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Project Overview 

Benchmarking Advanced Water Splitting 
Technologies 
PI: Kathy Ayers, Proton OnSite 
Co-PIs: Ellen B. Stechel, ASU; Olga Marina, PNNL; 
CX Xiang, Caltech 
Consultant: Karl Gross 

Project Vision 
A cohesive R&D community working together; 
interacting with the EMN to define targets, best 
practices, gaps, and priorities; aggregating and 
disseminating knowledge; accelerated innovation 
and deployment of advanced water splitting 
technologies. 

Project Impact 
Development of a community-based living 
roadmap across technologies to assist in 
maintaining a balanced DOE portfolio. 

Award # EE0008092 

Start/End Date 09/01/2017 – 
09/30/2019 

Total Project Value 

Funds Received to 

Date 

$2.2 M 

$1.97 M 
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Approach- Summary 

Project Motivation 

Team of subject matter experts 

assembled for each sub-area to engage 

with each sub-community 

Consultant from a similar effort in 

hydrogen storage added to convey 

lessons learned 

Metric 
State of 
the Art 

Proposed 

Proposed targets 

Survey for 
priorities 

N/A 
High % response and 

opportunity for dialogue 

Metrics 
$/kW, 
$/kg 

Component level 
parameters; system 

considerations 

Node 
assessment 

N/A 
Identification of gaps and 

strengths 

Barriers 
Lack of consensus regarding testing 
protocol/standards 

Large diversity of information to compile 
and develop recommendations from 

Different TRLs for different technologies 

Partnerships 

LTE (PEM/AEM): Proton OnSite 

HTE (SOEC): PNNL 

STCH: ASU 

PEC: Caltech 

Consultant: Karl Gross 
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Approach- Innovation 

• Develop a framework of protocols/standards for testing 
performance of materials, components, devices, and systems 

• Facilitate acceptance of community-wide technology 

• Establish an annual project meeting to share learnings and 
develop recommendations within and across technology areas 

• Assess capabilities and identify gaps for development of 
advanced water splitting technologies 

• Promote acceptance of protocols and methodologies including 
cost and performance assessments and database comparisons 

• Assemble roadmaps to further development of each technology 
pathway 
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Approach- Budget Period 1 Project Tasks 

2. Capabilities Nov ‘17 – Jul ‘18 Assess existing capabilities within the 

Assessment EMN across all water splitting pathways 

Task Timing Goal 

1. Framework 

Set-up 

Sep ‘17 – Aug ’18 Develop a searchable library of 

screening tools, materials, and state of 

the art technology (with HydroGEN) 

3. Protocol 

Definition 

Jun ’18 – Mar ‘19 Develop bench scale testing protocols for 

each water splitting pathway as output of 

Year 1 project meeting 

4. Protocol 

Verification & 

Revision 

Nov ’18 – Mar ‘19 Verify procedures and configurations 

have been sufficiently defined for 

reproducible results 

5. Program 

Management 

Nov ‘17 – Mar ‘19 Ensure protocols and Best Practices are 

developed in accordance with broader 

EMN guidelines 
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STCH 

Relevance & Impact 

• Development of standardized test methods and benchmarks 

– Community wide workshop held to review and provide feedback 
on draft frameworks 

– Test protocols identified and are being drafted 

– Leverage EMN node capabilities 

– Decrease development cycle times through common comparison 

OH-

2H2O

2e-

2H2 + 4OH-

4OH-

O2 + 2H2O

4e-

Alkaline

Anode CathodeH+

4H+

2H2

2H2O

O2 + 4H+

4e-

Acid

Anode Cathode

LTE 

– Support DOE Hydrogen and Fuel Cells Program goals to HTE 
sustainably produce hydrogen for <$2/kg 

– Allow for direct comparisons of materials and water splitting 
technologies 

• Supports the HydroGEN Consortium R&D model by bringing 
together and partnering with National Labs, Academia and 
Industry to: 

– Develop and implement test methods and evaluation criteria 

– Facilitate R&D and commercialization of water 
PEC splitting technologies 

– Develop roadmaps for each water splitting 
technology to align future development projects 
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Accomplishments- Budget Period 1 Milestones 

Task Completion Date (Project Quarter) 

Milestone # Project Milestones Revised Progress Notes Original Percent 
Actual 

Planned Planned Complete 

Workshop was held on 

Year 1 project meeting to present output of Oct 24-25, 2018. Test 

1.1 

capabilities and gap assessment, and 

solicited input to define details of bench 9/30/2018 10/30/2018 10/30/2018 100% 

frameworks were 

reviewed, and updates 

scale protocol development based on an will be made based on 

initial framework. breakout session 

feedback. 

Important questions and parameters for each Framework and 

1.1.1 technology area and surveys ready for 12/31/2017 1/31/2018 3/31/2018 100% questionnaire developed 

dissemination. for each technology. 

Table developed to 

Capabilities assessment including surveys of summarize capabilities 

2.1.1 each Node with 80% response rate 3/31/2018 3/31/2018 100% and readiness. 

completed and synthesized. Feedback received from 

node owners. 

2.2.1 

Gap assessment including questionnaires 

with a goal of 50% response rate completed 

and synthesized. 

6/30/2018 6/30/2018 100% 

Questionnaire 

responses received. 

Node gap analysis 

completed. 

Workshop breakout 

3.1.1 
Workshop results and outcome report 

compiled and published. 
12/31/2018 12/31/2018 100% 

session summaries and 

attendee surveys 

compiled and 

distributed. 

Draft bench scale protocols published, 

definitions and notations agreed on, and 
G/NG 1 metrics recommended. Draft Roadmap 2/28/2019 4/15/2019 60% In Progress 

framework for each technology area 

completed 
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Accomplishments 

• Framework and questionnaire developed with 
input from node experts at National Labs for 
each technology in a common format 

• Questionnaire for each technology distributed 
to broad community for input and responses 
collected 

• Framework reviewed by questionnaire 
respondents that “opted in” to provide 
feedback 

• Completed assessment of node capabilities and 
summarized capabilities and readiness 

• Quarterly Newsletters sent out to the advanced 
Water Splitting Technologies community 

• Fall Community Wide Meeting held at Arizona 
State University on October 24 - 25, 2018 

• Preliminary roadmaps developed for each 
technology 
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Accomplishments- Questionnaires 

• A questionnaire was created and distributed for each water splitting pathway. 
– Collected broad feedback across the community 

– Target of obtaining >/= 50% response rate from EMN Level 1 Node Leads and Project PI’s. 

Affiliation Sent 
Response 

Rec'd 
% Response 

Rate 

EMN 21 17 81% 

Domestic (Non EMN) 33 9 27% 

International 16 11 69% 

    

Total 70 37 53% 

 

Response Rate 

Large consensus on carbon paper standard 

Complete results can be found on the data hub: https://datahub.h2awsm.org/project/about/benchmarking 
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Accomplishments- Test Frameworks 

• A standardized framework was developed 
– Applicable across all water splitting pathways 
– Comprehensive best practices of benchmarking 

methods 
– Primary categories: Ex-situ materials testing and 

in-situ testing 

• Standards for calibrating test equipment and test 
methods identified based on inputs from subject 
matter experts and literature 
– Includes minimum performance criteria for Ex situ example: catalyst activity 

comparison via rotating disk electrode 
– Continue to review and solicit feedback from 

subject matter experts 

• Individual frameworks have been developed for each 
technology 
– Continue to refine based on feedback from the 

questionnaire and workshop breakout sessions. In situ example: electrolysis 
test cell for components 
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Accomplishments- Test Frameworks 
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Specific Parameters Defined By Component 



  

Accomplishments- Test Frameworks 
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PEC 

STCH 

Material Metric(s) Units Test Method
Test Level 

(1,2,3)
Notes

Standard for 

Reference 

Calibration

Minimum 

Criteria
Link to procedure or node Comments

Redox Active

Fluorite Ceria (M0.5O)

productivity Moles H2 

per Mole Cation
mol/mol

Stagnation flow reactor or thermal 

measurements
1

Requires fixing the reduction 

temperature and oxygen partial 

pressure (e.g., 1400C, 10 Pa)

0.025 Stagnation Flow Reactor

enthalpy of reduction kJ/mol_O

Calphad or equivalent; van Hopf analysis from 

measurements of equilibrium reduction extent 

as function of temperature and partial pressure 

of oxygen

1

Experimental measurements are 

developed for measuring d as a 

function of T and pO2

TBD

high-temperature-x-ray-diffraction-ht-

xrd-and-complementary-thermal-

analysis

entropy of reduction J/mol_O/K

Calphad or equivalent; van Hopf analysis from 

measurements of equilibrium reduction extent 

as function of temperature and partial pressure 

of oxygen

2

Experimental measurements are 

developed for measuring d as a 

function of T and pO2; van Hopf 

analysis has been applied but as an 

extrapolation to T →

TBD

high-temperature-x-ray-diffraction-ht-

xrd-and-complementary-thermal-

analysis

phase purity unitles X-ray diffraction 1 % of desired phase 99%

rate of reduction
mmol/sec/cm2 or 

mmol/sec/mol_O
Stagnation flow reactor 2 Normalization is an open question TBD Stagnation Flow Reactor

rate of re-oxidation
mmol/sec/cm2 or 

mmol/sec/mol_O
Stagnation flow reactor 2

Normalization is an open question; 

also open is how to measure in 

counterflow

TBD Stagnation Flow Reactor

oxygen conductivity S/m 2
Need to set a standard temperature 

or minimum temperature
TBD

thermal conductivity W/cm/K 2
Need to set a standard temperature 

or minimum temperature
TBD

Melting point K Thermal measurements 2 2000 K

Heat capacity as 

function of reduction 

extent

J/mol_M/K Thermal measurements 3 no minimum



  

 

 

  

Accomplishments- Node Gap Analysis 

• Areas for expanded EMN node capabilities identified and reviewed with DOE 

Identified Needs for Node Expansion 

in Each Technology 

STCH 
example 
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Accomplishments- Annual Project Meeting 

• A community wide workshop was held on October 24 - 25, 2018 at Arizona State 
University, Tempe campus. 

• Workshop Objectives: 
- Understand needs of the community for effective comparison of results 
- Review/refine draft frameworks for standardized testing by component/ configuration; 
- Hold face-to-face discussions about protocol development in breakout sessions; 
- Refine methods based on community engagement; 
- Leverage international efforts to increase harmony across the field; 
- Realize increased usage of DOE database capabilities for community benefit. 

Representative Outputs: 
- Protocols Version 1.0; 
- Documentation on needs/gaps in 
protocols and benchmarking; 
- Perspective paper to be written 
on crosscutting and/or overall 
advanced water-splitting 
technology pathways. 
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Accomplishments- Annual Project Meeting 

Example Session Output: 

Quad Chart for Each Breakout 

Breakout Sessions 
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Accomplishments- Test Protocols 

• A first round of test protocols were defined and written in a 
standardized format prior to to the close of Year 1. 

AWS 

Technology Protocol Component 

LTE Compressibility GDL 

LTE Strength GDL 

LTE Ion Exchange Capacity PEM 

LTE Chemical Stability PEM 

LTE Thermal Stability PEM 

LTE Conductivity AEM 

LTE Ion Exchange Capacity AEM 

LTE Gas Permeability AEM 

LTE Chemical Stability AEM 

LTE RDE PGM 

LTE ECS PGM 

LTE Surface Area (BET) PGM 

LTE Define necessary tests and protocols Non-PGM 

LTE Electroconductivity Non-PGM 

LTE Corrosion/degradation protocols PTL 

LTE Mechanical testing protocols PTL 

LTE Resistance measurements and water properties PTL 

LTE Material characterization protocols PTL 

HTE Conductivity Electrolyte 

HTE Mechanical Strength Electrolyte 

HTE Mixed Ion Conductivity/Transference Numbers Electrolyte 

HTE Density Measurements Electrolyte 

HTE Thermal Expansion Coefficient Electrolyte 

HTE Thermal Stability Electrolyte 

HTE Leak Tests Electrolyte 

HTE Cell Condition Protocols Electrolyte 

HTE Performance Steady State Tests Electrolyte 

HTE Polarization Resistance Tests Electrode 

HTE Impedance Spectroscopy Tests Electrode 

AWS 

Technology Protocol 

PEC Standard protocols for photoelectrodes preparation 

PEC Standard protocols for illumination calibrations 

PEC Tandem light absorber IPCE measurements 

PEC Measurements and reporting of STHs 

PEC Measurements of product crossovers 

Standard protocols for stability measurements of protective 

PEC layers 

Standard protocols for measurements and characterization 

PEC of interfacial band energetics 

Standard protocols for conductivity and permeability 

PEC measurements on membrane separators 

STCH Metrics, Units, Definitions 

STCH Ceria Standard and Material Specs 

STCH ABO3 Standard and Material Specs 

STCH Detailed Thermodynamic Screen 

STCH "Quick and Dirty" Thermodynamic Screen 

Extracting the Thermodynamics Measurables from the 

STCH Measurements 

STCH Surrogate Measure for "Quick and Dirty" Screen 

STCH Detailed Kinetic Screen 

STCH "Quick and Dirty" Kinetic Screen 

STCH Durability Level 1 Screen 

STCH Durability Level 2 Screen 

STCH Durability Level 3 Screen 

STCH Computational Materials 

STCH Systems Performance Model 

STCH Techno-economic Model 
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Accomplishments- Roadmaps 

• Preliminary roadmaps have been developed for each water splitting technology 

• Detailed tasks and timing currently under review; will be presented before the next annual workshop 

LTE Example 

HTE 
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Accomplishments- Roadmaps 

PEC 

STCH 

HTE 
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Responses to Previous Year Reviewer’s 
Comments Slide 

‣ Project was not reviewed last year 
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Collaboration- Effectiveness 

• Wide-ranging and collaborative effort within and beyond the 

HydroGEN consortium 

– LTE, HTE, STCH, and PEC technologies 

• Goal: develop a roadmap across technologies to assist in maintaining 
balanced DOE portfolio 

– Protocol and benchmarking development 
– Specific needs for each technology 
– Cooperative coordination effort across technologies 

• Approach: Engage subject matter experts, Steering Committee, FCTO 
staff, and community in dialogue for each pathway 

– Gather input through surveys and questionnaires 
– Assess capabilities and gaps, including EMN Lab nodes 
– Engage broad community in development of standards, protocols, and 

priorities through annual workshop and regular communication 
– Encourage collaborative best practices development efforts 
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Proposed Future Work 

• Any proposed future work is subject to change based on 
funding levels 

• Budget period 2 will focus on Bench Scale Protocol Validation & 
Sub-Scale Development 

Milestone # Project Milestones 
Completion 

Date 

3.1 
Assessment of relevant operational conditions for field use 

completed. 
6/30/2019 

3.2 

Recommended accelerated testing protocol including 

defining how the protocols address known degradation 

mechanisms. 

3/31/2020 

3.3.1 

Gap assessment on capabilities within EMN / R&D 

community for field simulations and long term reliability 

testing completed. 

12/31/2019 

3.3.2 
Field test sites and requirements for subscale testing within 

EMN and expert sites established/recommended. 
6/30/2020 

  

 
 

 
 

 

  

   

 

HydroGEN: Advanced Water Splitting Materials 21 



  

 

  

Remaining Challenges and Barriers 

• Timely engagement of broad community in contributing to 

and/or drafting protocols. 

• Increased bandwidth and resources at Labs 

• Path to reach consensus on standards and protocols. 

• Improved set of common definitions to establish context for 

common standards and definitions (tie to real world conditions). 
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Budget Period Status & Outlook 

• Project is on track to meet BP 1 milestones (no cost extension 
granted to push go/no go 6 weeks) 

• Upcoming BP 2 Milestones 

• Task 3: Protocol Definition- Finalize draft protocols 

• Task 4: Protocol Verification and Revision- Exercise protocols and 
update as necessary 

• Impact on water splitting research community 

– Identification of capabilities within nodes 

– Provide outline of test methods and criteria for characterizing and 
benchmarking new materials 
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Project Summary 

• Objectives: 
– Define targets, testing protocols, validation standards, best practices, gaps, and priorities 
– Aggregate and disseminate knowledge 
– Accelerate innovation and deployment of advanced water splitting technologies 

• Relevance & Impact: 
– Development of a community-based living roadmap across technologies to assist in 

maintaining a balanced DOE portfolio 

• Collaboration Effectiveness: 
– Engagement of node subject matter experts, HydroGEN Steering Committee and broad water 

splitting community at annual workshop and through regular communication 

• Accomplishments: 
– Areas for expanded EMN node capabilities were identified and reviewed with DOE 
– A community wide workshop was held to review, develop and update standards and test 

frameworks 
– Draft test protocols were developed 

– Preliminary roadmaps have been developed for each water splitting technology 

• Future work: 
– Continue protocol development, protocol validation and accelerated test development 
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