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H2 
at Scale: 

Enhance the U.S. energy portfolio 
through sustainable use of domestic 

resources, improvements in 
infrastructure, and increase in grid 

resiliency. 

  

Reduced 
GHG 
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Dynamic, 
variable 
systems 

Multiple 
energy 
sectors 

H2 

Bryan Pivovar, NREL 
Lead of Big Idea 

Presenter
Presentation Notes
I am (insert name) with (insert organization) and on behalf of the 12 National Lab team listed on the bottom of the slide, I am presenting Hydrogen at Scale for the critical role it can play in deeply decarbonizing our energy system.
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RE Grid plus battery storage Conceptual H2 at Scale Energy System*  

*Illustrative example, not comprehensive 

Presenter
Presentation Notes
H2 at Scale is a way to achieve our energy related goals while still servicing all of society’s energy demands.  Our team shows that it will also provide tangential benefits for our economy and industry as I will highlight through this talk.  This slide schematically articulates our team’s vision of the H2 at Scale initiative.  It shows the Future H2 at Scale Energy system connecting low carbon energy sources to all of the energy sectors. Wind and solar are connected to hydrogen generation through the grid, while nuclear and concentrated solar can be hybridized to either supply the grid or produce hydrogen in a hybridized manner.  The hydrogen that is generated, can then be used to provide a number of services.  Like the battery shown on this slide it can be converted back to grid electrons through either fuel cells or combustion.  It can also be stored for its thermal energy via a hydrogen or natural gas infrastructure.  However, hydrogen is a commodity that can be used in multiple areas, included the high value sectors of transportation and industrial use.  In transportation: H2 can be used directly as a fuel, reacted with CO2 to create synthetic fuels, or used to upgrade crude oil or biomass.  In the industrial sector, it can be reacted with N2 to produce ammonia, used to overhaul metals refining processes (where up to 10% of all GHG emissions occur), or dedicated to other end uses, some of which can be enabled by the availability of clean low-cost hydrogen that we will discuss in greater detail later.  Through such a landscape, carbon-free, renewable inputs can be used to service all of society’s energy needs, in particular the difficult to decarbonize sectors of industry and transportation. H2@Scale in this context is an enabler and not a direct competitor to other options. The key challenges are clean, low cost hydrogen production and efficient utilization and systems integration, topics to be discussed in more depth later.
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BAU(Business As Usual) vs. High H2 – Energy Difference* 

* Only differences >1.5 quad shown for clarity purposes, case study data and other disclaimers included in backup slides 

Energy Use difference between 2050 high-H2 and AEO 2040 scenarios (Quad Btu) 
 Red  flows represent a reduction (between scenarios) 
Black flows represent an increase (between scenarios) 
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Presenter
Presentation Notes
Now for some quantification based on our team’s analysis. Here we show a ‘Difference’ Sankey Diagram where we compare the changes in Energy Use between a 2040 BAU scenarion and a 2050 High H2/High renewable study, the back-up slides contain the case specific Sankey diagrams being compared.  On this graph anything in red is a debit, decreasing energy flows relative to the BAU case, and anything Black is a credit, increasing energy flows relative to the BAU case.  What is immediately apparent is that fossil inputs of NG, coal and petro have been significantly decreased.  At the same time, Wind and Solar have increased significantly.  Nuclear also shows a decrease, but that is an artifact of the 80% RE penetration level employed.  The increased renewable penetration has led to significant abundance of low cost electrons.  These low cost electrons produce clean, cheap hydrogen that services the industrial and transportation sectors.  Also of note in this diagram, is the dramatic decrease in rejected energy in the system, predominantly arising from the dramatic decrease in fossil fuels being consumed for electricity generation and the large rejected energy/heat loss from the inefficient combustion processes employed.  The decrease in 27 Quads of rejected energy represents ~1/4th of the entire energy system demand.
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45% reduction in CO2 emissions 
Grid 75%, Transportation 25%, Industrial 25% 

Emissions difference between 2050 high-H2 and AEO 2040 scenarios (million MT) 
 Red  flows represent a reduction (between scenarios) 
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BAU(Business As Usual) vs. High H2 – CO2 Difference* 

Presenter
Presentation Notes
The impact of these energy flow changes is reflected in this CO2 emissions version of this Sankey ‘difference’ diagram.  In this case, The BAU case is represented by the overall CO2 Emissions shown, and the highlighted red portion represents the decrease in CO2 emissions resulting from employing high hydrogen and high renewables.  As highlighted in the Figure on the far right.  The overall reduction in system wide CO2 emissions is 45%.  This is the combined result for decreases in the grid at a 75% level, and a 25 % reduction in CO2 emissions for the industrial and transportation sectors.  The comparison of these case studies, does not include other potential gains such as battery electric vehicles or higher nuclear utilization which would decrease CO2 emissions even further. The ability of H2 to provide the vision on these slides is widely accepted, the primary concern has been the economic considerations of doing so.
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Thermodynamic limits of cost 
H20 = H2 + ½ O2 ; ΔH = 286 KJ/mol = 40 kWh/kg-H2 

Credit: Arun Majumdar 

1 kg H2 ≈ 
1 gallon of gasoline 
equivalent (gge) 
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Improving the Economics of Renewable H2 

Intermittent 
integration 
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integration 

R&D  
Advances 

Fuel Cell R&D has 
decreased projected 
costs by 80% 
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Presenter
Presentation Notes
On this slide we explore the economics of H2 production by electrolysis versus steam methane reforming (SMR) by presenting illustrative case studies.  H2 from SMR currently represents 2% of US energy predominantly going towards ammonia synthesis and petroleum upgrading in a near even split.  SMR produces H2 at around $2/kg at industrial scale with most of the cost from the feedstock, natural gas, cost.   How does electrolysis compare? The far left column represents today’s PEM electrolysis technology.  Today’s electrolyzers operate nearly constantly, hence the 97% capacity factor, and the relatively high input cost of electricity 6 cents/ kWh.  The capital cost of $400/kW employed is a projection for multi-GW scale production of today’s electrolysis technology.  Today this number would be in the range of 3-4 times higher, and already represents an advance due to large scale production volumes.  Even so, this is results in a useful illustrative comparison.  The H2 cost for today’s electrolysis at large scale production is dominated by the input electricity costs, and even if the capital cost was free, H2 would still be much more expensive then from SMR.    Upon closer inspection this isn’t a surprise as, the cost of electricity today is tied to burning natural gas for electricity followed by conversion of electricity to hydrogen. Taking this same natural gas and directly reforming it into hydrogen is a much more efficient process.  Today’s electrolysis is driven by hydrogen demand and smaller scale production where SMR doesn’t compete.  This result clearly shows that based on today’s energy system and economics, electrolysis has difficulty competing in the large scale market place.  However, in the future when cheap, clean electrons are available intermittently this picture can change substantially.  (animation) Using a projection into the future where low cost electrons at 1 cent per kWh average cost are available 40% of the time, assuming that today’s electrolyzer technology can be intermittently integrated, we can dramatically alter the economics of H2 production.  Here you can see that we approach cost parity with SMR, and that electricity costs have gone down significantly in relative importance and that capital costs now dominate H2 cost.  (animation)  Under these conditions, to further improve the economics capital cost must be addressed, even at the expense of efficiency.  The final column in this chart shows the impact of dramatically reducing capital costs through R&D advances while allowing for losses in efficiency, as efficiency in this case has dropped by 10% to 60%.  In this scenario, we produce clean hydrogen much cheaper than SMR.  To date, electrolysis has seen very little R&D and at a system level the focus has been on high efficiency due to today’s economics.  These illustrative electrolyzers of the future are a critical piece to make H2 at Scale economically viable, but they are necessary for an energy landscape that doesn’t exist today, and therefore aren’t a major focus of current industry.  It is for this reason they need government supported investments to make sure they are available and can help enable and accelerate a sustainable energy future.  (animation)  Before leaving this slide, I wanted to include an illustrative example of how and why we believe R&D advances will allow for significant capital cost reductions.  The included inset, is for present and past cost projects for PEM fuel cell vehicles on a per kW basis, related systems to the electrolysis systems we have presented only they operate in opposite direction, taking hydrogen and water to make electricity.  This Figure shows how fuel cell systems through intense R&D focused on cost reduction were able to decrease large scale production cost projections from $275/kW down to around $50/kW.  These systems, made for vehicles, have a lot of the critical features needed for electrolyzers, in that they have been designed to operate for 15 years turning on and off multiple times per day.  Due to the knowledge and capabilities in hand from these advances in fuel cell technology it is exceptionally probable that the costs suggested are obtainable.
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H2 Storage and 
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H2 at Scale Framework 
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Low T generation High T generation H2 Storage and 
Distribution H2 End use 

Future Electrical Grid 
• Analysis and design for reliable and resilient grid interactions 

Analysis 
• Comparison between several internally-consistent, deeply-decarbonized futures  
• Technoeconomic and life-cycle analysis to support R&D directions 

Foundational Science 
• Understand chemical-bond energy-storage mechanisms and interactions 
• Discover new materials for efficient energy-conversion 

• Develop and test 
durable systems 
for variable 
operation 

• Develop and 
integrate new cell 
component 
materials  

 

• Thermal system 
integration  

• Material systems 
for advanced redox 
cycles 

 
 

• Examine grid-scale 
hydrogen storage 
technologies 

• Material 
compatibility for 
pipelines and 
compressors 

• Process heat 
integration with 
variable hydrogen 
generation   

• New process 
chemistry with 
hydrogen as 
reductant 

Initial Research Priorities 



What are the large market uses for co-product oxygen? 

Major oxygen users can include 
 Oxy-fired combustion is an emerging paradigm for clean fossil fuels 
 Metal ore refining (e.g. QBOP iron ore reduction) 
 Waste water treatment (with ozone) 
 But… storage required 
 O2 sells for $0.06/lbm-O2 

 Revenue offset for H2 

      (~$0.18/kg-H2) 
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Presenter
Presentation Notes
The INL and other Lab have initiated the development of Modelic models and submodels for systems integration simulation.  Modelica is an open-source modeling language that is strong in Europe.  Modelica can also be used to “wrap” existing codes for grid characterization and power systems models.  Model validation will be performed using reference models (such as REPLAP-5, the NQA-1 standard for transient thermal hydraulic systems), and hardware that resides at the National Labs and Universities.  The INL Systems Integration Lab (SIL – a thermal energy dynamic system), the NREL Energy Systems Integration Facility (ESIF for electricity energy management and conversion), and the SRNL test bed for hybrid gird will be leveraged with other lab and university test facilities to validate the Modelica Models.The modeling tools will be shared with utility companies and manufacturing industry to accelerate an understanding and to enable industry design, first being lead by cost-shared projects that are presently outside the scope of this Big Idea. Co-simulation will support collateral NE and EERE Program Technology development for Dynamic Heat Delivery & Power Generation.  Co-simulation with HiL and GiL will demonstrate combined thermal energy management and FCTO for grid-scale power quality management to ISO or RTOs.  Collateral program objectives will include;Synchronize thermal-electrical energy dispatch Advance system-wide data sharing and anticipatory control for thermal energy dispatchDevelop so-called SMART meter concepts for thermal energy managementValidate OEM electrical power load-dynamic switch gear



Sum of Industrial Hydrogen Demand Profile 
 Refineries:  5 – 10 MM tonnes 
 Steel making: 3 – 6 MM tonnes 
 Biomass upgrading:  4 MM tonnes 
 Ammonia-based fertilizers:  5-10 MM tonnes 
 Combustion: 15 MM tonnes 
 TOTAL: 32 – 45 MM tonnes 

 

10 
Okay!  Where and how do we produce this hydrogen? 

Presenter
Presentation Notes
The lower end provides a measure of conservatism.Hydrogen demand if for FCV.It is plausible to expect 50 million tonne of H2 can be consumed.



High Temperature Electrolysis (HTE) 

11 

H2A Cost Analysis: 
$100/kW Solid Oxide Electrolysis Cell Cost  and $30/MWe•h    

→    $1.99/kg•H2 

Process 

Presenter
Presentation Notes
Assumptions of this calculations are available from INL.The cost of Fuel Cells depends on the volume produced each year.  $100/kW is a price that is commensurate with about 10 million tonnes of hydrogen from HTE according to SOFC experience.  This assumption needs to be validated.



Where is the Wind Resource? 

Levelized power purchase agreement for 
wind by contract size, location and 

vintage (DOE-EERE) 

Presenter
Presentation Notes
Slide from NRELWind resource is concentrated in Central Plains (purple, red) and mountain ridges, but can be difficult to gather and transmit due to terrain considerationsWind can be very local (mountain ridges) and has favorable economics with continued mandates and subsidies.  



Levelized Power Purchase Agreement for 
Solar PV by technology, project size, and 

contract vintage (LBNL) 

Where is the Solar Resource? 

Presenter
Presentation Notes
Slide from NRELSolar resource is best in Southwest, but anything in yellow/orange/red is usually economically acceptable under current subsidy conditions



Actual cost of electricity 
production by nuclear plants 

in the United States 

Nuclear reactors 

• 100 plants licensed to 
operate 

• 20-40 year more operations 
with NRC re-certification 

Presenter
Presentation Notes
Slide from NRELSolar resource is best in Southwest, but anything in yellow/orange/red is usually economically acceptable under current subsidy conditions



Cost of Natural Gas $/MMBtu Cost of Electricity $/MWe•h 

$/
kg

-H
2 

SMR Comparison with HTSE 

Annual Energy 
Outlook in 2015 

Presenter
Presentation Notes
HTSE and SMR data are calculated from HTA with previous assumptions.
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H2 at Scale Value Summary 

• Reducing emissions across sectors (GHG, criteria 
pollutants)  

• Support needs of dynamic, variable power systems 
(dispatchable, scalable, ‘one-way’ storage) 

Unique potential of H2 to 
positively impact all these areas  

• Other benefits 
– Energy security 

(diversity/resiliency/domestic) 
– Manufacturing competitiveness/ 

job creation 
– Decreased water requirements 
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What does success look like? 
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