
Power to Liquids: E-Chemicals  December 2023 Report Contents 

 
TECHNOLOGY & COSTS 

  Power to Liquids: E-Chemicals 

1 

610864.200.2023.001 

TECHNOLOGY & COSTS 

Biorenewable Insights 

 Power to Liquids: E-Chemicals 
Table of Contents 

A Report by NexantECA, the Energy and Chemical Advisory company  

Published Date: December 2023 

www.nexanteca.com/subscriptions-and-reports 

Contents 

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

1.1 Key Conclusions .................................................................................................................... 1 

1.2 Introduction and Scope ......................................................................................................... 4 

1.3 Manufacturing Technology .................................................................................................... 5 

1.3.1 Electrolysis Intermediates to Products ..................................................................... 5 

1.3.2 Microbial Processing to Products ............................................................................. 6 

1.4 Economics ............................................................................................................................. 6 

1.4.1 Electrolysis-Based Manufacturing ............................................................................ 6 

1.4.2 Microbial Processing Manufacturing ........................................................................ 9 

1.5 Carbon Intensity Impact ...................................................................................................... 11 

2 Introduction ....................................................................................................................................... 12 

2.1 Overview of Power to X ....................................................................................................... 12 

2.2 Scope of the Report ............................................................................................................ 12 

2.2.1 Electrolytic Intermediates to Products .................................................................... 12 

2.2.2 Microbial Processing to Products ........................................................................... 13 

2.3 Drivers for Power to X Chemicals ....................................................................................... 13 

2.3.1 Sustainability .......................................................................................................... 13 

2.3.2 Regulatory and Policy Drivers ................................................................................ 16 

2.3.3 Geopolitical Drivers ................................................................................................ 18 

3 Electrolysis Intermediates to Chemicals .......................................................................................... 20 

3.1 Electrolysis .......................................................................................................................... 20 

3.1.1 Overview ................................................................................................................ 20 

3.1.2 Electrolyzers ........................................................................................................... 21 

3.1.3 Efficiency and Power Consumption ....................................................................... 22 

3.2 Hydrogen via Electrolysis of Water ..................................................................................... 23 

3.2.1 Overview ................................................................................................................ 23 

3.2.2 Alkaline Electrolysis ................................................................................................ 24 

3.2.3 Proton Exchange Membrane (PEM) Electrolysis ................................................... 28 

3.2.4 Solid Oxide Electrolysis .......................................................................................... 33 



Power to Liquids: E-Chemicals  December 2023 Report Contents 

 
TECHNOLOGY & COSTS 

  Power to Liquids: E-Chemicals 

2 

610864.200.2023.001 

3.3 Carbon Monoxide via Electrolysis of Carbon Dioxide ......................................................... 37 

3.3.1 Overview ................................................................................................................ 37 

3.3.2 Electrolysis at Ambient Conditions ......................................................................... 38 

3.3.3 High Temperature Electrolysis ............................................................................... 41 

3.4 Carbon Monoxide From Carbon Dioxide ............................................................................. 44 

3.4.1 Overview ................................................................................................................ 44 

3.4.2 Water-Gas Shift ...................................................................................................... 44 

3.4.3 Direct Hydrogenation to Carbon Monoxide ............................................................ 45 

3.5 Methanol .............................................................................................................................. 46 

3.5.1 Overview ................................................................................................................ 46 

3.5.2 Methanol Production Technology ........................................................................... 46 

3.5.3 Direct Carbon Dioxide Use in Synthesis ................................................................ 49 

3.6 Methanol Derivatives ........................................................................................................... 50 

3.7 Ammonia ............................................................................................................................. 51 

3.7.1 Overview ................................................................................................................ 51 

3.7.2 Ammonia Derivatives ............................................................................................. 57 

4 Microbial Electrosynthesis ................................................................................................................ 58 

4.1 Overview.............................................................................................................................. 58 

4.2 Chemistry ............................................................................................................................ 59 

4.2.1 Electrometabolism .................................................................................................. 59 

4.2.2 Synthesis ................................................................................................................ 60 

4.2.3 Energy Consumption .............................................................................................. 62 

4.3 Microorganisms ................................................................................................................... 64 

4.4 Reactors and Reaction Conditions ...................................................................................... 65 

4.5 Product Recovery ................................................................................................................ 67 

5 Project and Implementation Considerations .................................................................................... 68 

5.1 Oxygen Disposition ............................................................................................................. 68 

5.1.1 Addressable Markets.............................................................................................. 68 

5.1.2 Competition with Incumbent Producers ................................................................. 69 

5.1.3 Scale of Supply ...................................................................................................... 69 

5.1.4 Decarbonization Mission Alignment ....................................................................... 70 

5.2 Sourcing Carbon Dioxide .................................................................................................... 70 

5.2.1 Cost of Carbon Dioxide .......................................................................................... 71 

5.2.2 Effect on Emissions Accounting of Chemicals ....................................................... 72 

5.3 Sourcing Renewable Power ................................................................................................ 73 

5.3.1 Electrical Power Pricing.......................................................................................... 74 

5.3.2 Electrical Power Availability ................................................................................... 76 

5.3.3 Power-to-X Behind the Meter ................................................................................. 77 

6 Economics of e-Chemicals ............................................................................................................... 79 

6.1 Electrolysis E-Chemicals Economics .................................................................................. 79 

6.1.1 Introduction and Methodology ................................................................................ 79 

6.1.2 Technology and Scenario Coverage ...................................................................... 82 



Power to Liquids: E-Chemicals  December 2023 Report Contents 

 
TECHNOLOGY & COSTS 

  Power to Liquids: E-Chemicals 

3 

610864.200.2023.001 

6.1.3 Methanol ................................................................................................................. 83 

6.1.4 Ammonia ................................................................................................................ 91 

6.2 Speculative Microbial Electrosynthesis Economics ............................................................ 98 

6.2.1 Introduction and Methodology ................................................................................ 98 

6.2.2 Technology and Scenario Coverage .................................................................... 101 

6.2.3 Variable Cost Model ............................................................................................. 102 

7 Carbon Intensity ............................................................................................................................. 105 

7.1 Methodology ...................................................................................................................... 105 

7.1.1 Generic Nature of This Analysis ........................................................................... 105 

7.1.2 Manufacturing Carbon Intensity Methodology ..................................................... 105 

7.1.3 Scope 3 Emissions ............................................................................................... 109 

7.2 Carbon Intensity of Manufacturing .................................................................................... 110 

7.2.1 Overview .............................................................................................................. 110 

7.2.2 Renewable Electricity Basis ................................................................................. 110 

7.2.3 Grid Electricity Basis ............................................................................................ 112 

8 Implications for Conventional Industry ........................................................................................... 115 

8.1 Regulatory Outlook for Power-to-X ................................................................................... 115 

8.1.1 General Regulatory Trends .................................................................................. 115 

8.1.2 Geopolitical Drivers .............................................................................................. 116 

8.1.3 Compliance Effects on Power-to-X ...................................................................... 116 

8.2 Conventional Chemical Industry Outlook for Power-to-X .................................................. 117 

8.3 Commercial Outlook for Power-to-X ................................................................................. 117 

8.3.1 Carbon Dioxide Feedstock Acquisition ................................................................ 117 

8.3.2 Commercial Offtake .............................................................................................. 118 

8.3.3 Power Procurement .............................................................................................. 118 

8.4 Technical Outlook .............................................................................................................. 119 

8.4.1 Deployment of Available Technology ................................................................... 119 

8.4.2 Medium-Term Technical Improvements ............................................................... 119 
A  

Appendices 

A NexantECA Intermittent Simulation Models ................................................................................... 122 

A.1 Electricity Pricing Basis ..................................................................................................... 122 

A.2 Production Logic ................................................................................................................ 124 

A.3 Monte Carlo Simulation ..................................................................................................... 125 

A.4 Model Behavior ................................................................................................................. 127 

A.5 Limitations of the Model .................................................................................................... 129 

B References ..................................................................................................................................... 132 
B  

  



Power to Liquids: E-Chemicals  December 2023 Report Contents 

 
TECHNOLOGY & COSTS 

  Power to Liquids: E-Chemicals 

4 

610864.200.2023.001 

Figures 

Figure 1 Potential Power-to-X Chemical Derivatives of Methanol ......................................................... 5 

Figure 2 Summary of Electrolysis-Based Manufacturing Economics Results ....................................... 8 

Figure 3 Summary of Microbial Electrosynthesis Variable Cost Estimates by Product....................... 10 

Figure 4 Graphical Comparison of Power-to-X Fuels Manufacturing Carbon Intensity, 
Renewable Electricity and Fossil Carbon Input Basis ........................................................... 11 

Figure 5 Diagram of Electrolyzer Producing Hydrogen ....................................................................... 21 

Figure 6 Sample Performance Curve of Electrochemical Process...................................................... 23 

Figure 7 Schematic of Unipolar (a) and Bipolar (b) Alkaline Electrolysis Modules.............................. 26 

Figure 8 Basic Flow Diagram of Alkaline Electrolysis System for Hydrogen Production .................... 27 

Figure 9 Schematic View of a PEM Electrolysis Cell ........................................................................... 30 

Figure 10 Diagram of a PEM Electrolyzer Module ................................................................................ 30 

Figure 11 Basic Flow Diagram of PEM Electrolysis System for Hydrogen Production ......................... 32 

Figure 12 Example of a Solid Oxide Electrolytic Cell (SOEC) Module .................................................. 34 

Figure 13 Typical Two-Column Distillation Simplified Process Flow Diagram ...................................... 48 

Figure 14 Selected Methanol Derivatives from Commercial Processes ............................................... 51 

Figure 15 Basic Ammonia Converter Design ......................................................................................... 55 

Figure 16 Various Ammonia Converter Designs ................................................................................... 56 

Figure 17 Capture of Electrical Potential by Biochemical Systems  ...................................................... 58 

Figure 18 Speculative Model of Key Metabolic Activities in Mixed Culture Microbial 
Electrosynthesis  .................................................................................................................... 59 

Figure 19 Metabolic Pathways for Electrofuels and Electrochemicals .................................................. 61 

Figure 20 Schematic Diagram of Divided Microbial Electrosynthesis Reactor ...................................... 66 

Figure 21 Summary of Microbial Electrosynthesis Variable Cost Estimates by Product..................... 103 

Figure 22 Definitions of Scope Emissions ........................................................................................... 106 

Figure 23 Process Carbon Balance ..................................................................................................... 106 

Figure 24 Utility Emissions Equation ................................................................................................... 108 

Figure 25 Graphical Comparison of Power-to-X Fuels Manufacturing Carbon Intensity, 
Renewable Electricity and Fossil Carbon Input Basis ......................................................... 111 

Figure 26 Graphical Comparison of Power-to-X Fuels Manufacturing Carbon Intensity, 
Renewable Electricity and Neutral Carbon Input Basis ....................................................... 111 

Figure 27 Graphical Comparison of Power-to-X Fuels Manufacturing Carbon Intensity, Grid 
Electricity, and Fossil Carbon Input Basis ........................................................................... 113 

Figure 28 Graphical Comparison of Power-to-X Fuels Manufacturing Carbon Intensity, Grid 
Electricity and Neutral Carbon Input Basis .......................................................................... 113 

Figure 29 Adjusted Pareto Curve of Electricity Pricing ........................................................................ 123 

Figure 30 Monte Carlo Simulation Price Distribution by Number of Model Runs ................................ 126 

Figure 31 Operational Case Density of Simulated Power-to-X Ammonia Plant, Electricity 
Price  versus Plant-Gate Price ............................................................................................ 127 

Figure 32 Log-Linear Plot of Unit Production Costs versus Plant-Gate Product Price, with 
Operating Rate and Accessed Power Price ........................................................................ 128 

Figure 33 Histogram of EU Day-Ahead Pricing and U.S. Midwest NAPL ........................................... 129 
C  

  



Power to Liquids: E-Chemicals  December 2023 Report Contents 

 
TECHNOLOGY & COSTS 

  Power to Liquids: E-Chemicals 

5 

610864.200.2023.001 

Tables 

Table 1 Summary of NexantECA Strategic Discussion ............................................................................. 3 

Table 2 Power-to-X Manufacturing Cost of Production Scenarios ............................................................ 6 

Table 3 Summary of Electrolysis-Based Manufacturing Economics Results ........................................... 7 

Table 4 Summary of Intermittent Manufacturing Optimization Results for e-Methanol and  
e-Ammonia ..................................................................................................................................... 8 

Table 5 Summary of Microbial Electrosynthesis Variable Cost Estimates by Product ............................. 9 

Table 6 Power-to-X Fuels Manufacturing Carbon Intensity Summary, Renewable Electricity 
Basis ............................................................................................................................................. 11 

Table 7 Half-Reactions for Carbon Dioxide Reduction ............................................................................ 39 

Table 8 Carbon and Reducing Equivalent Inputs to Products for Microbial Electrosynthesis ............... 61 

Table 9 Standard Potentials for the Reduction of Carbon Dioxide to Products ...................................... 62 

Table 10 Ideal Minimum Energy Consumption of Microbial Biosynthesis Reactions ............................... 64 

Table 11 Summary of Separation Methods for Products from Aqueous Fermentation Broth .................. 67 

Table 12 Sample Large-Scale Oxygen Using Chemical Processes ......................................................... 68 

Table 13 Key Considerations in Carbon Dioxide Supply for Power-to-X Manufacturing ......................... 71 

Table 14 Summary of Power Sourcing Issues in Power-to-X Manufacturing ........................................... 74 

Table 15 Prices of Raw Materials, Utilities, and Labor .............................................................................. 81 

Table 16 Power-to-X Manufacturing Cost of Production Scenarios .......................................................... 83 

Table 17 Key Technoeconomic Assumptions in e-Methanol Models ....................................................... 83 

Table 18 Summary of Cost of Production for e-Methanol ......................................................................... 84 

Table 19 Summary of Intermittent Manufacturing Optimization Results for e-Methanol .......................... 84 

Table 20 Cost of Production Estimate for e-Methanol, PEM Electrolysis Hydrogen with Water-
Gas Shift of Stack Carbon Dioxide and Methanol Synthesis, U.S. Midwest, Maximal 
Operating Rate ............................................................................................................................. 86 

Table 21 Cost of Production Estimate for e-Methanol, PEM Electrolysis Hydrogen with Water-
Gas Shift of DAC Carbon Dioxide and Methanol Synthesis, U.S. Midwest, Maximal 
Operating Rate ............................................................................................................................. 87 

Table 22 Cost of Production Estimate for e-Methanol, PEM Electrolysis Hydrogen with Water-
Gas Shift of Stack Carbon Dioxide and Methanol Synthesis, Western Europe, 
Maximal Operating Rate .............................................................................................................. 88 

Table 23 Cost of Production Estimate for e-Methanol, PEM Electrolysis Hydrogen with Water-
Gas Shift of DAC Carbon Dioxide and Methanol Synthesis, Western Europe, 
Maximal Operating Rate .............................................................................................................. 89 

Table 24 Sensitivity of Intermittent e-Methanol Production (PEM/WGS/Synthesis) by Electricity 
and Methanol Price, U.S. Midwest .............................................................................................. 90 

Table 25 Sensitivity of Intermittent e-Methanol Production (PEM/WGS/Synthesis) by Electricity 
and Methanol Price, Western Europe ......................................................................................... 91 

Table 26 Key Technoeconomic Assumptions in e-Ammonia Model ......................................................... 92 

Table 27 Summary of Cost of Production for e-Ammonia from PEM/PSA/Haber Process ..................... 93 

Table 28 Summary of Intermittent Manufacturing Optimization Results for e-Ammonia from 
PEM/PSA/Haber Process ............................................................................................................ 93 

Table 29 Cost of Production Estimate for e-Ammonia, PEM Electrolysis Hydrogen with PSA 
Nitrogen and Haber Process, U.S. Midwest, Maximal Operating Rate ..................................... 95 



Power to Liquids: E-Chemicals  December 2023 Report Contents 

 
TECHNOLOGY & COSTS 

  Power to Liquids: E-Chemicals 

6 

610864.200.2023.001 

Table 30 Cost of Production Estimate for e-Ammonia, PEM Electrolysis Hydrogen with PSA 
Nitrogen and Haber Process, Western Europe, Maximal Operating Rate ................................ 96 

Table 31 Sensitivity of Intermittent e-Ammonia Production (PEM/PSA/Haber) by Electricity and 
Ammonia Price, U.S. Midwest ..................................................................................................... 97 

Table 32 Sensitivity of Intermittent e-Ammonia Production (PEM/PSA/Haber) by Electricity and 
Ammonia Price, Western Europe ................................................................................................ 98 

Table 33 Key Mass Balance Assumptions for Microbial Electrosynthesis ................................................ 99 

Table 34 Ideal Mass and Energy Input Values for Microbial Electrosynthesis Modeling ....................... 100 

Table 35 Microbial Electrosynthesis Model Material Inputs and Outputs by Product ............................. 101 

Table 36 Summary of Microbial Electrosynthesis Variable Cost Estimates by Product ......................... 102 

Table 37 Microbial Electrosynthesis Itemized Variable Cost Model Results, USGC, Stack 
Carbon Dioxide .......................................................................................................................... 103 

Table 38 Microbial Electrosynthesis Itemized Variable Cost Model Results, USGC, DAC 
Carbon Dioxide .......................................................................................................................... 104 

Table 39 Microbial Electrosynthesis Itemized Variable Cost Model Results, WE, Stack Carbon 
Dioxide ....................................................................................................................................... 104 

Table 40 Microbial Electrosynthesis Itemized Variable Cost Model Results, WE, DAC Carbon 
Dioxide ....................................................................................................................................... 104 

Table 41 Utility Emissions Factors ........................................................................................................... 108 

Table 42 Power-to-X Fuels Manufacturing Carbon Intensity Summary, Renewable Electricity 
Basis ........................................................................................................................................... 110 

Table 43 Power-to-X Fuels Manufacturing Carbon Intensity Summary, Grid Electricity Basis .............. 112 
D  

 

 

  



Power to Liquids: E-Chemicals  December 2023 Report Contents 

 
TECHNOLOGY & COSTS 

  Power to Liquids: E-Chemicals 

7 

610864.200.2023.001 

 
 

TECHNOLOGY & COSTS 

 

Biorenewable Insights 

 
 

The NexantECA Subscriptions’ Biorenewable Insights program is recognized 
globally as the industry standard source for information relevant to the chemical 
process and refining industries.  Biorenewable Insights reports are available as a 
subscription program or on a single report basis. 

 
Contact Details: 
 

Americas: 
Steven Slome, Principal, Biorenewable Insights 
Phone: + 1-914-609-0379, e-mail: sslome@NexantECA.com 
 
Erica Hill, Client Services Coordinator, Subscriptions and Reports 
Phone: + 1-914-609-0386, e-mail: ehill@NexantECA.com 
 
EMEA: 
Anna Ibbotson, Vice President, Sales and Marketing 
Phone: +44-207-950-1528, aibbotson@NexantECA.com 
 
Asia: 
Chommanad Thammanayakatip, Managing Consultant 
Phone: +66-2793-4606, email: chommanadt@NexantECA.com  
 
NexantECA Subscriptions and Reports provide clients with comprehensive analytics, forecasts and insights for the chemicals, polymers, 
energy and cleantech industries.  Using a combination of business and technical expertise, with deep and broad understanding of markets, 
technologies and economics, NexantECA provides solutions that our clients have relied upon for over 50 years. 
 

Copyright © 2000-2023. NexantECA (BVI) Limited.  All rights reserved  

 


