
Hydrogen  November 2016 Report Contents 

 

Biorenewable Insights 
  Hydrogen 

1 

A01392.0016.4031 

Biorenewable Insights 
Hydrogen 

Table of Contents 

A Report by NexantThinking™  

Published November 2016 

www.nexantthinking.com 
 

Section Page 
 

1 Executive Summary ...............................................................................................................  1 

1.1 OVERVIEW ...............................................................................................................  1 

1.2 TECHNOLOGIES ......................................................................................................  3 

1.2.1 Reforming .....................................................................................................  3 

1.2.2 Gasification ...................................................................................................  4 

1.2.3 Conventional Electrolysis .............................................................................  4 

1.3 ECONOMICS ............................................................................................................  4 

1.3.1 Process Competitiveness within a Region ...................................................  5 

1.4 IMPLICATIONS FOR THE CONVENTIONAL TECHNOLOGIES .............................  8 

1.5 PATENT ANALYSIS ..................................................................................................  8 

2 Introduction .............................................................................................................................  10 

2.1 OVERVIEW ...............................................................................................................  10 

2.1.1 End Uses ......................................................................................................  12 

2.1.2 Supply Sources ............................................................................................  14 

3 Technologies ..........................................................................................................................  16 

3.1 CONVENTIONAL ROUTES TO HYDROGEN AND POTENTIAL FOR 

BIOBASED SUBSITITUTION....................................................................................  16 

3.1.1 Reforming .....................................................................................................  16 

3.1.2 Gasification ...................................................................................................  26 

3.1.3 Conventional Electrolysis .............................................................................  40 

3.2 DEVELOPING PROCESSES ...................................................................................  44 

3.2.1 Electrolytic Processes ..................................................................................  44 

3.2.2 Photocatalytic Water Splitting and Artificial Photosynthesis ........................  46 

3.2.3 Thermocatalytic Processes ..........................................................................  59 

3.2.4 Mechano-catalytic Water Splitting ................................................................  65 

3.2.5 Biological Processes ....................................................................................  67 

3.2.6 Other Developments ....................................................................................  73 

3.3 CONCLUSIONS ........................................................................................................  73 



Hydrogen  November 2016 Report Contents 

 

Biorenewable Insights 
  Hydrogen 

2 

A01392.0016.4031 

4 Economic Analysis .................................................................................................................  74 

4.1 ECONOMIC ANALYSIS METHODOLODY ...............................................................  74 

4.1.1 Sources ........................................................................................................  74 

4.1.2 Costing Basis ...............................................................................................  74 

4.1.3 Capital Cost Elements ..................................................................................  74 

4.1.4 Operating Cost Elements .............................................................................  78 

4.2 COST OF PRODUCTION (COP) ESTIMATES ........................................................  82 

4.2.1 Biogas Reforming .........................................................................................  83 

4.2.2 Biomass Gasification ....................................................................................  88 

4.2.3 Biomass Gasification Followed by Electrolysis ............................................  93 

4.3 COMPARATIVE ECONOMICS .................................................................................  99 

4.3.1 Process Competitiveness within a Region ...................................................  99 

4.3.2 Regional Competitiveness of each Process ................................................  103 

4.4 SENSITIVITY ANALYSIS ..........................................................................................  105 

4.4.1 Feedstock Pricing .........................................................................................  105 

4.4.2 Investment Costs ..........................................................................................  106 

4.4.3 Economy of Scale ........................................................................................  107 

4.4.4 ROCE ...........................................................................................................  107 

5 Implications for the Conventional Technologies.....................................................................  108 

5.1 SCALE AND MARKET PENETRATION ...................................................................  108 

5.2 MARKET PULL AND END-USES .............................................................................  108 

5.2.1 Global Hydrogen Demand ............................................................................  108 

5.2.2 Global Hydrogen Supply ..............................................................................  109 

5.3 PRICES AND MARGINS ...........................................................................................  113 

5.4 STRATEGIC IMPLICATIONS ...................................................................................  114 

6 Patent Analysis .......................................................................................................................  115 

6.1 OVERVIEW ...............................................................................................................  115 

6.1.1 Overall Patent Activity by Region .................................................................  115 

6.2 GRANTED PATENTS ...............................................................................................  116 

6.2.1 Global ...........................................................................................................  116 

6.2.2 North America ..............................................................................................  118 

6.2.3 Asia Pacific ...................................................................................................  120 

6.2.4 Europe ..........................................................................................................  123 

6.3 PATENT APPLICATIONS .........................................................................................  124 

6.3.1 Global ...........................................................................................................  124 

6.3.2 North America ..............................................................................................  126 

6.3.3 Asia Pacific ...................................................................................................  130 

6.3.4 Europe ..........................................................................................................  134 

 

Appendix Page 
 

A COPs for Other Regions ........................................................................................................  A-1 



Hydrogen  November 2016 Report Contents 

 

Biorenewable Insights 
  Hydrogen 

3 

A01392.0016.4031 

Figure Page 
 

1.1 Global Shift to a Complex Refinery ........................................................................................  2 

1.2 Sources of Hydrogen ..............................................................................................................  3 

1.3 United States Cost of Production Comparison.......................................................................  5 

1.4 China Cost of Production Comparison ...................................................................................  6 

1.5 Brazil Cost of Production Comparison ...................................................................................  7 

1.6 Western Europe Cost of Production Comparison ..................................................................  7 

1.7 Overall Patent Activity by Region ...........................................................................................  9 

2.1 Anatomy of a Simple Refinery ................................................................................................  11 

2.2 Global Shift to a Complex Refinery ........................................................................................  12 

2.4 Hydrogen Consumption for Hydrotreating of Various Refinery Products ..............................  13 

2.5 Major End Uses for Hydrogen ................................................................................................  14 

2.6 Sources of Hydrogen ..............................................................................................................  14 

3.1  Steam-Methane Reforming ....................................................................................................  17 

3.2  Block Flow Diagram of Hydrogen  via Steam Methane Reforming ........................................  24 

3.3 Hydrogen Yield versus Oxygen Content of Various Feedstocks ...........................................  25 

3.4  Gasification Process Flow Diagram .......................................................................................  28 

3.5  Generic Gasification Process Train ........................................................................................  31 

3.6 Schematic Diagram of an Updraft Reactor ............................................................................  34 

3.7 Schematic Diagram of a Downdraft Reactor ..........................................................................  35 

3.9 Schematic Diagram of BFB Reactor ......................................................................................  36 

3.10 Schematic Diagram of CFB Reactor ......................................................................................  37 

3.12 Flow Diagram of MSW Processing Using Plasma Gasification .............................................  37 

3.13 Diagram of Hydrogen Production via Electrolysis ..................................................................  41 

3.14 Process Flow Diagram of Hydrogen Production via Electrolysis ...........................................  42 

3.15 Electrolytic Water Splitting with LNBL’s Mo-oxo Metal Complex ...........................................  45 

3.16 PEC Hydrogen Production of TiO2/Pt/SiNW Photocathode ...................................................  48 

3.17 Photosynthesis of Sunlight in Cyanobacteria .........................................................................  50 

3.18 Ruthenium-based Water Oxidation Catalyst Developed by Jülich Institute ...........................  51 

3.19 Proposed Photoelectrolysis Mechanism within a Nafion Membrane .....................................  55 

3.20 Nafion-Coated Electrode ........................................................................................................  55 

3.21 ASU Photoelectrochemical Cell for Water Splitting................................................................  57 

3.22 Mechanism of the AIST Photocatalyst-electrolysis Hybrid System........................................  59 

3.23 The Generation-2 CR5 Solar Thermochemical Reactor ........................................................  60 

3.24 Solar Rotary Reactor Configuration Lined with ZnO Particles ...............................................  61 

3.25 Solar Thermochemical Reactor Configuration with Cerium-oxide Particles ..........................  62 

3.26 FSEC Hybrid S-NH3 Photothermochemical Water-Splitting Cycle ........................................  64 

3.27 H2 and O2 Produced by Deformation of ZnO Fibers or BaTiO3 Dendrites in Water ..............  67 

3.28 ORNL Integrated Pyrolysis-Microbial Electrolysis ..................................................................  70 

3.29 Virent’s BioForming Process ..................................................................................................  72 

4.1 Biomass Gasification-derived Hydrogen Production ..............................................................  88 

4.2 CAPEX Breakdown of Biomass Gasification-based Hydrogen Production ...........................  89 



Hydrogen  November 2016 Report Contents 

 

Biorenewable Insights 
  Hydrogen 

4 

A01392.0016.4031 

4.3 Polymer Electrolyte Membrane (PEM) Electrolyzer Capital Cost Breakdown .......................  93 

4.4 Polymer Electrolyte Membrane (PEM) Electrolyzer Stack Capital Cost Breakdown .............  94 

4.5 Biomass Gasification Power Generation Plant Model Basis ..................................................  94 

4.6 CAPEX Breakdown for Biomass Gasification-based Power Generation ...............................  95 

4.7 United States Cost of Production Comparison.......................................................................  99 

4.8 China Cost of Production Comparison ...................................................................................  100 

4.9 Brazil Cost of Production Comparison ...................................................................................  101 

4.10 Western Europe Cost of Production Comparison ..................................................................  102 

4.11 Biogas Reforming – Cost of Production Comparison ............................................................  103 

4.12 Biomass Gasification – Cost of Production Comparison .......................................................  104 

4.13 United States Hydrogen Feedstock Pricing Sensitivity ..........................................................  105 

4.14 United States Hydrogen Investment Cost Sensitivity .............................................................  106 

4.15 United States Hydrogen Economy of Scale Sensitivity ..........................................................  107 

4.16 United States Hydrogen ROCE Sensitivity ............................................................................  107 

5.1 Global Hydrogen Consumption by Region .............................................................................  108 

5.2 U.S. Hydrogen Demand by Application ..................................................................................  109 

5.3 Sources of Hydrogen ..............................................................................................................  110 

6.1 Overall Patent Activity by Region ...........................................................................................  115 

6.2 Granted Patents by Region ....................................................................................................  116 

6.3 Granted Patents by Assignee.................................................................................................  117 

6.4 North American Granted Patents by Assignee ......................................................................  118 

6.5 Asia Pacific Granted Patents by Assignee .............................................................................  121 

6.6 Europe Granted Patents by Assignee ....................................................................................  123 

6.7 Global Patent Applications by Region ....................................................................................  124 

6.8 Global Patent Applications by Assignee ................................................................................  125 

6.9 North American Patent Applications by Assignee ..................................................................  126 

6.10 Asia Pacific Patent Applications by Assignee ........................................................................  130 

6.11 European Patent Applications by Assignee ...........................................................................  134 

 

  



Hydrogen  November 2016 Report Contents 

 

Biorenewable Insights 
  Hydrogen 

5 

A01392.0016.4031 

Table Page 
 

3.2 Major Syngas Production Technology Holders and Licensors ..............................................  23 

3.3 Major Refinery Gasification/POX Units ..................................................................................  26 

3.4 Raw Syngas Characteristics ..................................................................................................  29 

3.5 Typical Metrics of Various Gasifier Types ..............................................................................  32 

3.6 Commercial Status of Various Gasification Technologies .....................................................  40 

3.7 Hydrogen Yield per Catalyst, Feedstock, and Gasification Reactor Type .............................  40 

3.8 Currently Available Industrial Electrolyzer Hydrogen Generators ..........................................  43 

4.1 Cost of Production Estimate for:  Hydrogen by Biogas Reforming ........................................  84 

4.2 Cost of Production Estimate for:  Hydrogen by Steam Reforming of Natural Gas ................  86 

4.3 Comparison of Steam Reforming to produce Hydrogen ........................................................  87 

4.4 Feedstock Properties and Value ............................................................................................  90 

4.5 Cold Gas Efficiencies and Product Yield ................................................................................  90 

4.6 Cost of Production Estimate for:  Hydrogen by Biomass Gasification of Wood Waste .........  92 

4.7 Overall Efficiencies and Yield of Biomass Gasification-based Power Generation .................  94 

4.8 Cost of Production Estimate for:  Power Generation by Biomass Gasification ......................  96 

4.9 Cost of Production Estimate for:  Hydrogen by Electrolysis ...................................................  97 

5.1 Global On-Purpose Hydrogen Plant Capacities at Refineries ...............................................  112 

5.2 Hydrogen Producers – Regional Split ....................................................................................  112 

5.3 Margins and Returns of Hydrogen Processes in all Regions .................................................  113 

6.1 Key Global Granted Patents...................................................................................................  117 

6.2 Key North American Granted Patents ....................................................................................  118 

6.3 United States Granted Patents...............................................................................................  119 

6.4 All Canadian Granted Patents ................................................................................................  120 

6.5 Key Asia Pacific Granted Patents ..........................................................................................  121 

6.6 Chinese Granted Patents .......................................................................................................  122 

6.7 Other Asia Pacific Granted Patents .......................................................................................  122 

6.8 Key European Granted Patents .............................................................................................  123 

6.9 All European Granted Patents................................................................................................  123 

6.10 Key Global Patent Applications ..............................................................................................  125 

6.11 Key North American Patent Applications ...............................................................................  127 

6.12 United States Patent Applications ..........................................................................................  128 

6.13 Other North America Patent Applications ..............................................................................  130 

6.14 Key Asia Pacific Patent Applications ......................................................................................  131 

6.15 Australian Patent Applications................................................................................................  132 

6.16 Chinese Patent Applications ..................................................................................................  132 

6.17 Japan Patent Applications ......................................................................................................  133 

6.18 Other Asia Pacific Patent Applications ...................................................................................  134 

6.19 Key European Patent Applications .........................................................................................  135 

6.20 European Patent Applications ................................................................................................  135 

  



Hydrogen  November 2016 Report Contents 

 

Biorenewable Insights 
  Hydrogen 

6 

A01392.0016.4031 

 

NexantThinking™ 
Biorenewable Insights 

 

  
 

Nexant, Inc. (www.nexanthing.com) is a leading management consultancy to the 
global energy, chemical, and related industries. For over 38 years, Nexant has 
helped clients increase business value through assistance in all aspects of 
business strategy, including business intelligence, project feasibility and 
implementation, operational improvement, portfolio planning, and growth through 
M&A activities. Nexant has its main offices in San Francisco (California), White 
Plains (New York), and London (UK), and satellite offices worldwide. 

 
 

Contact Details: 
 

New York:  Steven Slome 
Phone: + 1-914-609-0379, e-mail: sslome@nexant.com 
 
New York: Sonia Ouertani, Client Services Coordinator, E&CA-Products 
Phone: + 44 (0) 20 7950-1587, e-mail: souertani@nexant.com 
 

Nexant, Inc. (www.nexant.com) is a leading management consultancy to the global energy, chemical, and related industries. For over 38 years, Nexant 
has helped clients increase business value through assistance in all aspects of business strategy, including business intelligence, project feasibility and 
implementation, operational improvement, portfolio planning, and growth through M&A activities.  Nexant has its main offices in San Francisco 
(California), White Plains (New York), and London (UK), and satellite offices worldwide. 

 

Copyright © by Nexant Inc. 2016.  All Rights Reserved.   

 

 


