell for selected cathode stoichiometries (right). 

 

Figure 2.1.11 presents the results from the MEA diagnostics. In Figure 2.1.11, top the shorting 

resistance and hydrogen crossover are presented vs. cell number. As observed with the smaller 

stacks, several cells, i.e. 16 out of 40, showed low shorting resistance indicating an induced 

electrical short. However the equivalent hydrogen crossover current was within the expected 

range of approximately 1.0-1.2 mA cm-2 for all cells. Figure 2.1.11, bottom, right shows the 

strong correlation observed between the shorting resistance vs. open circuit voltage. Thus, for 

this particular stack build, the decrease in open circuit voltage could be used in future stack 

builds as a qualitative indicator of the presence of an electrical short, without having to perform 

any advanced diagnostics. Also of interest for this stack was the overall decrease of ~25 % for 

the cathode surface area measurements in comparison to the NRL pre-flight tests (Figure 2.1.11, 

bottom, left). This may have been due to airborne contaminants in the atmosphere during the 

outdoor flight test. The anode surface areas for all cells were within the expected range for new 

cells, even after the short flight test. Electrical shorting and poor contact resistance were the two 

major flaws found with the 40 cell 3D printed stack design as found with the small stacks. Four 

major groups of cells with these two flaws were identified, as shown in Figure 2.1.12. After the 

return of the stack to NRL, white light prolifometry was performed on 4 cells, one from each of 

the groups identified in Figure 2.1.12. NRL and HNEI were able to directly correlate the plate 

flatness and adjacent cell mismatch from line scan profiles of the plates with the diagnostics data. 

This work was documented in more detail in references 3,4. After this study, NRL began pursuing 

stamped metal plate designs, as the 3D printed bipolar plate based stack still did not achieve the 

desired power to weight ratio for UAVs and manufacturing tolerances were not sufficient for 

stacks of more than 10 cells. In summary:  

 

¶ HNEI completed an evaluation of a 40 cell NRL built 3-D printed stack following a 

successful flight in Ion Tiger UAV chassis. 

¶ Similar issues with the 10 cell and 8 cell stacks were identified, i.e. inadequate plate 

flatness leading to electrical shorting and poor contact resistance as well as mass 

transport limitations.  

¶ NRL and HNEI were able to correlate in situ diagnostic measurements with surface 

height profiles of the plates resulting in 2 publications discussing the limitations of 3D 

printing using direct metal laser sintering for the production of fuel cell bipolar plates.  

¶ Following the 40 cell post-fli ght evaluation, HNEI intended to use the 3D printed stack 

parts and plates to serve as a óresearchô stack with replaceable MEAs and a modifiable 
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design to expand fundamental studies at HNEI. However, the inadequate plate flatness 

halted this effort and other stack designs were explored.  

 

 

     
Figure 2.1.11. MEA diagnostic results for 40 cell post flight evaluation. H2X and SHORT results 

vs. cell number (top), anode and cathode ECSA vs. cell number (bottom, left), and open circuit 

voltage vs. SHORT results (bottom, right).  
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Figure 2.1.12. High frequency resistance vs. shorting resistance for all 40 cells with overlays 

indicating four major groups of cells identified having none, both, or one of the two major faults 

(electrical shorting and poor contact resistance). 

 

As the 3D printed bipolar plate design did not meet the weight requirements for lightweight 

UAVs, NRL continued to explore methods to reduce the weight of the fuel cell stack. These 

efforts led NRL to look into the use of compression bands as opposed to the classic approach of 

heavy end plates with Belleville washer/bolt compression. The use of compression bands is not 

new. Ballard Power Systems, for example, has been using compression bands in combination 

with spring plates for many years with several pre-2000 patents issued, such as reference 9. NRL 

reduced their novel designs to a titanium strap that encompasses the entire fuel cell stack width, 

with the exception of the end ports, as shown in Figure 2.1.13. This allowed NRL to use a much 

thinner end plates as well as replacing the metal end plates with plastic. In this case, Ultem 

plastic was used with the reactant ports machined directly into the end plate. The stack and strap 

system are compressed in a press, and then the upper and lower strap are spot welded in place, 

relying on the elasticity of the stack seals to maintain the desired total force and keep all surfaces 

sealed and leak free. For the initial build test at NRL, this resulted in a reduction of ~300 g, with 

the new titanium strap band stack mass without coolant of 193 g vs. the equivalent bolted stack 

weighing 509 g.   

 

 
 

Figure 2.1.13. Test configuration of 13 cell 3D printed bipolar plates (BPP) stack with titanium 

strap compression system under test at HNEI 
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A 13 cell stack made with the titanium strap compression system and the 3D printed bi-polar 

plates was sent to HNEI for a short evaluation to determine whether or not the stack provided 

similar results to the bolt compression system. Figures 2.1.14 and 2.1.15 provide results from the 

initial polarization curve performed and the analysis of the cell to cell electrical shorting and 

contact resistance. Overall, the stack produced a similar power output and exhibited the same 

issues as the previous builds. The use of the titanium strap compression system was deemed a 

success even with these issues. The strap approach could be used to replace the heavier metal 

end-plate and bolt compression system for future stacks under development at NRL, such as the 

recently initiated stamped metallic bipolar plate 3 kW stack project.  

 

    
Figure 2.1.14. Polarization curve test results for 13 cell 3D printed BPP stack with titanium strap 

compression system. Time series data of cell voltage and current vs. time using descending 

current steps (left). Cell voltage vs. cell number for selected current densities with expected 

range of cell voltages at 1 A cm-2 highlighted in blue (right). 

 

 

 

    
Figure 2.1.15. High frequency resistance, shorting resistance, and hydrogen crossover test results 

for 13 cell 3D printed BPP stack with titanium strap compression system. Values vs. cell number 

(left). Results separation into good (green), acceptable (yellow), and unacceptable (red) ranges 

(right). 
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HNEI also assisted NRL with several smaller test programs for fuel cell system development. 

During their brassboard fuel cell system layout activities, NRL was using an older Protonex 60 

cell stack as a test article to develop the control system software. NRL was unable to achieve the 

rated capacity, i.e. 1.5 kW using their brassboard system and requested HNEI for an evaluation 

of the stack, to validate if it was possible to achieve the rated power and, if applicable, identify 

corresponding operating conditions. NRL was only able to achieve approximately 1.3 kW. 

Figure 2.1.16 shows the Protonex 60 cell stack, which has a built in Nafion membrane humidifier 

from Perma-Pure LLC10 and custom lightweight manifolds. Two peak power experiments were 

performed at HNEI, essentially ramping up to 49.6 A or 1.6 A cm-2 (31 cm2 active area for each 

cell) and varying the air flow to evaluate the effect on peak power. These runs are displayed in 

Figure 2.1.17. The reactants were connected in co-flow with the coolant and the inlet 

temperature was set at 50 C̄. The anode stream humidification was supplied by the test station at 

50 °C (saturated conditions) and the cathode humidification was provided by the integral Nafion 

humidifier. During the second day of testing, HNEI was able to demonstrate the stack could 

produce the rated power with a 150 SLPM air flow. The stack was returned to NRL and their 

compressor controller was adjusted to allow for higher air flows. NRL was subsequently able to 

achieve peak power on their brassboard.  

 

 

 

 
 

Figure 2.1.16. Protonex 1.5 kW fuel cell stack/humidifier system under test at HNEI. 

 

    
Figure 2.1.117. Protonex peak power assessment: output power, current, and air flow vs. time.  

Day 1 testing results with 1.44 kW achieved (left). Day 2 testing results with 1.505 kW achieved. 

 

Fuel cell inlet oxidant and hydrogen fuel reactant streams typically require added heat and 

humidity which are critical to the overall system performance and reliability. For ultra-

HUMIDIFIER

60-cell 

FC STACK
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lightweight fuel cells for UAVs, the hydrogen gas stream is typically not humidified. However, 

the oxidant stream is heated and humidified. Very few companies actually manufacture 

commercially available products. The two most frequently selected are Perma Pure LLC,10 which 

produces tubular Nafion humidifiers such as the unit integrated with the Protonex 60 cell stack 

discussed earlier (Figure 2.1.16), and dPoint Technologies,11 which produces planar type 

membrane humidifiers. dPoint Technologies originally licensed Ballard Power Systemsô 

humidifier design back in 2006. NRL requested a basic evaluation of dPointôs Px1-32 (250 W) 

humidifier, shown in Figure 2.1.18 with the sensor layout and port assignments, to determine its 

applicability in their fuel cell system balance of plant. The original request from NRL focused on 

testing the humidifier beyond the manufacturer specified flow rates, temperatures, and pressures. 

Examples of the data produced and delivered to NRL are shown in Figure 2.1.19. On the left side 

is the dew-point difference between the supplied wet stream inlet and the humidified dry stream 

outlet for various temperatures and flow rates. Additional evaluations, such as the influence of 

CO2 in the gas stream, as shown on the right, were also performed.  

 

 

    
Figure 2.1.18. dPoint humidifier port assignment (top, left), sensor layout (bottom, left), and 

sensor installation (right). 

    
Figure 2.1.19. Example of dPoint humidifier test results. Dew-point difference (wet side inlet ï 

dry side outlet) vs. flow rate (left). Influence of CO2 on the performance of the humidifier (right). 
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Data was disseminated to NRL through monthly reports, update meeting presentations, and 

compressed data files.  For more information and specific details of the projects, contact Karen 

Swider-Lyons (karen.lyons@nrl.navy.mil). More details are also provided in the Publications 

and Presentations Resulting from these Efforts, (items 8 and 11) listed at the end of this subtask. 

 

Effect of contamination on a PEMFC stack 

 

Interpretation of fuel cell field data that will be obtained from the Hawaii Volcanoes National 

Park demonstration buses, which will be subjected to elevated concentrations of sulfur dioxide 

and other volcanic contaminants (section 2.2), implies a good understanding of stack behavior. 

Few reports detail the effects of contaminants on operating fuel cell stacks.12,13 However, 

contaminants that were used are not relevant to an atmosphere with high levels of sulfur dioxide 

such as a volcanic environment, and observed trends were left unexplained and without an 

explanatory contamination mechanism.    

 

Laboratory tests were conceived to gain a better understanding of stack contamination. A sub-

scale Protonex 36 cell stack (500 W) was chosen as a surrogate because bus stacks (33 kW) 

exceeded test station limitations (5 kW). Also, propene, which was previously down selected 

from a list of approximately 200 airborne contaminants,14 rather than sulfur dioxide was chosen 

because the performance loss due to propene is in contrast to sulfur dioxide readily recoverable 

simplifying test procedures. Although a single cell performance is recoverable in a laboratory 

environment by applying a voltage that exceeds the open circuit potential of ~1 V, such a 

procedure is not currently applicable to a stack, as each cell potential needs to be independently 

controlled and electrical connections to each cell are necessary.   

 

Figure 2.1.20 a illustrates the average cell voltage evolution during a test. During the first phase, 

the stack has a steady state output Vb. In the subsequent phase, the propene is injected and the 

average cell performance immediately decreases. The average cell performance loss rate 

decreases until a steady state Vc is reached. In the last phase, only air circulates and the average 

cell performance recovers at a rate which is greater than the decay rate observed during the 

second phase. The average cell performance recovery rate also decreases until a steady state Vr is 

reached. The average cell performance after recovery is larger than the initial value by 

approximately 6 mV. This transient behavior and larger average cell performance after recovery 

are consistent with prior single cell experiments.14 

 

Figure 2.1.20 b depicts the cell voltage Vb distribution during the first phase (baseline) at 2 h 

(specific times are indicated in Figure 20 a by red dashed lines). The cell voltage distribution is 

relatively uniform with a linear regression indicating a 10.4 mV change between cells 1 and 36. 

The cell voltage Vc distribution (contamination) shows that propene contamination steepens and 

renders the distribution less uniform at the end cells, whereas the cell voltage Vr distribution 

(recovery) indicates that propene contamination has a positive effect and uniformly increases cell 

performance. These trends are better emphasized by displaying cell voltage differences Vb - Vc 

and Vr - Vb to isolate these contaminant effects and remove other causes of cell variability 

(Figure 20 c). Figure 20 c shows these steady-state cell voltage change distributions obtained, 

respectively, at 3 h and 20 min and 7 h and 30 min by subtracting first phase data at 2 h. The cell 

voltage change Vb - Vc distribution during contamination is characterized by two main features. 

End cells have lower performance than their contiguous cells. The cell performance change for 

the other cells depicts an increasing value from cell 2 to cell 35 (0.57 mV cell-1). The cell 

mailto:karen.lyons@nrl.navy.mil
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voltage change Vr - Vb distribution during recovery is almost uniform and identical to the 

distribution observed before the contamination phase with the exception that cell voltages are 

higher by ~6 mV on average. It is remarkable that such a small stack (easier to control operating 

conditions in a small volume) reveals clear effects during contamination (24 and 15 mV for 

respectively end cells 36 and 1, 19 mV along the stack core from cells 2 to 35). Contamination 

effects are expected to be even more significant in larger automotive or stationary stacks because 

it is relatively more difficult to control operating conditions over much larger volumes. Two 

parameters derived from Figure 2.1.20 c data are used to discuss the effect of propene on stack 

performance. As end cells do not behave as inner cells, they are not taken into account to linearly 

correlate Vb - Vc data. The resulting slope -b is used as an indicator of the cell voltage 

distribution unevenness. The inner cells linear correlation is also used to calculate hypothetical 

voltage values for end cells 1 and 36 which are subsequently subtracted from corresponding 

measured values to define the voltage difference between end cells and inner cells DVend. 

 

    
 

 
 

Figure 2.1.20. PEMFC stack average cell voltage before, during, and after a 50 ppm propene in 

air exposure (a). Individual cell voltages during the pre-contamination Vb, contamination Vc, and 

recovery phases Vr (b). Cell voltage differences between pre-contamination and contamination 

phases Vb - Vc, and recovery and pre-contamination phases Vr - Vb (c). Baseline operating 

conditions: air/H2, 2.5 stoichiometry/dead end with intermittent purges, 75/0 % relative 

humidity, and ambient/ambient pressure outlets, 55 °C, 1 A cm-2. 

 

Figure 2.1.21 a schematically shows natural convection heat losses. For inner stack cells 2 to n-1, 

the steady-state heat balance includes forced convection (all cells are equal and bounded by 

coolant flow fields on either side) and natural convection terms. The natural convection term 
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Qsides corresponds to the heat loss from the cell sides. For end cells 1 and n, the steady-state heat 

balance includes an additional term Qend for the natural convection heat loss from the end plate 

adjacent to the end cell. Therefore, end cells are cooler than inner cells because end cells have a 

greater heat loss (Figure 2.1.20 b). The anomalous end cell behavior is consistent with a 

mathematical model that showed that a local heat anomaly such as an end cell only affects 

approximately 2 adjacent cells with an impact progressively lessened with the distance from the 

anomaly.15 

 

 
 

Figure 2.1.21. PEMFC stack heat losses (a) and schematic temperature distribution (b). 

 

In the presence of propene contamination, the end cell effect is exacerbated as shown in Figure 

20 c with the cell voltage difference between the pre-contamination and contamination phases 

DVend. After the contamination phase, the exacerbated end cell effect disappears as the cell 

voltage difference between pre-contamination and recovery phases is approximately constant for 

all cells (Figure 2.1.20 c). The exacerbated effect is ascribed to the lower local temperature and 

its significant effect on propene contamination.16 The loss in cell performance for propene is 

approximately 0.0086 % °C-1 ppm-1.16 Therefore, the decrease in temperature is equal to 8.7 and 

5.4 °C for an initial performance of 0.641 V (Figure 20 a), end cell losses of, respectively, 24 and 

15 mV (Figure 2.1.20 c), and a 50 ppm concentration (0.024 or 0.015 V x 100/(0.641 V x 50 

ppm x 0.0086 % °C-1 ppm-1)). The larger loss in cell performance at a lower temperature is 

mostly related to kinetic effects. Kinetic effects are represented by the oxygen reduction 

reaction17,18 and the contaminant oxidation reaction, which are both hampered by lower 

temperatures. Additionally, contaminant adsorption on the catalyst surface is favored at lower 

temperatures. Therefore, the oxygen reduction reaction proceeds more slowly at low temperature 

and is more impacted by the presence of the contaminant which is strongly adsorbed and is less 

easily removed by oxidation. Mass transfer effects are not expected to play a significant role 

because propene is diluted at a 50 ppm concentration.  

 

The end cell temperature can be changed by either varying the coolant flow rate (forced 

convection) or the ambient atmosphere air flow (natural convection). The heat transfer surfaces 

as well as the heat transfer coefficient within the stack itself (conduction) are assumed to be 

constant because all experiments were carried out with the same stack. As a result, the natural 

convection heat loss is directly proportional to the temperature gradient Tcell - Tambient. However, 

the individual cell temperatures are not accessible without stack design modifications. As a 

substitute, an approximate and more convenient temperature gradient is used and is formed by 

the difference between the average coolant temperature and the end plate surface temperature 

[(Tc,in + Tc,out)/2] - Ts. 
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Figure 2.1.22 a depicts the transient cell voltages for the last 3 cells of the stack (cells 34, 35 and 

36). These cell voltage time series share the same features with the one illustrated in Figure 

2.1.20 a. In addition, the calculated cell 36 approximate temperature gradient perpendicular to 

the cell plane is also included in Figure 2.1.22 a. The temperature gradient is intentionally 

modified by intermittently turning on and off a fan blowing air on the end plate adjacent to cell 

36. The fan induces changes in the temperature gradient of approximately 7 °C. The first change 

in temperature gradient takes place before the cell is contaminated by propene (period t2). This 

change negligibly affects all 3 cell voltages. By contrast, two additional temperature gradient 

changes during the contamination period (t5 and t7 periods) significantly affect end cell 36. The 

impact on cell 35 is relatively smaller, whereas cell 34 is hardly affected. Figure 2.1.22 a data 

reveal that a link exists between the end cell performance during a contamination event and the 

end cell temperature.  

 

The differences between end and inner cells DVend are plotted in Figure 2.1.22 c against the 

temperature gradient. Other test data obtained under different coolant flow rates are also added to 

Figure 2.1.22 c, which show a strong correlation between end and inner cells voltage differences 

DVend and the temperature gradient confirming the hypothesis that the end cell performance is 

tied to its temperature during a contamination event. Data obtained by varying the air relative 

humidity, the coolant flow rate and the cathode potential on the stack inner cells voltage loss 

distribution slope -b (not shown) indicate that the reactant flow distribution is also linked to the 

presence of propene. 

 

    
 

Figure 2.1.22. PEMFC stack cells 34 to 36 voltage and end cell temperature gradient [(Tc,in + 

Tc,out)/2] - Ts transients (a). Voltage difference between end cells and inner cells regression DVend 

as a function of the end cell temperature gradient [(Tc,in + Tc,out)/2] - Ts during contamination (c). 

Intermittent operation of a fan directed toward cell 36. Otherwise baseline operating conditions 

for figure a: air/H2, 2.5 stoichiometry/dead end with intermittent purges, 75/0 % relative 

humidity, and ambient/ambient pressure outlets, 55 °C, 1 A cm-2. 

 

Single cells that are subjected to different operating conditions will not age at the same rate. This 

statement means that the stack cell voltage distribution will become more uneven over time and 

will more easily trigger a fuel cell system shutdown. Such a conclusion is supported, for 

example, by long duration fuel cell experiments with different reactant humidification levels that 

led to dissimilar times to failure by membrane gas crossover.19 Therefore, efforts should be 
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devoted to the development of early detection and preventive measures to reduce contamination 

risks in a stack. 

 

The stack contamination mechanisms developed for propene are readily applicable to other 

organic and more prevalent inorganic contaminants. From that standpoint, the selection of 

propene was, in retrospect, not critical and other contaminants could have equally been chosen to 

complete the present study. A larger contaminant effect on stack end cells is possible considering 

that for naphthalene, the loss in cell performance is 0.51 % °C-1 ppm-1,16 which is much larger 

than for propene (0.0086 % °C-1 ppm-1). The end cell effect is expected to be small for sulfur 

dioxide because temperature has a small impact on cell performance loss between 45 and 80 

°C.20 For sub-saturated reactant streams, a more moderate contaminant effect on stack inner cells 

is anticipated for species that do not involve water in oxidation or reduction reactions. Similar to 

propene, SO2, NO2, and CO oxidation reactions include a water molecule,21-23 and therefore, a 

more uneven contaminant effect on stack inner cells is expected for a sub-saturated reactant 

stream. However, this statement is based on overall reactions. For instance, the elementary rate 

determining step for CO oxidation involves an adsorbed hydroxyl species,24 and therefore, the 

inner cells voltage distribution may not be impacted. A larger contaminant effect is also expected 

for electrode potentials located in a region where only species adsorption takes place due to the 

absence of active mechanisms cleansing the catalyst surface. This is the case for both SO2 and 

NO2 which lead to adsorbates on the Pt surface in the PEMFC operating range of 0.6ï1 V vs. the 

standard hydrogen electrode.22,25 More details are provided in the Publications and Presentations 

Resulting from these Efforts section (items 5 and 12).   

 

Future tests are planned to confirm the link between the stack inner cell voltage loss distribution 

slope -b and the presence of a contaminant. Operating conditions more directly impacting 

reactant flow distribution will be used for these tests (change in O2 diluent from N2 to He and 

C3F8, U and Z type manifold configurations).  

 

Non-precious metal catalyst tolerance to airborne contaminants 

 

The viability of proton exchange membrane fuel cells still requires substantial decreases in cost. 

Pre-commercial membrane/electrode assemblies utilize platinum or platinum group metal 

catalysts on the anode and cathode. The high price of platinum group metals currently accounts 

for 50 % of the total stack cost (cost analysis for a volume of 500,000 units/year).26 The 

substitution of platinum by inexpensive catalysts has been explored since the mid-1960s. 

Significant progress has only occurred within the last few years with the development of active 

Fe/N/C catalysts.27,28  Substitute catalysts are subject to the same requirements including activity 

and durability. For simplicity, fuel cells utilize ambient air as an oxidant. Therefore, the 

operation of fuel cells is dependent on air quality. Thus, substitute catalysts should be tolerant to 

prevalent airborne contaminants, especially those emitted by internal combustion engine cars 

(CO, NOx) and coal fed power plants (SO2). However, few reports discuss the behavior of 

substitute iron based catalysts exposed to air contaminants.  

 

Fe/N/C catalysts were obtained from the University of New Mexico and integrated into 

membrane/electrode assemblies by air brushing a catalyst ink onto gas diffusion layers (2.0 to 

3.9 mg cm-2) followed by an ionomer coating and heat pressing to a membrane and a 

commercial gas diffusion electrode for the anode. Membrane/electrode assemblies were exposed 

to SO2 (10 ppm), NO2 (2 and 10 ppm) and CO (5 and 20 ppm) in a segmented cell at a low 

current density of 0.2 A cm-2 because their performance was substantially lower than for Pt 
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based membrane/electrode assemblies (hence the much higher loading). Under these conditions, 

the average cell voltage was approximately 0.43 to 0.52 V (~0.75 V for Pt at a 0.1 mg cm-2 

loading) and limited by high kinetic overpotentials for oxygen reduction, ohmic overpotentials 

and mass transfer overpotentials (much thicker electrode than for Pt). Several diagnostics were 

used to clarify observations including polarization curves, impedance spectroscopy, x-ray 

photoelectron spectroscopy and ab initio density functional theory calculations.  
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Figure 2.1.23. Voltage and normalized current densities for individual cell segments versus time 

for a Fe/N/C cathode catalyst based membrane/electrode assembly exposed to SO2.  

 
Figure 2.1.24. Density functional theory optimized Fe/N/C catalyst site structures. Fe (dark 

blue), N (yellow), C (light blue). 

 

Table 2. Adsorption energies for O2, NO, NO2 and SO2 on Fe-N4, Fe-N2C2 and N-doped 

graphene sites as calculated by density functional theory. 

 

Adsorbate 

Adsorption energy [eV] 

Fe-N4 Fe-N2C2 N-doped graphene 

O2 -1.01 -2.34 -0.15 

SO2 -0.81 -1.63 -0.17 

NO -1.97 -3.37 -0.09 

NO2 -1.45 -2.63 -0.43 

CO -1.61 -2.09 -0.01 

 

The cell voltage and current distribution for the Fe/N/C catalyst was not affected by the presence 

of SO2 in air even for a high concentration of 10 ppm SO2 (Figure 2.1.23). The observed Fe/N/C 

tolerance to SO2 is explained by the absence of SO2 adsorbates on Fe-N2C2 and Fe-N4 sites that 
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are more stable than O2 adsorbates (Figure 2.1.24), as confirmed by density functional theory 

calculations (Table 2.1.2). In comparison, the exposure of Pt catalysts to SO2 results in a 

significant decrease in performance (hundreds of mV at ppm levels) which is only partially 

recoverable after exposure unless the cathode potential is above 1 V vs. a hydrogen electrode.29   

 

Exposure of the Fe/N/C cathode to 2 and 10 ppm NO2 resulted in a performance loss of 30 and 

70-75 mV, respectively (Figure 2.1.25). In comparison, a Pt cathode loses 50-100 mV when 

exposed to 2 ppm NO2,
30 which indicates that the non-precious catalyst was more tolerant to NO2 

poisoning. The impact of NO2 on the Fe/N/C electrocatalyst is attributed to NO2 adsorption and 

subsequent decomposition into NO and O species.31 Table 2.1.2 shows that NO2 and NO 

molecules are more strongly bound to Fe-N2C2 and Fe-N4 sites than O2, which block the surface 

and prevent the occurrence of O2 reduction. The NO species has an affinity for Fen+ centers (Fe2+ 

and Fe3+)32 and slowly desorb from F-Nx into the gas phase or is released as HNO3.
33 This 

information supports the observation of a recovery after NO2 exposure (Figure 2.1.25). 
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Figure 2.1.25. Voltage and normalized current densities for individual cell segments versus time 

for a Fe/N/C cathode catalyst based membrane/electrode assembly exposed to NO2.  

 
Figure 2.1.26. Voltage and normalized current densities for individual cell segments versus time 

for a Fe/N/C cathode catalyst based membrane/electrode assembly exposed to CO. 
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The introduction of 5 or 20 ppm of CO into the air stream did not affect Fe/N/C performance 

(Figure 2.1.26). This observation is consistent with smaller adsorption energy for CO on Fe-N2C2 

and N-doped graphene than for O2 (Table 2.1.2). However, CO adsorbs more strongly than O2 on 

Fe-N4 sites (Table 2.1.2). Therefore, on that basis, CO is expected to have an effect on cell 

performance. The apparent discrepancy between adsorption energies and cell performance 

during CO exposure is tentatively explained by factors such as a relatively low CO concentration 

(the tolerance limit has not been reached) and the relatively smaller number of Fe-N4 sites.  

 

More details are provided in the Publications and Presentations Resulting from these Efforts 

section (item 6). For instance, membrane/electrode assembly degradation was accelerated with 

exposure to contaminants. X-ray photoelectron spectroscopy results highlighted increased 

ionomer oxidation, which is partly ascribed to the generally enhanced peroxide formation in the 

presence of contaminants.34    

 

Platinum metal catalyst contamination by carbon monoxide in hydrogen 

 

The use of H2 as a fuel for proton exchange membrane fuel cells is facing several hurdles. For 

instance, current H2 production methods include the incumbent natural gas stream reforming 

technology and water electrolysis. Carbon monoxide is a by-product of the reforming process. 

Recent standards specify the hydrogen gas purity for fuel cell applications, which include a 

maximum CO concentration of 0.2 ppm to alleviate contamination issues (ISO 14687-2, SAE 

J2719). A predictive, one-dimensional along the channel length mathematical model describing 

the temporal performance evolution of a cell exposed to CO was adapted and extended from 

prior studies. In contrast with prior studies that reported CO concentrations greater than 

approximately 50 ppm, segmented cell data obtained with a 2 ppm CO concentration, a value 

closer to the standardsô specification of 0.2 ppm, were used for model validation.   

 

Transient and steady state data before, during and after CO exposure were obtained in different 

modes corresponding to varied oxygen concentrations at the cathode from 0 to pure oxygen and 

including air. This was necessary to better evaluate the role of crossover oxygen on CO 

oxidation. Several diagnostic techniques were used including impedance spectroscopy. Steady 

state impedance data were fitted to adapted equivalent circuit models.  

 

The mathematical model was centered on a mechanism that accounts for the following 

elementary electrochemical (Equations 2, 4 and 5) and chemical (equations 1, 3, 6 and 7) 

reactions:35-37 

 

H2 + 2[ ] ª 2[H] (Equation 1) 

[H]  ª [ ] + H+ + e- (Equation 2) 

CO + [ ] ª [CO] (Equation 3) 

H2O + [ ] ª [OH] + H+ + e- (Equation 4) 

[OH] + [CO] ­ 2[ ] + CO2 + H+ + e- (Equation 5) 

O2 + [ ] ª 2[O] (Equation 6) 

[O] + [CO] ­ 2[ ] + CO2 (Equation 7) 

 

Essentially, CO adsorbs on the Pt catalyst surface and blocks free sites (denoted [ ] in equations 

1-7). In addition, the presence of CO on the surface affects the hydrogen oxidation kinetics. CO 

is also actively removed by electrochemical and chemical oxidation (respectively equation 5 and 

7). The anode channel was also modeled as a series of well mixed volumes to account for the 
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progressive decrease in CO concentration due to adsorption and reaction. Only the H2+CO/O2 

case was modeled to reduce model complexity, which primarily focuses on anode poisoning 

processes. Therefore, diffusion and flooding in the cathode were not implemented, and current 

densities for all segments are equal in the pre-poisoning and recovery stages. 

 

Figure 2.1.27 a and b present transients of segment voltages and current densities normalized to 

initial values. After the injection of 2 ppm CO into the hydrogen stream, a fast decrease of the 

segmentsô voltages occurred and a current density redistribution was observed. The transition 

period to reach steady state lasted approximately 10 hours. At steady state, the segmentsô 

voltages settled at 0.586 V, which yielded a performance loss of 0.089 V. Under CO exposure, 

the inlet segments 1-4 exhibited the lowest current density (60 % loss), whereas outlet 

segments 8-10 showed an increase in current density (total current is controlled). After switching 

back the fuel to H2, the cell and segments recovered with a performance that is very close to the 

initial voltage value of 0.662 V within 1 h. 

 

Figure 2.1.27, top, right shows current density simulation results that are in good agreement with 

experimental data at the beginning of CO injection including the appearance of an undershoot 

feature. However, the main difference was noted during the recovery stage. Experiments showed 

a first order decay whereas simulations revealed the appearance of overshoots attributed to 

higher order dynamics. The time required to reach a steady state during the recovery stage is of 

the same order (~4 h) as the experimental value. The simulated local CO concentration 

distribution at steady state (Figure 2.1.27, bottom) is consistent with adsorption and reaction 

processes and the current distribution. Simulated and experimental results reveal that the 

proposed model represents reasonably well the behavior of a fuel cell exposed to CO. 
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Figure 2.1.27. Transient voltage (a) and normalized current densities (b) for individual segments, 

an overall current density of 0.8 A cm-2 and 2 ppm CO. Simulation of current density (top right) 

and CO concentration (bottom) distributions. H2/O2 case. 
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Figure 2.1.28. Impedance spectra for segments 1-10 and the overall cell during a 2 ppm CO 

exposure at 0.8 A cm-2. Experimental data are represented by symbols and the modeling results 

are depicted as solid lines. Spectra at 92 h were recorded down to 0.01 Hz whereas all others 

were recorded down to 0.05 Hz. H2/O2 case. 

 

Figure 2.1.28 summarizes impedance data (Nyquist representation with imaginary Im Z versus 

real impedance Re Z values) for all ten segments and the overall cell. Spectra before and after 

CO contamination overlap whereas during the contamination phase, spectra were modified with 

a progressively larger loop. In addition, modified spectra are confined to cell segments located 

near the hydrogen inlet port. These features are consistent with normalized current (Figure 2.1.27 

b) and CO concentration (Figure 2.1.27, bottom) transients. It is emphasized that a typical 

pseudo-inductive loop (positive imaginary impedances) representative of slow CO 

electrooxidation and removal of CO2 from the Pt surface was not obtained in the low frequency 

region, which suggests that the chemical mechanism is predominant (Equations 6 and 7) and 

similar to air bleeding38 with O2 diffusing from the cathode through the membrane. This 

hypothesis is also justified by the low anode potential (~0.089 V versus the hydrogen electrode) 

which is insufficient to oxidize CO at a high rate unless it is above 0.4-0.5 V vs. the hydrogen 

electrode.  

 

 
Figure 2.1.29. Equivalent electrical circuit used to fit impedance spectra for the H2 + CO/O2 

case. 

Rs L Rk Lk

Rct,a

Cdl,a

CPE

Rct,c

Element Freedom Value Error Error %

Rs Free(+) 0.11445 N/A N/A

L Free(+) 1.4945E-06 N/A N/A

Rk Free(+) 1.116 N/A N/A

Lk Free(+) 0.12841 N/A N/A

Rct,a Free(+) 0.23964 N/A N/A

Cdl,a Free(+) 0.035303 N/A N/A

CPE-T Fixed(X) 0 N/A N/A

CPE-P Fixed(X) 1 N/A N/A

Rct,c Fixed(X) 0 N/A N/A

Data File:

Circuit Model File: C:\SAI\ZData\model_CO-O2_23-08-2011-Wagner, final, no Ws.mdl

Mode: Run Fitting / Selected Points (0 - 0)

Maximum Iterations: 200

Optimization Iterations: 30

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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Figure 2.1.30. Distributions of serial resistance Rs, anode Rct,a and cathode Rct,c charge transfer 

resistances at various CO exposure times. Equivalent electrical circuit fitting was completed in 

the 10 000-0.05 Hz frequency range. H2/O2 case. 

 

The equivalent electrical circuit depicted in Figure 2.1.29 was used for fitting impedance data 

and separate the anode contributions. However, RK and LK elements were eliminated because the 

anticipated pseudo-inductive loop was not observed with the O2 oxidant. Figure 2.1.30 illustrates 

distributions for the three equivalent electrical circuit resistances. Most significantly, the anode 

kinetic resistance Rct,a increases during exposure to CO near the cell hydrogen inlet. Again, this 

result is consistent with the current density and CO concentration distributions (Figure 2.1.27 b 

and 2.1.27, bottom). The serial resistance Rs distribution reflects the sub-saturated inlet O2 stream 

and the incompletely moistened membrane near the inlet. The cathode kinetic resistance Rct,c is 

indirectly increased due to the concurrent decrease in inlet current density induced by CO (the 

cathode kinetic resistance for a Tafel process is inversely proportional to the current density).  

 

For the other two cases studied, air or hydrogen fed to the cathode rather than O2, the 

contribution of the electrochemical CO oxidation path (Equations 3 and 5) to the total CO 

oxidation rate increased, as demonstrated by an increase in the size of the pseudo-inductance 

feature at low frequencies (not shown), owing to the decrease in O2 diffusing to the anode 

compartment through the membrane and the consequent increase in the anode potential (larger 

anode overpotential promoted by a more difficult CO oxidation).  

 

These studies have demonstrated that the prior knowledge about fuel cells operated with 

hydrogen contaminated by CO was applicable to a lower than previously studied CO 

concentration that is much closer to the hydrogen fuel standard requirement. More details are 

provided in the Publications and Presentations Resulting from these Efforts section (item 10). 

 

Impact of contaminant hydrophobicity on fuel cell water management 

 

A multitude of fuel cell contaminants exist and the majority of those that have been tested have 

shown several detrimental effects including kinetic, ohmic and mass transfer overpotential 

increases. Contamination mechanisms are still not fully understood especially in relation to water 

management. Impedance spectra have often shown an increase in the low frequency loop 

diameter (Nyquist representation) and associated resistance generally ascribed to mass transfer.39 

This may be explained by contaminant adsorption on the carbon (gas diffusion layer, catalyst 

support) affecting hydrophobicity and liquid water content in gas diffusion electrodes.39 
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Confirmation of the existence of this effect would focus activities to minimize mass transport 

losses induced by contamination. Additionally, if there is an impact of contaminants on gas 

diffusion electrode water content, it would reveal the existence of synergy between contaminants 

adsorbing on carbon and cationic contaminants (salts in sea water) which require a liquid water 

path to reach the ionomer or membrane for ion exchange with protons and affect all 

overpotential types.40,41 This contaminant synergy is directly relevant to applications because 

reactant streams contain more than one contaminant (contaminant mixtures).  

 

The correlation between gas diffusion electrode water content and contamination will be 

assessed by measuring the amount of liquid water by neutron imaging using the National 

Institute of Standards and Technology facilities. Through- and in-plane neutron images will be 

acquired considering the liquid water distribution is 3 dimensional. Propene and methyl 

methacrylate were selected as contaminants because they both lead to increases in mass transfer 

resistance and adsorb on carbon (Table 2.1.3). Both contaminant have a relatively different 

hydrophobicity as revealed by a surrogate measure (solubility in water, Table 2.1.3).  

 

Table 2.1.3. Solubility in water and adsorption on carbon capability of organic contaminants. 
Species Acetonitrile Acetylene Bromomethane Iso-

propanol 

Methyl 

methacrylate 

Naphthalene Propene 

Solubility in 

H2O (mg L-1 ) 

Misciblea 1170 17,500 Misciblea 15,000 31.6 0.61 

C adsorption Yes42 Yes43 Yesb,44 Yes45 Yesc,46 Yes47 Yesd,48 
a 786 g L-1 for pure acetonitrile and iso-propanol. b Dichloromethane. c Methyl acrylate. d 4-

methyl-1-pentene. 

 

Propene and methyl methacrylate were also selected for other reasons to ensure that the gas 

diffusion electrode water content is not affected by current re-distribution and only the 

contaminant adsorbs on carbon. Propene and methyl methacrylate minimally affect current 

distribution (not shown), are less extensively converted to products at the steady state cathode 

potentials considered for cell operation (not shown) and are only slightly soluble in water.14  

 

Two different types of experiment were planned. The first experiment minimizes the impact of 

contaminants on current distribution and reactions with a non-operating fuel cell modified by 

eliminating the anode gas diffusion layer and circulating water in the anode compartment. Water 

is transferred to the cathode compartment, mimicking water production, by applying a slightly 

higher temperature to the anode end plate than the cathode end plate (thermo-osmosis).49 

Contaminants in N2 will be temporarily introduced in the cathode compartment which will allow 

the acquisition of imaging data after reaching a steady state and, before, during and after 

contamination. The difference between neutron images acquired during pre-contamination and 

contamination phases will reveal the impact of contaminant adsorption on carbon on the gas 

diffusion electrode liquid water content.  

 

The second experiment uses a cell operated at a constant current density with a temporary 

injection of contaminants in air. Otherwise, this experiment is similar to the first one. Variations 

in contaminant concentration, which would affect carbon surface hydrophobicity because the 

amount of contaminant adsorbed on carbon is dependent on gas phase concentration, were also 

planned. Table 2.1.4 summarizes initially planned tests. 

 

Table 2.1.4. Planned tests summary. 
Test 

number 

Cell 

typea 

Test 

typeb 

Contaminantc Operating conditions 
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1 IP O MMA  Baseline + variations in 

contaminant concentration 

2 IP NO MMA  Baseline + variations in 

contaminant concentration 

3 TP O MMA  Baseline + variations in 

contaminant concentration 

4 TP NO MMA  Baseline + variations in 

contaminant concentration 

5 IP O PP Baseline + variations in 

contaminant concentration 

6 IP NO PP Baseline + variations in 

contaminant concentration 

7 TP O PP Baseline + variations in 

contaminant concentration 

8 TP NO PP Baseline + variations in 

contaminant concentration 
a IP: in-plane water distribution (50 cm2 active area); TP: through-plane water distribution (3.08 

cm2 active area). 
b O: operating cell; NO: non-operating cell. 
c MMA: methyl methacrylate; PP: propene. 

 

Preparations for the tests and the test campaign at the National Institute of Standards and 

Technology were completed. Detailed analyses of the results will be summarize in a subsequent 

report. A 50 cm2 active area cell for in-plane water distribution measurements was borrowed 

from Los Alamos National Laboratory and modified by replacing bipolar plates with zinc and 

gold coated aluminum substitutes with flow field designs in use at HNEI (Figures 31 and 32). 

These plate materials maximize water absorption sensitivity by minimizing neutron absorption 

for all other materials in the neutron beam path. A 3.08 cm2 active area cell was also built for 

through-plane water distribution measurements (Figure 31).  

 

Membrane/electrode assemblies were conditioned to verify in advance the proper operation of 

both cells. Additionally, a calibration curve was obtained to determine the temperature difference 

between cathode and anode end plates that led to the same cathode outlet water content as for 

cell operation at 1 A cm-2 (Figure 33). 

 

 
Figure 2.1.31. 50 cm2 active area bipolar plates for in-plane neutron imaging and 3.08 cm2 active 

area bipolar/end plates for through-plane neutron imaging.  
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Figure 2.1.32. Bipolar plates with HNEI flow fields mounted on the borrowed Los Alamos 

National Laboratory end plates. 

 

Both cells mounted at the National Institute of Standards and Technology facilities are shown in 

Figure2.1. 34. The test plan (Table 2.1.4) was not only completed but extended to take advantage 

of leftover time (5 days were allocated). For these few additional tests, the effect of relative 

humidity and contaminant mixing (synergy between species) were explored. Additional fuel cell 

tests will be completed at HNEI which include verification of the water transfer calibration curve 

(Figure 2.1.33) for the 3.08 cm2 active area cell, multi-component gas analyses (O2, O2+He, 

O2+N2) to isolate O2 mass transfer contributions in the ionomer and gas phases and correlate 

liquid water content data, and cyclic voltammograms to verify the presence of contaminant 

reactions at the cell operating potentials.  

 

 
Figure 2.1.33. Thermo-osmosis calibration curve obtained by cathode outlet water collection. 

Cathode end plate maintained at 80 °C. 
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Figure 2.1.34. 50 cm2 active area cell mounted in the path of the collimated neutron beam (tube 

on the right of the left image) and in front of the neutron detector. 3.08 cm2 active area cell 

mounted in front of the neutron detector (right image). 

 

 

Recovery of fuel cell performance losses caused by contamination 

 

Contamination mechanisms were established for several species that affect fuel cell performance. 

Data gathered at the Hawaii Sustainable Energy Research Facility (HiSERF) using ex situ 

(rotating ring/disc electrode) and in situ methods (gas chromatography/mass spectrometry, 

segmented cell) have highlighted the complexity of these mechanisms and their dependence on 

multiple factors including contaminant, electrode potential and the variability in intermediates 

and products, and localization either along the flow field length or along the cell stacking 

direction (cell number). Although not every contaminant leads to irreversible fuel cell 

performance losses (cell voltage does not fully recover after contaminant exposure), recovery 

procedures should be effective irrespective of these factors.  

 

Contaminants may cover the catalyst surface by adsorption of neutral or charged intermediates, 

or penetrate the ionomer or membrane by ion or solvent exchange. In the former case, the 

adsorbate reduces the catalyst surface area and interacts with oxygen reduction by charge density 

redistribution. In the latter case, the presence of the contaminant in the ionomer or membrane 

disrupts proton conduction. Sulfur dioxide is an important contaminant originating from natural 

and anthropogenic sources, which has a severe and partly irreversible impact on fuel cells. Its 

contamination mechanism involves both molecular (SO2, S) and anion (SO4
2-, HSO4

-) 

adsorption.  

 

During self-recovery periods, contaminant intermediates are reduced, oxidized and/or desorbed 

from the catalyst surface, ionomer and membrane. However, for several cases, a cathode 

potential exceeding 1 V vs. a hydrogen electrode (at open circuit, a fuel cell has a voltage 
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approximately equal to 1 V corresponding to a cathode of approximately 1 V vs. a hydrogen 

electrode) is necessary to oxidize adsorbed sulfur and halogen anions (Cl-, Br-).50 This procedure 

is impractical requiring electrical connections to and voltage control for every cell in a fuel cell 

stack.  

 

Recently, ozone with a reduction potential of 1.6 V vs. a hydrogen electrode was added to the 

cathode reactant stream to locally create a corrosion cell and oxidize adsorbed sulfur on the 

catalyst.51 This approach circumvents the need for connecting and controlling the cathode 

potential of individual cells in a stack. Ozone itself is an airborne contaminant which can cause 

permanent damage.14 Recovery attempts were nevertheless successful because ozone exposures 

were short. In a similar fashion, the effectiveness of nitrous oxide (N2O, reduction potential of 

1.77 V vs. a hydrogen electrode)52 was investigated. For this specific situation, the local 

corrosion cell electrode reactions are:  

 

N2O + 2H+ + 2e- ­ N2 + H2O (Equation 8) 

 

SOx,ads + (4-x)H2O ­ HSO4
- + (7-2x)H+ + (6-2x)e- (Equation 9) 

 

Figure 2.1.35 shows N2O recovery experiments. N2O was introduced at different contamination 

phases (2 ppm SO2). The baseline cell voltage is characterized by typical features: a steady state 

with a significant cell performance loss and a partial cell performance recovery at steady state.53 

N2O injection does not modify any of these features which implies its ineffectiveness and the 

absence of a N2O contamination effect.  

 

 
Figure 2.1.35. Cell voltage responses to 2 ppm sulfur dioxide in neat air. For the baseline case, 

nitrous oxide was not introduced. For the other cases, 50 ppm nitrous oxide was injected after 

recovery with neat air, after sulfur dioxide contamination and during sulfur dioxide 

contamination. 

 

Impedance spectra support Figure 2.1.36 findings. Figure 2.1.36 depicts impedance data 

(Nyquist representation with the imaginary impedance Im(Z) plotted as a function of the real 

impedance Re(Z)) during the different SO2 contamination phases. All spectra show similar 

features with 2 semi-circles. The higher frequencies semi-circle is attributed to oxygen reduction 

(~10 Hz to >1 kHz) whereas the low frequencies semi-circle (<1 Hz to ~10 Hz) is ascribed to 

oxygen transport (baseline) and an SO2 process (SO2 cases). Spectra changes associated with 

SO2 (decrease in real impedance Re(Z) at frequencies >1 kHz, appearance of an inductive 
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behavior at low frequencies below 1 Hz with positive Im(Z) impedance values, etc) are 

consistent with prior results.54 Most importantly, the injection of N2O does not affect impedance 

spectra (only the air-air+2 ppm SO2-air-air+50 ppm N2O sequence case from figure 36 is 

shown).  

 

 
Figure 2.1.36. Impedance spectra for the air-air+2 ppm SO2-air-air+50 ppm N2O sequence case.  

 

Cyclic voltammetry and polarization curves diagnostics were also completed to confirm N2O 

recovery results. Figure 2.1.37 results are representative of all N2O injection cases. Figure 2.1.37, 

left illustrates the baseline cyclic voltammogram in black. In comparison, the cyclic 

voltammograms completed after SO2 contamination and N2O recovery are characteristic of an 

SO2 poisoned electrode with, for example, a smaller hydrogen oxidation peak (positive current 

values in the ~0.1 to 0.3 V vs. the hydrogen electrode) and an additional sulfur adsorbate 

oxidation peak (positive current values) at 1.04 V vs. the hydrogen electrode. Polarization curves 

(Figure 37, right) obtained after cyclic voltammetry scans show an increase in Tafel slope from 

78 to 103 mV decade-1, a lower cell performance and a reduced internal cell resistance. 

Polarization curve changes are similar to those previously noted after SO2 contamination and 

without N2O treatment, which were attributed to the impacts of sulfate anions left in the catalyst 

layer.  

 

    
Figure 2.1.37. Typical cyclic voltammograms (left) and polarization curves (right) obtained 

before and after SO2 contamination and N2O treatment.  
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In retrospect, N2O was not able to oxidize adsorbed SO2 despite a significantly higher reduction 

potential than ozone but testing results enhanced HiSERFôs knowledge in this important research 

area. A fuel cell was operated with hydrogen fuel and nitrous oxide rather than air as the oxidant 

for confirmation. The polarization curve displayed in Figure 2.1.38 indicates that the cell has a 

relatively low open circuit voltage (<0.7 V with a cathode potential <0.7 V vs. a hydrogen 

reference). The cathode potential is insufficient to oxidize absorbed SO2 on the catalyst. The 

lower cathode potential is partly explained by a large Tafel slope of 370 mV decade-1, which 

implies that N2O reduction is irreversible. The rich nitrogen compounds chemistry and multiple 

reactions that may create unwanted mixed potentials (corrosion cells) is also partly responsible 

for the low cathode potential. Interestingly, the cell was able to operate with an oxidant that is 

easily liquefied. However, the cell performance would need to be improved with a more effective 

and selective catalyst for N2O reduction.   

 

 
Figure 2.1.38. Polarization curve for a single cell operated with hydrogen fuel and nitrous oxide 

oxidant. 

 

The fuel cell performance recovery concept based on ozone was only tested with inorganic sulfur 

gases (H2S, SO2).
51,55 Tests are planned for the important halogen anion class of contaminants, 

which include chloride (salt water) and bromide (a decomposition product of bromomethane, an 

atmospheric contaminant). This contaminant class has been neglected and positive results are 

anticipated because chloride and bromide are easily oxidized at a cathode potential above, 

respectively, 1.36 and 1.07 V vs. a hydrogen electrode, values that are smaller than the ozone 

reduction potential of 1.6 V.   

 

Measurement and separation of reactant mass transfer coefficients in fuel cells 

 

Reactant transport in fuel cells involve many different processes including molecular and 

Knudsen diffusion in the gas phase, diffusion in solid (ionomer) and liquid (water) phases and 

interfacial transport between all these phases. The optimization of gas diffusion electrodes partly 

relies on an understanding of the relative contribution of all transport processes and is 

particularly relevant to fuel cell commercialization efforts because mass transfer limitations are 

exacerbated by lower platinum catalyst loadings.56 As a result, there is a need to develop or 

improve in situ methods to measure and separate mass transfer coefficients into fundamental 

contributions. Such a method is currently being developed at HiSERF with Army Research 

Office funds.  
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In support of these Army Research Office efforts, HiSERF has collaborated with the Institute of 

Energy and Climate Research, Jülich, Germany to validate, as a first step, an existing impedance 

model containing mass transfer parameters. Ultimately, model parameters obtained by fitting the 

impedance model will be compared to those derived from the HiSERF measurement and 

separation method for parameter cross-validation. The transient, one dimensional, through the 

membrane/electrode assembly plane model was fitted to impedance spectroscopy data obtained 

with a segmented cell operated with oxygen at a high stoichiometry and a low 0.1 A cm-2 current 

density to minimize gradients along the flow field length and match the model dimensionality, 

and ensure model applicability (the low current density minimizes but does not eliminate the 

mass transport losses). Use of a segmented cell provides a larger dataset that improve data 

analysis statistics.      

 

The impedance model57 was developed with the objective to obtain an analytic solution that 

accelerate data processing. This was achieved by only including key processes including oxygen 

mass transport at the expense of other considerations that would have significantly increased 

model complexity (liquid water management, temperature, pressure and concentration gradients 

along the flow field length, etc). The model includes a proton current conservation equation, 

Ohmôs law for the proton current density and an oxygen mass balance equation. The gas 

diffusion layer is represented by a linear oxygen mass balance equation. These four equations 

were linearized assuming a small amplitude for the applied current perturbation and subsequently 

modified by the Fourier transform. The resulting system of linear equations for the perturbation 

amplitudes was analytically solved assuming that the steady state shapes of the oxygen reduction 

overpotential and concentration are constant along the through membrane/electrode assembly 

plane coordinate. This last assumption limits the model applicability to low cell current densities 

(a criterion was also derived). As a final step, the analytical perturbation amplitudes were used to 

calculate the cell impedance.  

 

Experimental impedance spectra contain two arcs: a large low frequency arc and a small arc in 

the high frequency region. The high frequency arc of unknown origin was taken into account by 

adding a simple parallel resistance/capacitor circuit to the model (same parameters for all cell 

segments). Raw impedance spectra were pre-processed before model fitting. High frequency data 

points with a positive imaginary part were ignored (cable inductance). Experimental spectra were 

also shifted to the left to ensure that the lowest real impedance data point has a real impedance 

equal to zero.  
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Figure 2.1.39. Experimental (points) and fitted (lines) impedance spectra. The oxygen inlet is 

located at segment 1. Arrows indicate the direction of the oxygen flow. The ohmic corrected 

direct current resistivities for segments 1-3 and 5-7 as determined by fitting corresponding 

polarization curves are indicated by filled symbols on the real impedance axis. 

 

Figure 2.1.39 shows the experimental impedance spectra and fitted model curves for all 

segments. The model adequately reproduce experimental data with the exception of small 

differences near the top of the low frequency semi-circle, which are attributed to the small spatial 

variation in static oxygen concentration and overpotential profile in the through plane direction 

that are ignored in the model. The fitting accuracy for the high frequency part of the spectra is 

less accurate due to the neglected cable inductance effect. The fitted model parameters are shown 

in Figure 2.1.40. 
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Figure 2.1.40. Fitting parameters for segments 1 to 10. Open circles in (a) correspond to Tafel 

slopes as determined by fitting polarization curves. All other points are obtained by fitting 

impedance spectra. Average values are indicated by dotted lines. 

 

The oxygen reduction Tafel slope varies between 71 to 85 mV decade-1 owing to small 

variations in local currents (Figure 40 a). The average value of 78 mV decade-1 agrees with the 

theoretical value of 69 mV decade-1. The catalyst layer proton conductivity is nearly the same 

for all segments with the exception of segment 10 (Figure 40 b). Impedance data for segment 10 

are less accurate and scattering is more prevalent (Figure 39). The high proton conductivity value 

of 0.054 ohm-1 cm-1 is located at the high end of the other measurementsô range (10-4 to 0.03 

ohm-1 cm-1). The double layer capacitance varies between 24 and 27 F cm-3 with an average of 

25.5 F cm-3 (Figure 40 c). This value is close to the reported values of approximately 15 F cm-3 

reported for similar systems. The oxygen diffusion coefficient in the catalyst layer is nearly 

constant along the cell active surface with an average of approximately 0.454 x 10-4 cm2 s-1 

(Figure 40 d). This parameter has apparently not been measured in situ and therefore cannot be 

compared to other values. However, the fitted oxygen diffusivity is approximately 30 times 

lower than reported values derived from ex situ measurements with a dry cathode catalyst layer. 

This observation suggests a strong effect of liquid water produced at the cathode, which fills the 

catalyst layer and explains the low oxygen diffusivity fitted value. The measured oxygen 

diffusivity is nearly equal to the value for liquid water (0.53 x 10-4 cm2 s-1). However, this 
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suggestion does not take into account the catalyst layer porosity which would lower the 

theoretical oxygen diffusivity in water. Hence, the discussion supports the original objective of 

this work to compare parameters obtained by different methods. Finally, the model was unable to 

capture the oxygen diffusion coefficient in the gas diffusion layer. The oxygen transport loss in 

the gas diffusion layer is very small with an oxygen feed, and the respective contribution to the 

cell impedance seemingly is below the measurement accuracy.  

 

More details are provided in the Publications and Presentations Resulting from these Efforts 

section (item 7). Future efforts will focus on upgrading the model from oxygen to air operation 

for improved application relevance.  

 

State of health monitoring of Li-ion battery packs 

  

Individual cell voltages can deviate and become unequal in high energy density Li-ion battery 

packs because during charge and discharge only the current is controlled which leads to an 

imbalance in state of charge. The cell pack voltage may indicate a normal state but individual 

cells may have different state of charge subsequently leading to overdischarge or overcharge and 

failure by thermal runaway.58 Battery management systems are therefore essential for preventive 

purposes to detect the state of health of single cells in a stack. However, to minimize circuitry, 

complexity and cost, there is a desire to limit measurements to the stack level.     

 

Impedance based diagnostics were considered because measurements are influenced by battery 

health indicators. However, signal generation, data acquisition and processing hardware need 

simplification to reduce cost and analysis time for onboard real time use. NRL has identified a 

single frequency leading to an invariant cell impedance under normal operating conditions (in 

absence of overcharge, overdischarge and thermal abuse) which was linked to the solid 

electrolyte interface, the passivation layer that protects electrodes.59 A single overcharge was 

sufficient to significantly alter the cell impedance. In collaboration with NRL, the validity of the 

single frequency diagnostic was extended to a battery pack to assess the measurement sensitivity 

at that frequency to the state of health of single cells.  

 

The test program had 3 steps: i) identification of the single cell frequency leading to minimal 

variations in impedance over the full state of charge range (0 to 100 %) and validation of the 

impedance change following an overcharge, ii) duplication of the frequency identification step 

for 4 cells serial packs, iii) detection assessment for a pack with a cell replaced with an 

overcharged cell.  

 

Cylindrical 18650 lithium-ion rechargeable cells were used (Tenergy Battery Corp., Fremont, 

CA, LiCoO2/C chemistry). Galvanostatic cycling was performed within the manufacturer 

specified voltage range of 3.0-4.2 V unless otherwise noted. The upper voltage boundary was 

increased to 4.6 V for the overcharge (OC) condition. The electrochemical impedance of single 

cells and packs was measured at various states of charge between 50 kHz to 10 mHz by applying 

a voltage perturbation of 40 mV. 

 

Lithium-ion cells produce different impedance responses with changes in cell voltage and state 

of charge. The Nyquist plot in Figure 2.1.41 shows changes in both the shape and magnitude for 

the real versus imaginary impedance curves of a single cell during a typical discharge/charge 

cycle between 3.0 and 4.2 V, or 0-100 % state of charge. At 100 % state of charge, the 

impedance response forms a small single arc. The single arc contains impedance contributions 



45 

 

from both the negative and positive electrodes although it is dominated by the cathode effects. 

As the state of charge decreases to 3.8 V (57 % state of charge) a second arc emerges in the mid- 

to low frequency region and grows until the cut-off voltage is reached at 3.0 V (0 % state of 

charge). The second arc decreases upon charging and returns to the fully charged state. The low 

frequency arc is assigned to a charge transfer resistance and impedance due to ionic diffusion 

within the porous electrodes. 

 

Figure 2.1.41 demonstrates that there is little deviation in the impedance response of a 

representative cell from 0 to 100 % state of charge in the high frequency inductance region (Zôô> 

0, not shown) and in the initial portion of the high frequency arc. Three frequencies exhibit the 

smallest deviation in impedance with state of charge: 500, 316 and 100 Hz. The observed 

deviations are almost entirely due to changes in Zô (Figure 2.1.42 a). The single point state of 

health frequency for the Tenergy 18650 cells is determined to be approximately 316 Hz where 

the standard deviation of the real impedance with SOC, sZô, reaches a minimum while the 

standard deviation of the imaginary impedance, sZôô, is nearly constant (Figure 2.1.42 c).  

 

 
Figure 2.1.41. Impedance spectra collected at various state of charge SOC of a 18650 cell during 

a typical discharge or charge between 3.0 and 4.2 V (0-100 % SOC). 

  

    
Figure 2.1.42. Mean impedance values and standard deviations for all states of charge (a). For 

clarity, the black circles represent every 3rd data point. State of health chart illustrating the 

change in impedance response collected at 316 Hz perturbation frequency with state of charge 

SOC (c). Deviation from the average impedance is shown by the increasing factors of deviation: 

1, 2 and 3 times the standard deviation (1s, 2s, 3s) with state of charge. 

 

Single Tenergy 18650 cells were mildly overcharged to 4.56 V (125 % state of charge) for 5 

consecutive cycles. The impedance responses to overcharge at the state of health frequency is 
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shown in Figure 2.1.43 and compared to the average impedance and variance of a cell operated 

under normal conditions. The initial impedance at the full state of charge lies within the 3s 

boundary. As expected, the real impedance value is nearly identical to that shown in Figure 

2.1.42 c (4.2 V, 100 % state of charge). The impedance collected at the first overcharge 

condition (4.56 V) is designated by OC1. At the overcharge condition of OC1 (125 % state of 

charge) both Zô and Zôô increase. After OC1, the cell was returned to 4.2 V to compare the initial 

impedance. There is a small shift in the real and imaginary impedance towards more positive 

values when the cell is returned to 4.2 V (point ñ1ò). The impedance collected at repeated 

overcharge conditions shifts towards lower Zô and change to positive Zôô during OC2 through 

OC5 further demonstrating the identification of a cell malfunction (data located outside the 3s 

bound area for a healthy cell). Each subsequent overcharge cycle increases the real impedance 

when the cell is returned to 4.2 V showing a trend towards higher real impedance that still lies 

within the 3s boundary.  

 

 
Figure 2.1.43. State of health chart illustrating the average impedance value at the 316 Hz state 

of health frequency (blue circle) encircled by the °1, 2 and 3 times standard deviation (1s, 2s, 

3s) as determined in Figure 42 c. The repeated sequence of the impedance response of the cell at 

4.56 V (125 % state of charge) overcharge and subsequent discharge to 4.2 V (100 % state of 

charge) are respectively represented by red ñX OCò marks and black circles labeled 1 through 5. 

 

 
Figure 2.1.44. State of health chart illustrating the impedance at the 316 Hz state of health 

frequency for cells 1 through 4. The ñXò mark labeled 4.62 V denotes the overcharge condition 

experienced by cell 2 within the 4 cells pack. The 4 cells pack impedance data are encircled by 

the °1s, 2s and 3s boundaries with s the standard deviation. The ñXò mark labeled 17.01 V 

denotes the overall pack voltage associated with the pack with an overcharged cell 2. 

 

The single point impedance diagnostic was employed to monitor the impedance response of the 

individual cells and the 4 cells in series pack before and after an overcharge of cell 2. Figure 44 
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shows the tight grouping of impedance values for individual cells. The impedance response 

collected at 4.62 V for cell 2 deviates outside of the 3s state of health range, clearly indicating 

abuse to the pack. After the subsequent discharge to the normal voltage of ~4.2 V, the cell 2 

impedance is recovered within the 2s region. The large variation in cell 2 impedance at 4.6 V is 

also clearly seen in the 4 cells pack impedance. The pack impedance at 17.01 V enters into the 

3s state of health region. Since the state of health region of the pack includes the summation of 

deviations from the individual cells, it provides a more conservative estimate of error. Therefore, 

the pack impedance state of health region could be taken as 1s clearly identifying a problem 

encountered within the pack after the 4.62 V overcharge of cell 2. More details are provided in 

the Publications and Presentations Resulting from these Efforts section (item 9). Future tests are 

planned and will extend the data base beyond the room temperature.  

 

Other activities 

 

The analysis and publication of additional fuel cell contamination data were also completed 

during this period for the following air contaminants: Ca2+, propylene, methyl methacrylate, 

isopropanol and acetylene (data was obtained as part of another federally funded program). 

Support was also provided to Kathryn Hu, a mechanical engineering department master student 

who graduated in spring 2017. In this effort, fuel cell characterization data was acquired for 

different gas diffusion layer materials. Carbon nanotube nanoforests were used as prepared or in 

combination with carbon paper or ceramic substrates. More details are provided in the 

Publications and Presentations Resulting from these Efforts section (items 1 to 4). 

 

This APRISES11 task continues and extends to field studies, work in previous ONR awards 

focused on the understanding, performance, and durability of fuel cell systems subject to harsh 

environments.   

 

A purposely designed air filter test station was constructed to select the best air filter option to 

retrofit buses with fuel cell systems (contaminant slippage and anticipated life). Under future 

funding, the air filter test station will also be used to characterize new adsorbent materials 

synthesized at HNEI and to obtain data under a wide variety of controlled conditions to facilitate 

the interpretation of field bus data. 

 

Under future APRISES funding, fuel cell buses will be operated at the Hawaii Volcanoes 

National Park to serve as a field test region to study fuel cell operation in harsh environments.  

The fuel cell buses will be exposed to elevated levels of sulfur dioxide in combination with 

hydrocarbons such as benzene as well as other acidic gases including nitrogen dioxide. Data will 

be used to understand the lifetime and steady state contaminant removal rates of the air filtration 

media being installed on the buses and establish correlations between the buses performance in 

the field and controlled laboratory experiments. Under APRISES11, laboratory scale testing of 

commercially available and novel air filtration media was enabled by designing, building and 

installing the air filter test bed at HiSERF. The design focused on tests that measure the 

effectiveness of passive and active filter systems that prolong fuel cell operation in harsh 

environments. Furthermore, the design focused on gas phase contaminant removal/adsorption 

capacities as opposed to particulate or coalescing type filtration. The test bed will initially be 

used to identify the best performing filtration technology from commercial suppliers. The design 

of the test bed was based on the general guidelines given in Table 2.1.5.  

 

Table 2.1.5. Air filtration test bed initial specifications.  
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Parameters Parameter values 

Test condition 1 100 standard L min-1 air at 80 % relative 

humidity and 25 °C (~ambient pressure) 

Test condition 2 100 standard L min-1 air at 0 % relative 

humidity and 25 °C (~ambient pressure) 

Additional parameters Post-humidifier impurity injection of up to 3 

gas phase contaminants with maximum 

impurity flow rates of 0.25 standard L min-1 

 

Test condition 1 is based on the average temperature and relative humidity observed at Hawaii 

Volcanoes National Park whereas test condition 2 was established to include analyses in the 

absence of water vapor, because water competes with contaminants for adsorption sites. 

Therefore, test condition 2 provides a baseline. Figure 2.1.45 shows a general overview of the 

experimental test bed design. Figure 2.1.46 provides the process and instrumentation diagram 

(P&ID) of the first iteration test bed. The test bed was developed in a cost effective manner using 

available parts from the facility. This reduced overall cost by approximately 50 %, saving over 

$15,000 in new materials, parts and instrumentation. 

 

The system is composed of 3 major sections (Figure 2.1.45): i) a pre-filter gas supply and 

conditioning rack, ii ) a heat exchange coolant and humidifier deionized water supply rack, and 

iii ) the filter housing, sensor array, and temperature control chamber.  

 

 
Figure 2.1.45. General overview of the design of the experimental air filter test bed. 
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Figure 2.1.46. Process and instrumentation diagram of the air filtration test bed. 

 

The pre-filter gas supply and conditioning rack is composed of the air supply interconnect with 

HiSERFôs supply header, the impurity gas cylinders, the gas flow controllers, humidifier, gas 

mixing chamber, and gas temperature control heater.  

 

The facility air is supplied by two oil-free scroll compressors with filtering and purification 

media including refrigerated dryers, a Molecular Sieve 13X pressure swing adsorption system, 

activated carbon filters, and a final filter/purifier (Donaldson Lithoguard Model P512045) 

designed for removing acid/base/organic vapors along with a 0.3 mm HEPA level particulate 

filter. The resulting air composition has a dew point of -70 °C with <1 ppm CO, CO2, and total 

hydrocarbons while maintaining a 20.7 to 20.9 % oxygen content.  

 

In order to supply impurity concentrations on the order of 0.2 to 20 ppm in air at the 100 

standard L min-1 flow rate for long duration experiments, impurity source gas cylinders must be 

purchased with concentrations exceeding OSHA limits, for example, 8000 ppm SO2 in air. This 

is necessary to avoid a high turnover in impurity gas cylinders which are purchased from 

Matheson Tri-Gas, a mainland vendor. Rather than installing a series of gas cabinets within the 

facility, impurity bottles were placed outside the laboratory but within the outer warehouse 

structure which is open to ambient air. Thus, in the unlikely event of a gas leak, the impurity gas 

would not enter the air conditioning system within the laboratory and come in contact with 

personnel and would be diluted by the air in the open warehouse. In addition, as corrosive gases 

are being used in addition to source concentrations exceeding OSHA limits, each impurity gas 

bottle utilizes a cross purge gas assembly for vacuum and nitrogen pre-purging. All materials are 

constructed of 316L stainless steel with ultra-high purity regulators.  



50 

 

 

The main air supply is controlled by an Alicat MCR laminar mass flow controller with a 

maximum flow of 250 standard L min-1. The three impurity mass flow controllers are Brooks 

Model 5850s thermal mass flow controllers with a maximum flow rate of 0.25 standard L min-1. 

A non-lubricated 3-way ball valve (Swagelok SS-43GXS4-1466) is installed prior to the 

impurity mass flow controllers to allow for purging of each impurity flow controller with neat air 

in between various experiments. The non-lubrication option is important for material 

compatibility, for example, nitrogen dioxide is not compatible with standard fluorocarbon 

lubricants used by Swagelok. 

 

The gas humidification selector 3-way valve follows the clean air mass flow controller. This part 

is also non-lubricated. The 3-way valve allows the operator to either run the gas through a 

humidifier (PermaPure Model FC125-240-7) or a bypass loop. On the humidifier side of the 3-

way valve, an additional ½ inch ball valve was added after a month or two into service to allow 

for a portion of the neat air flow to bypass the humidifier. As the humidifier requires a deionized 

water flow with the outlet dew point controlled by the cooling water inlet temperature on the 

shell side, the lower relative humidity is set by the facility chiller system (17 °C is the lowest 

chiller temperature). Dew points lower than 17 °C are achieved by mixing the saturated air 

flowing out of the humidifier with the air from the bypass stream. For example, at 25 °C, a 50 % 

relative humidity stream corresponds to a dew point of approximately 14.5 °C. After the 

humidifier section, the clean air enters the mixing chamber. The mixing chamber is a modified 

in-line gas heater (Watlow CHJTJT0375KXKT, 375 W heater) which has a diameter of 3 inches 

diameter and a length of 10 inches. The electro-polished interior surface and geometric features 

provide a high tortuosity for a uniform gas heating which is leveraged to achieve a sufficient gas 

mixing. Impurities are injected into the gas stream after the humidifier because they are water 

soluble. Injection points are located at the inlet of the mixing chamber through 3 machined ports. 

Check valves and all metal diaphragm valves are added at the injection point as close as possible 

to the mixing chamber to reduce dead spaces in the impurity injection tubing and facilitate 

purging. The outlet of the mixing chamber is then directed to a bulkhead fitting in the 

temperature control chamber, which is attached to the inlet sensor array.  

 

A heat exchange coolant and humidifier deionized water supply rack support the gas supply and 

conditioning equipment. As already mentioned, the humidifier requires deionized water and 

temperature control. This is achieved by using a 20 L accumulator with a circulation pump, 

metering valve, ultrasonic flow meter and deionized resin bed to maintain ultra-clean, Type I 

deionized water with its flow controlled in the range of 1ï2 L min-1 through the humidifier. A 

cartridge heater and tape heater were added to the cooled deionized water inlet to interact with a 

software controller to adjust the inlet dew point. The system design relies on active cooling of 

the deionized water. This was achieved by adding a heat exchanger, composed of coiled 316L 

tubing, inside the reservoir with the facility chiller liquid providing heat removal. The deionized 

water supply is manually refilled with the reservoir volume selected to allow operation for a 3-4 

days period of at the test condition 1 (Table 2.1.5). Two rotameters are installed in the rack to 

control the facility chiller liquid supply to the deionized water reservoir and the air/water heat 

exchanger used to control the temperature within the filter housing chamber.  

 

The sensor manifolds and filter are housed in a 2 feet by 1 foot by 1 foot acrylic chamber to 

provide a constant temperature environment for the filter under test. The chamber temperature is 

controlled using a 4 inch square air/water heat exchanger blowing air into the chamber and a 

recirculation duct to minimize fluctuations due to changes in the laboratory air temperature. The 
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facility chiller liquid flow through the heat exchanger is controlled by a rotameter and a heater on 

the liquid line controls the chiller liquid inlet temperature based on feedback received from a 

probe measuring the air temperature inside the chamber. The heat exchanger air flow rate is 

approximately 120 ft3 min-1. Several bulkhead fittings are present to allow interconnection with 

the facility gas chromatographs and gas concentration sensor arrays. The air flow to be delivered 

to the unit under test enters the chamber through a ½ inch outer diameter bulkhead fitting, and 

exits through a ¾ inch bulkhead fitting which is routed to the facility exhaust duct. At the inlet of 

the main gas flow, a 2 inches by 1 inch, 316L stainless steel sensor manifold is positioned (B&R 

Industries D-375-4), which includes a RTD temperature probe (Omega PR-17-2-100-1/8-6-E), a 

dew point sensor (Vaisala HMT317), an absolute pressure sensor (Meas. Specialties US381-

000005-030PA) and a differential pressure sensor (GE Druck PTX2165-8971) with the low 

pressure side connected to a port in the filter outlet fitting connector. Compression fittings, either 

316 stainless Swagelok or Polyvinylidene fluoride (PVDF) JACO style, can be used to attach the 

filter housing. Other custom adaptors may be necessary for specific filter housings.   

 

The data acquisition hardware and control system was developed at HiSERF using National 

Instruments hardware (cDAQ-9174 4-module chassis with modules NI9208, NI9217, NI9263, 

and NI9239) and a custom Labview software program also developed at HiSERF for data 

acquisition, recording and control. Three Watlow heater controllers (PM3C1CJ-AAAAAAA) 

were also employed for heater control. 

 

After the construction of the system and facility integration were completed (Figure 2.1.47), a 

test was initiated to validate the performance of the system, particularly the ability to control a 

100 standard L min-1 air flow at 25 °C, 80 % relative humidity at ambient pressure 

representative of test condition 1 (Table 2.1.5). As the system is designed to control the gas inlet 

temperature and the gas stream dew point to produce the desired relative humidity, the 

humidifier controller was set to produce a 21.3 °C dew point with a 25 °C gas inlet temperature. 

Figure 2.1.48, left presents results of a 24 h stability test. An excellent stability was achieved 

during the entire 24 h period, with the relative humidity stability less than °1 % (includes other 

uncertainties such as temperature probe errors). As the dew point is measured by a sensor, there 

is a possibility of an interaction with impurities. As a secondary measurement, an RTD 

temperature probe was placed at the exit of the humidifier, which is assumed to produce 

saturated gas. Figure 2.1.48, right shows the humidifier exit temperature and the measured dew 

point are offset by a nearly constant 0.2 °C. Thus, the humidifier exit temperature can also be 

used directly to establish the mixtureôs relative humidity or as a secondary validation of the dew 

point sensor feedback signal. Figure 48, right also depicts the humidifier set point and inlet water 

temperature over the 24 h period, which validates the software based integral type dew point 

controller.  
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Figure 2.1.47. Main components of the air filter test bed. 

 

 
 

Figure 2.1.48. Stability test (24h) at 100 standard L min-1, 25 °C and 80 % relative humidity. 

Gas temperature and dew point measured at the inlet sensor array (left). Humidifier exit gas 

temperature versus measured dew point and humidifier inlet water temperature control (right). 
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2.2 Support f or Big Island Fuel Cell Electric Buses   
 

Under this subtask, HNEI supported the conversion of two (2) internal combustion engine 

powered shuttle buses into Fuel Cell Electric Buses (FCEB) (Figure 2.2.1).  A services 

agreement with the Hawaii Center for Advanced Transportation Technology (HCATT) was 

arranged to perform Non-Recurring Engineering (NRE) design services and maintenance support 

services.  Hawaii Volcanoes National Park (HAVO) will evaluate the performance of the buses 

as a component of the HAVO Hydrogen Bus Demonstration Project.  Due to high levels of air 

contamination caused by volcanic gas emissions, the buses were fitted with air filtration systems 

designed to protect the Proton Exchange Membrane (PEM) fuel cells from severe and 

irreversible degradation.  This report provides detail on the bus conversion and broader 

evaluation efforts. 

 

The buses will be operated on routes that include potential exposure to elevated levels of Sulfur 

Dioxide (SO2) and other contaminants to provide valuable data on the performance of PEM fuel 

cells in environments that may be similar to those found on the battlefield.  The NRE effort 

addressed mitigation techniques such as commercially available passive and active protective 

filter systems, and control systems that will shut off the fuel cell power system when an 

Environmental Sensor System, (developed under subtask 2.1) identifies a contaminant  threshold 

has been reached, thus allowing the bus to ñride-throughô the area under battery power.  The 

buses have a battery-only range of approximately 20 miles ï sufficient to allow them to ñevadeò 

the immediate high contaminant concentration area and either continue the route or return to 

base.   
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Figure 2.2.1: Converted Fuel Cell Electric Bus for demonstration at Hawaii Volcanoes National 

Park.  

 

In addition to the systems development work, the HCATT services contract also provided 

maintenance support including the supply of vehicle lifts and technical support. 

 

System Description 

The HAVO FCEB is based on a Ford F550 Cabin and manufactured by Eldorado National Co.  

The top level specifications of this bus are provided in Table 2.2.1.  HCATT contracted with US 

Hybrid to convert the F550 shuttle bus into a FCEB incorporating an electric drive system with 

plug-in battery charging customized to this vehicle configuration. A fuel cell system supplied by 

two 5075 psi (350 BAR) type III hydrogen tanks powers the electric drive system to extend the 

battery-only operating range of the vehicle. The total hydrogen capacity is 10 kg. 

 

Two plug-in 14 kWh Lithium-ion (Li-ion) battery packs provide power to a 200 kW electric 

drive system during acceleration and cruising.  The electric motor generates power and charges 

the battery during deceleration (regeneration). US Hybrid incorporated an electric A/C 

compressor for the passengers as well as the driver comfort. The bus operating controls are 

unchanged.  With conservative driving practices, the vehicle is projected to have a range in 

excess of 100 miles.  

 

Table 2.2.1: Specifications 

Hybrid Fuel Cell Shuttle Bus Specifications 

Bus Chassis El Dorado National Co. 

Passenger Capacity 19 seated 

Hybrid System US Hybrid Corp. 

Fuel Cell Hydrogenics: HyPM HD30 

Energy Storage Johnson Controls PHEV 14 kWh x 2 

Traction Motor  US Hybrid Corp: ED04-200 KW, Induction Motor 

Accessories Electrically Driven 

Fuel/Storage 2 DyneTek Compressed Hydrogen @ 350 bar, 5 KgType III tanks  

 

The hydrogen fuel cell system is located in the engine compartment. The hydrogen tanks are 

under the bus on each side of the shuttle bus chassis frame. The conversion to electric drive 

required changes to the basic vehicle chassis components. The ICE engine and transmission were 

removed, along with the fuel tank.  Engine-driven accessories have been relocated and modified 

for electric drive and accessory loads were converted to electric drive. Major components of the 

electric drive system include the battery pack, motor control unit (MCU), A/C induction 
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propulsion motor, battery charger, and Fuel Cell.   

 

Three coolant loops were added replacing the original engine coolant loop. One coolant loop 

circulates water to the fuel cell using two radiators located behind the engine compartment front 

grill. The second loop circulates water to the MCU and other electronic equipment and 

converters. A third coolant loop circulates water to the battery packs through a small lateral 

radiator.  

 

Once the vehicle has been driven and the battery requires recharging, the vehicle is connected to 

a J1772 charging station supplying 6.6 kW of AC power.  An on-board charger manages the 

battery charging profile as defined by the Johnson Controls battery monitoring system.  

 

All components of the electric drive system are located below the vehicle cabin floor resulting in 

no change to the cargo space within the vehicle.  Road clearance remains unchanged from the 

original vehicle. The only driver interface changes to the vehicle include the addition of an 

electronic shift knob and an additional instrument cluster.  

 

At a steady cruising speed, the motorôs power is provided by the fuel cell.  When more power is 

needed, for example during sudden acceleration, the battery supplements the fuel cell's output. 

During deceleration, the motor functions as an electric generator to capture kinetic energy, which 

is stored in the battery. 

 

The following tasks were completed by US Hybrid under contract to HCATT: 

 

Non-Recurring Engineering: 

¶ Developed the conversion system specification, electrical schematic, and system block 

diagram;  

¶ Developed a 3-dimensional Computer Aided Design (CAD) integration package to include 

the layout of the OEM chassis components, fuel cell, hydrogen storage, battery system, and 

traction drive system; 

¶ Developed the design and integration package for the hydrogen storage, fuel cell, traction 

power and auxiliary systems:   

¶ Developed a design for the power steering and braking system components to adapt to the 

OEM power steering system. 

¶ Developed the complete software package for the powertrain, fuel cell interface including 

motoring, charge control, fault reaction and driver interface.   

¶ Designed the hydrogen safety monitoring system. 

¶ Coordinated the installation of the air conditioning compressor and the commissioning of 

the air conditioning system with the system installer.   

 

Environmental Sensor Array (ESA) Integration: 

¶ Coordinated with HNEI and the ESA system manufacturer for the development and 

integration of the Environmental Sensor Array (ESA) system specification and block 

diagram.  

¶ Developed and delivered the ESA mechanical and electrical system integration packages.  

¶ Coordinated with HNEI and the ESA system manufacturer on the Controller Area 

Network (CAN) system integration specification.  

¶ Modified vehicle system software to include control, data acquisition, storage, 

transmission and operator display functions of the ESA system.  
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¶ Procured and delivered the data acquisition system capable of wireless data transmission 

and local storage of 16 GB minimum for HAVO Bus #1 and Bus #2. 

¶ Procured and delivered the ESA system electromechanical mounting and electrical 

interconnect provisions for HAVO Bus #1 and Bus #2.  

¶ Installed the ESA systems into HAVO Bus #1 and Bus #2.  

¶ Coordinated comprehensive ESA testing with HNEI to include all sensor data storage and 

transmission functions into HAVO Bus #1 and Bus #2.  

 

 
Figure 2.2.2: Environmental Sensor Array (ESA) System and location on the shuttle bus. 

 

Maintenance Services  

¶ Provided maintenance services including the shipment and repair of defective fuel cells, 

towing of vehicles, post warranty component logistical support, replacement parts and all 

associated labor and travel costs for personnel.  

¶ Procured a vehicle lift system rated at 72,000 pounds and shipped it to the Hawaii Mass 

Transit Agency (MTA) maintenance depot with the concurrence of HAVO where heavy 

maintenance of the HAVO buses will be performed by MTA technicians.  

 

 
Figure 2.2.3: Vehicle Lifts 

 

Task 3. ALTERNATE FUELS    
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Alternative fuels, technologies and processes investigated in this effort include Methane 

Hydrates, Technology for Synthetic Fuels Production, Sustainable Biomass, Low-cost Material 

for Solar Fuels Production, and Hydrogen Fuel Production. 

 

3.1 Methane Hydrates  
 

This effort focused on methane hydrate stability and related environmental issues; hydrogen fuel 

storage in binary hydrates; and promoting international research collaborations.  Fundamental 

laboratory studies were performed on hydrate formation and dissociation in porous media and 

determining the effects of transition metal salts on hydrate behavior.  Hydrates that form in 

relatively fine sands were found to melt at lower temperatures than hydrates that occur in larger 

void spaces.  Most of the transition metal salts tested in the present study inhibited methane 

hydrate formation at high concentrations, but none to the extent of sodium chloride except for 

ferric chloride.  As a continuation of our investigation of the microbiology of methane and other 

hydrocarbons in seafloor sediments and the oceanic water column, we conducted an exploratory 

study to evaluate the potential of employing fluorescence microscopy to identify methanogenic 

and methanotrophic microorganisms, and also investigated single cell techniques for 

determination of gene expression in microorganisms that are difficult or impossible to culture in 

the laboratory, such as the benthic microbes collected from deep ocean hydrate sediments.  As 

part of APRISES11, we completed an experimental study to explore the use of binary gas 

hydrates as a storage medium for hydrogen fuel for propulsion applications.  Results suggested 

that hydrate H2 storage capacity was too low to be viable.  Finally, to foster international 

collaborative R&D on methane hydrates, HNEI supported and helped to organize the 8th 

International Workshop on Methane Hydrate R&D that was held in Sapporo, Japan on 28 May ï 

1 June 2012. 

 

Methane hydrates are crystalline compounds consisting of polyhedral cavities formed from 

networks of hydrogen-bonded water molecules, in which methane molecules reside.  Methane 

hydrates in ocean sediments constitute an enormous energy reservoir that is estimated to exceed 

the energy content of all known coal, oil, and conventional natural gas resources.  Located on 

continental margins throughout the world, methane hydrates offer unique opportunities as an 

onsite source of fuel for various marine applications and are believed to play a major role in 

seafloor stability and global climate. 

 

Over the years of APRISES awards, the Methane Hydrates activities comprised four subtasks:  

Hydrate Energy, Environmental Impacts of Methane Release from Hydrates, Hydrate 

Engineering Applications, and International Collaborative R&D.  The objectives arose from the 

Methane Hydrate Research and Development Act of 2000 (Public Law 106-193), which included 

seven technical areas of focus:  (1) identification, exploration, assessment, and development of 

methane hydrate as a source of energy; (2) technology development for efficient and 

environmentally sound recovery of methane from hydrates; (3) transport and storage of methane 

produced from methane hydrates; (4) education and training related to methane hydrate resource 

R&D; (5) assessment and mitigation of environmental impacts of natural and purposeful hydrate 

degassing; (6) development of technologies to reduce the risks of drilling through methane 

hydrates; and (7) support of exploratory drilling projects.  The objectives of the Methane 

Hydrates Task of the overarching APRISES initiative reflect most of the priorities of P.L. 106-

193, but emphasize those areas of particular relevance to the Office of Naval Research and which 

are consistent with the overall goals of APRISES over the years.  Specifically, the development 

of hydrates and related sources of seafloor methane as logistical fuels for Naval applications, and 
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related marine environmental issues, have been the principal areas of interest; exploratory 

drilling projects and seafloor stability/safety have received limited attention.  Work also was 

performed to explore engineering applications of hydrates such as hydrogen fuel storage.  Task 

objectives were devised to leverage fully hydrate R&D expertise and infrastructure that had been 

developed at HNEI during previous research programs on CO2 ocean sequestration and deep oil 

spills. 

 

During the present reporting period, the goals of the APRISES11 Methane Hydrates Task were: 

¶ Pursue development of methods to recover methane gas from hydrates. 

¶ Investigate environmental impacts of methane hydrates on the marine environment. 

¶ Explore engineering applications of hydrates. 

¶ Promote international collaborative research on methane hydrates. 

 

Each of these subject areas are discussed in more detail below 

 

Hydrate Energy:   

 

A major priority of this subtask was to elucidate the fundamental mechanism of methane hydrate 

destabilization for the purpose of producing fuel gas and, to a lesser extent, to clear hydrate 

blockages that can form in natural gas conduits or deep ocean oil wells (such as occurred during 

the 2010 Deepwater Horizon incident in the Gulf of Mexico).  Toward that end, we conducted 

experimental studies on: (1) the effects of transition metal salts found in seawater on the stability 

of clathrate hydrates; and (2) phase equilibrium of hydrates in porous media such as seafloor 

sediment and Arctic permafrost. 

 

The primary accomplishments of this subtask were:  (1) completed a study of hydrate formation 

and dissociation in sand matrices; and (2) completed experiments to investigate the effects of 

transition metal salts on the behavior of clathrate hydrates.  The study of hydrate dissociation in 

sand constituted the basis of the M.S. thesis in Mechanical Engineering at the University of 

Hawaii, ñEffect of the Properties of Porous Media on Hydrate Stability,ò of a student who 

graduated in May 2014.  The results of the investigation of transition metal salts were published 

in the journal Chemical Engineering Science, ñInhibiting effects of transition metal salts on 

methane hydrate stability,ò by T.Y.Sylva, C.K.Kinoshita, S.M. Masutani (July 2016).  The 

following sections provide summaries and conclusions of the two studies.  Complete details are 

provided in the aforementioned M.S. thesis and journal paper that are available on the HNEI 

website (http://www.hnei.hawaii.edu/publications/project-reports#APRISES11.).  

 

Methane Hydrates in Porous Media 

 

Calorimetric experiments were performed to test the hypothesis that the pressure-temperature 

phase boundaries of methane hydrate change when formation and dissociation occur in porous 

media.  Two ñstandardò sands selected by the national methane hydrate R&D programs in Japan 

and the U.S. were employed in these experiments.  The data suggest that a small shift in the 

phase boundary of hydrates might occur in porous media.  The measured change is of the order 

of scatter in the experimental data but is consistent.  For both sands, and over a range of 

pressures relevant to deep ocean sediments, the phase boundary for a simple water-methane 

binary system tends to over-predict hydrate melting temperature. 

 

http://www.hnei.hawaii.edu/publications/project-reports#APRISES11
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Lower melting temperatures imply that natural hydrate deposits in seafloor sediment are more 

vulnerable to purposeful or inadvertent increases in temperature.  While this can be advantageous 

for certain methane recovery strategies, it raises concerns about outgassing and seafloor stability 

in a warming climate.  Additional experiments appear to be warranted to confirm this 

phenomenon for a broader range of porous media properties and to more definitively quantify the 

shift in the phase boundary and to understand the underlying mechanism. 

 

Reagent Destabilization of Methane Hydrates 

 

Clathrate hydrates can be induced to dissociate (melt) or prevented from forming by application 

of thermodynamic inhibitors such as alcohols and salts.  These inhibitors shift the equilibrium 

between the three phases, hydrate (H), liquid water (Lw), and guest molecular vapor (V) to lower 

temperature or higher pressure (Sloan & Koh, 2008). It has been posited that dissolved inhibitors 

tie up water molecules needed for hydrate formation via hydrogen bonding, as in the case of 

alcohols and glycols (Nihous et al., 2009), or via Coulombic forces, as in the case of salt ions 

(Sloan & Koh, 2008). 

 

Alcohols are frequently employed by the oil industry to avoid hydrate blockages in natural gas 

pipelines since the potential for undesirable side reactions (such as corrosion) is low relative to 

salts; however, amounts needed  may reach 50 wt% (aq), leading to high costs and disposal 

problems (Kelland, 1994; Dholabhai et al., 1997).  In addition to alcohols and salts, other 

inhibitors include kinetic inhibitors, like polyvinyl caprolactam (PVCap) or polyvinylpyrrolidone 

(PVP) and ionic liquids, e.g., dialkylimidazolium halide compounds, which have been studied 

more recently (Sloan et al., 1996; Xiao & Adidharma, 2009).  Kinetic inhibitors are quite 

effective in delaying the crystallization of gas hydrates (Sloan et al., 1996), whereas ionic liquids 

exhibit both thermodynamic and kinetic inhibition features (Xiao & Adidharma, 2009). 

 

Studies have been conducted to investigate the roles played by cations and anions in the 

inhibition of hydrate formation (Lu et al., 2001; Sabil et al., 2010).  Lu et al. (2001) compared 

the effects of salts with different cations and anions on hydrate phase equilibria of CO2, CH4, and 

C3H8 hydrates.  In particular, they compared CH3CO2Na versus CH3CO2H at different 

concentrations and found that the stability of CO2 hydrate was affected by the concentration of 

CH3CO2
- and CH3CO2H but not Na+.  In addition, it was observed that there was a larger shift in 

the equilibrium temperature of methane hydrate with MgSO4 versus MgCl2, but not a very large 

difference between NaCl versus KCl and CaCl2.  They concluded that the anion has a greater 

influence on hydrate stability than the cation, and posited that difference was due to interactions 

between liquid water molecules and ions. 

 

In electrolyte solutions, hydrate formation may be hindered by disruption of the ambient water 

network that is driven by hydrogen bonding.  Lu et al. (2001) argued that, based on studies 

performed by Mizuno et al. (1997) on hydrogen bonds in aqueous solution of halogenated 

alcohols, anions exert a greater influence on hydrogen bonding of water molecules than cations 

and are, therefore, more important in inhibiting hydrate crystallization. 

 

Sabil et al. (2010) compared the effects of salts with different cations and anions on hydrate 

phase equilibria of mixed CO2/THF hydrates using a Cailletet apparatus.  Their observations did 

not support the assertion by Lu et al (2001) that anions are more important than cations in 

suppressing hydrate formation.  They found that the inhibiting effect increased in the following 

order: NaF < KBr < NaCl < NaBr < CaCl2 < MgCl2, and concluded that the inhibition of the 
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hydrate increased with the charge of the cation, and the radius of the anion.  They proposed that 

this trend was the result of the strength of the ion-hydrogen bonds which either disrupts or 

reinforces the ambient water networks.  The authors noted that the electrolyte concentrations that 

were investigated (0.5 and 1 mol%) were relatively low and that higher concentrations might 

yield different results. 

 

It is important to understand the mechanism underlying the influence of salts on hydrate stability 

since methane recovery and transport from marine hydrate or conventional reservoirs can take 

place in an ocean environment that contains these types of salts.  According to Barnes (1954), 

and more recently, Millero et al. (2008), the top five ions present in seawater with the highest 

molality (moles/kg of solvent) are Cl-, Na+, Mg2+, SO4
2-, and Ca2+.  Transition metals, such as 

iron, manganese, copper, cobalt and nickel, are also commonly found in seawater at trace 

concentrations.  The source and biogeochemical processes related to these elements are still not 

well understood (Aparicio-Gonzalez et al. 2012). 

 

Other studies of the effects of metals on methane hydrate formation have been conducted, 

although these studies focused on the elemental forms of the metal.  Fan et al. (2012) examined 

the effect of aluminum foam along with sodium dodecyl sulfate on methane hydrate formation.  

They concluded that aluminum foam accelerated formation of methane hydrate by promoting 

hydrate nucleation and enhancing heat transfer.  Unlike salts, elemental aluminum does not 

dissolve in the water phase. 

 

In the present investigation, we conducted experiments to determine the effects of some 

transition metal salts and other salts on the behavior of clathrate hydrates decomposition using a 

Differential Scanning Calorimeter (DSC). Specifically, a DSC was employed to determine the 

onset temperature for methane hydrate decomposition in the presence of ferric chloride 

hexahydrate, [FeCl2(H2O)4]ClĀ2H2O (Lind, 1967), anhydrous ferric chloride, FeCl3, MnSO4, 

FeSO4, CuSO4, and AgNO3 and to compare the inhibiting properties of these transition metal 

salts with NaCl and CaCl2, two well-known salt inhibitors.  These transition metals salts were 

chosen because they are soluble in water and each transition metal represents metals with 

varying charges (+1, +2, +3), which are commonly found in the ocean.  We attempted to 

determine whether the inhibiting properties of these salts on methane hydrates follow the trends 

observed by Sabil et al. (2010). 

 

Decomposition temperature was studied rather than formation temperature since the formation of 

non-stoichiometric gas hydrates may be influenced by a host of factors such as nucleation, 

diffusion, and history, which can result in various levels of subcooling when using the DSC 

(Sloan & Koh, 2008).  This complicates identifying a formation temperature.  If, however, care is 

taken to form pure phases of hydrates with fixed compositions, then decomposition processes 

may be investigated using DSC, and the measured dissociation temperature can be correlated to 

the temperature of hydrate formation of those fixed compositional phases. 

 

Most of the transition metal salts investigated in the present study inhibited methane hydrate 

formation at high concentrations but none to the extent of sodium chloride except for ferric 

chloride.  FeSO4 and CuSO4 at concentrations up to 2 mol% were observed to have minimal 

impact on hydrate stability.  At lower concentrations (0.5 mol %), some of the salts (FeCl3, 

FeSO4, and MnSO4), appeared to promote hydrate formation, i.e., dissociation temperature 

increased slightly.  This effect has not been observed with other chloride salts, but has been 

observed with other water soluble compounds such as alcohols (Abay & Svartaas, 2010). 



64 

 

 

The present results appear to confirm Sabil et al.ôs (2010) assertion that the inhibitor effect 

increases with increasing charge on the cation.  The chloride salt of the higher charged Fe3+ 

exhibits greater inhibition of methane hydrate formation in comparison to Na+; but the iron salt 

of the larger polyatomic anion, sulfate, exhibits less inhibition than the ferric chloride salt.  One 

possible explanation for the behavior observed in this and previous studies is that, when salts 

dissolve, the ions interact with the dipoles of the water molecules.  The stronger interaction 

between water with salt ions (versus hydrate guest molecules) interferes with the organization of 

the water lattice around the clathrate hydrate guest molecule, and thus inhibits hydrate formation.  

The strength of the salt ion-dipole bond between the metal ion and water molecules may 

correlate with the degree of inhibition of hydrate formation.  The strength of the ion-dipole bond 

in the primary solvation shell is expected to increase with the electrical charge, z, on the metal 

ion and decrease as its radius, r, increases (Petrucci et al., 2007).  Therefore, higher charged 

metal ions, such as Ca2+ and Fe3+ would be expected to have a greater attraction to the water 

molecules and thus more effectively impede hydrate formation.  Furthermore, larger polyatomic 

anions, such as SO4
2- would have a weaker attraction to the water molecules and would be less 

effective inhibitors. 

 

The degree of methane hydrate inhibition induced by the salts that were studied (as indicated by 

the reduction in dissociation temperature at a given pressure), when compared between mixtures 

with the same mole percentages of the salt, increases in the following order: FeSO4 å CuSO4 < 

MnSO4 å AgNO3 å CaCl2 < NaCl < FeCl3.  A smaller decrease in the dissociation temperature 

was observed with salts that contained the larger sulfate anion when compared to salts that 

contained the smaller chloride anion.  A smaller decrease in the dissociation temperature was 

observed with salts that contained smaller cations like Fe2+ when compared to salts that 

contained larger cations such as Ag+ and Mn2+.  Therefore, consideration of the charge and size 

characteristics of the anion and cation components of the tested salts appears to support the 

mechanism based on the ion-dipole interaction between the ions and water posited above to 

explain this behavior.  Several other water soluble metal salts are available and additional 

inhibitor activity on methane hydrates provided by these salts should be investigated to confirm 

this trend. 

 

 

Environmental Impacts of Methane Release from Hydrates:  

 

 Microbes affect free methane gas levels in, and methane leakage from, the seafloor sediment and 

arctic permafrost; and mediate methane concentrations in the ocean water column.  Understanding 

the mechanisms of microbial consumption and production of methane and other hydrocarbons is 

necessary to evaluate environmental impacts of methane fuel production from naturally-occurring 

accumulations of hydrates, as well as deep ocean oil spills--like the 2010 Deepwater Horizon 

incident--and marine and terrestrial waste disposal (e.g., near-shore organic runoff and deposition; 

dumping of dredged material; landfills).  Previous attempts to isolate, and culture methanogenic 

and methanotrophic organisms from marine hydrate sediments have been unsuccessful.  In 

response to this problem, benchtop experiments were performed to investigate novel methods to 

isolate and identify microorganisms that generate or consume hydrocarbons in marine sediments. 

 

Technical accomplishments of this subtask included: (1) an exploratory study employing 

fluorescence microscopy to identify microorganisms that can produce or consume methane and 

other hydrocarbons from communities found in sediments rich in organic matter; and (2) 
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investigation of single cell techniques for determination of gene expression in microorganisms 

that are difficult or impossible to culture in the laboratory, such as the benthic microbes collected 

during previous research cruises in the Gulf of Mexico, off the North Slope of Alaska, and New 

Zealand with the marine biogeochemistry group of the Naval Research Laboratory. 

  

Identification of Methanogen and Methanotrophs Using Fluorescence Microscopy 

 

In order to develop novel, reliable, and sensitive methods to identify methanotrophic and 

methanogenic organisms, as well as species that can metabolize other hydrocarbons, we elected 

to employ sediment samples that were readily accessible and which were expected to contain 

large populations of these types of organisms.  Although organic sediment deposition is typically 

low in coastal zones around the main Hawaiian islands, brackish waterways on the island of 

Oahu are known to be rich in terrestrial organic matter.  These sediments have a high likelihood 

of containing large communities of methane-producing Archaea and methanotrophic bacteria. 

 

Sediment samples were collected from a canal located in the Ala Moana beach park in the city of 

Honolulu.  This location is connected to the ocean and is impacted by tidal flushing.  DNA was 

extracted from the sediment using a Mobio extraction kit.  Genetic sequencing of the collected 

DNA was performed by the University of Hawaii Advanced Studies in Genomics, Proteomics nd 

Bioinformatics (ASGPB) facility using next-generation Illumina sequencing and analyzed with 

Genious software.  Short sequence generation was performed using primers having broad group 

coverage (Klindworth et al., 2013).  Community profiles for this analysis showed the presence of 

both methanotrophic bacteria and methanogenic Archea , as seen in Figures 3.1, 3.2, and 3.3.  

Fluorescent in situ Hybridization was performed using a Marker Gene Technologies OliGlo kit 

and a modified procedure.  Oligonucleotide probes specific for Archaea (Jupraputtasri et al., 

2005) and methanotrophic bacteria (Dedysh et al., 2001) were used for visualization of heat-fxed 

cells on a glass slides.  An Olympus BX-23 having fluorescence capability was used for 

visualization.  Although many attempts were made, cells were not observed utilizing this 

method. 

 

The sequencing results indicated the presence of the target organisms within the community; 

however, their relative proportions may have been undetectably small.  If this line of 

investigation is continued, then concentration of the cells or selective enrichment should be 

pursued to enhance the probability of detection by increasing the target organismsô relative 

community abundance. 
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Figure 3.1 Illumina sequence distribution using 16s rDNA primers and analyzed using Geneious 

software.  From 558k paired end reads, 3% of the sequences are representative of  

Archaea and 1% from the order Methylococcales which contain methanotrophic 

bacteria. 

 

 
 

Figure 3.2 Distribution of methanotrophic bacteria from the order Methlylococcales. 
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Figure 3.3 Sediment distribution of the Euryarchaeota phylum that includes the genus containing 

methanogens. 

 

Single Cell Techniques 

 

A Zeiss PALM laser microdissection tweezer/microscope was utilized for the isolation and 

genome amplification of single cells using a Qiagen Repli-Q kit.  Single cell techniques are 

especially useful for the determination of gene expression in microorganisms that are difficult or 

impossible to culture in the laboratory.  From this analysis, certain metabolic mechanisms can be 

inferred based upon genome sequences.  Multiple cells were successfully isolated with the laser 

tweezer from porewater samples collected from offshore hydrate sediments during previous 

oceanographic research cruises.  Unfortunately, since we did not have a means to identify 

specific cell types while we performed the isolation process, the target 

methanogenic/methanotrophic microorganisms were not obtained according to the results of the 

16S PCR and Sanger sequence analysis.  This result was not entirely unexpected, given the 

failure to identify these target microorganisms with fluorescence microscopy from the Ala 

Moana sediment samples that had significantly higher total abundance of microorganisms than 

the hydrate sediment porewater. 

 

 

Hydrate Engineering Applications:  

 

The goal of this subtask was to conduct exploratory studies of the use of gas hydrates for various 

engineering applications relevant to DOD interests.  During the present phase of the APRISES 

initiative, we completed an investigation to assess the feasibility of employing hydrates as a 

storage medium for hydrogen fuel for propulsion applications. 

The primary accomplishment was the completion of an investigation to assess the feasibility of 

employing hydrates as a storage medium for hydrogen fuel for propulsion applications.  This 

investigation constituted the basis of the M.S. thesis in Science in Ocean & Resources 
































































































































































































































