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Abstract of Dissertation 

 

 

Carbon Budget and Cost Analysis of C2CNT: A Carbon Dioxide to Solid Carbon 

Conversion Process 

 

The industrial sector accounts for approximately 30% of global CO2 emissions as 

of 2015 and lacks mature technologies to substantially reduce emissions. Many industrial 

processes, such as cement production, emit carbon dioxide (CO2) without a viable low 

carbon alternative. Carbon Dioxide Removal (CDR) technologies offer a means of 

mitigating industrial emissions.This dissertation considers the feasibility of a new 

electrochemically-based CDR technology currently under development called ―Carbon 

dioxide to Carbon Nanotubes‖ (C2CNT), which is capable of converting CO2 emissions 

from industrial smokestacks into a range of high-value solid carbon materials (e.g., 

graphite, carbon fibers, and carbon nanotubes) which could be sold as manufacturing 

materials for a variety of applications. This feasibility assessment is comprised of two 

elements. 

Under the first research element the lifecycle carbon budget of a full scale model 

is assessed based on best available lab information. The research findings show 

electricity consumption is a key driver in the C2CNT carbon conversion process. By 

using a renewable or low-carbon source of electricity, the process can result in a 77-98% 

reduction in net CO2 emissions. It is estimated that C2CNT requires 2,436 kWh of 

electricity to convert one tonne of CO2 into CNT. A sensitivity analysis indicates that 

source and amount of electricity consumption are critical elements in net carbon 

emissions from the C2CNT process.  
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The C2CNT process could substantially lower the price of carbon nanotubes 

making it a valuable substitute for construction materials.  C2CNT Carbon would 

therefore result in avoided CO2 emissions from other construction materials such as steel, 

aluminum or titanium.  The C2CNT process also produces pure O2, which could be 

injected into the combustion chamber of an industrial process allowing it to operate more 

efficiently and eliminate oxides of nitrogen which are potent greenhouse gases and 

contribute to ground level ozone. 

The carbon budget study demonstrates the C2CNT technology can substantially 

reduce greenhouse gas (GHG) emissions from industrial processes and could offer a 

revenue generating alternative compared to other Carbon Capture and Sequestration 

(CCS) technologies. Further research is needed to scale up the C2CNT technology to a 

large continuous-flow process. 

Under the second research element, an economic feasibility analysis is presented 

for C2CNT. The results estimate C2CNT operating costs are primarily driven by the 8.93 

MWh of electricity/tonne of carbon, which at $80/MWh will cost $714/tonne of solid 

carbon. The calculations also assume a 5% loss of lithium carbonate molten salt during 

the process, which at $8,000/tonne will cost $400/tonne to replenish the lithium 

carbonate. Together, these result in a primary operating cost of $1,114/tonne. In 

comparison, a modern aluminum smelter which uses a similar electrochemical process 

has operating costs of $1,300-$2,000/tonne of aluminum. C2CNT uses 36-40% less 

electricity compared to an aluminum smelter.  

Assuming the capital costs of building a C2CNT facility is similar to an 

aluminum smelter ($3,500-$5,000/tonne of installed capacity), a C2CNT facility capable 
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of processing 2 million tonnes of CO2/year (typical CO2 emissions from an average 

cement plant) would cost $1.9-$2.7 billion. The C2CNT facility processing 2 million 

tonnes of CO2 annually has the potential to generate $1.08 billion (at $2,000/tonne of 

CNT) to $5.4 billion (at $10,000/tonne of CNT) in revenue.  

This technology contrasts with other CDR technologies that often do not create a 

large revenue stream and create potential liabilities.   

Lastly, a sensitivity analysis indicates that a carbon nanotube price in the region 

of $3,000 is very likely to yield a positive Net Present Value (NPV) for a C2CNT plant 

and even prices below this have a high likelihood of a positive NPV. Thus C2CNT 

potentially represents an economically viable CDR technology that could play a major 

role in reducing greenhouse gas emissions from industrial processes. 

 

  



viii 
 

Table of Contents 

 

 

Acknowledgments.............................................................................................................. iv 

 

Abstract of Dissertation ...................................................................................................... v 

 

List of Figures ..................................................................................................................... x 

 

List of Tables ..................................................................................................................... xi 

 

List of Abbreviations ........................................................................................................ xii 

 

List of Symbols and Nomenclature.................................................................................. xiv 

 

Chapter 1: Introduction ....................................................................................................... 1 

 

1.1 Global CO2 Emissions and the Industrial Sector ................................................. 2 

1.2 Public Health Impacts of Increased CO2 Emissions ............................................ 3 

1.3 Solutions: Policy, Economics, Technology ......................................................... 4 

1.4 C2CNT to Mitigate Industrial CO2 Stack Emissions .......................................... 5 

 

Chapter 2: Background ....................................................................................................... 9 

 

2.1 Carbon Dioxide to Solid Carbon Conversion Process (C2CNT) ......................... 9 

2.2 Solid Carbon Types, Prices and Market Demand .............................................. 12 

2.3 Cement Industry ................................................................................................. 15 

2.4. Carbon Capture and Sequestration ..................................................................... 16 

 

Chapter 3: Methods and Research Significance ............................................................... 19 

 

3.1 Specific Objectives ............................................................................................. 19 

3.2 Methods, Data Sources and Analytical Tools .................................................... 20 

3.3 Significance of Proposed Research .................................................................... 22 

3.4 Target Audience ................................................................................................. 22 

3.5 Research Scope, Limitations, Key Assumptions ............................................... 23 

 

Chapter 4: Carbon Budget of the C2CNT Process ........................................................... 24 

 

4.1 Introduction ........................................................................................................ 24 

4.2 Scaled-up Unit Model of C2CNT System.......................................................... 24 

4.3 C2CNT System Components -- Materials and Quantities ................................. 25 

4.3.1 Mass of CO2 and Solid Carbon ...................................................................... 25 



ix 
 

4.3.2 Mass/Volume of Electrode Components in C2CNT Unit .............................. 26 

4.3.3 Mass of Lithium Carbonate Molten Salt ........................................................ 28 

4.3.4 Mass and Size of Reaction Vessel in C2CNT Unit ........................................ 29 

4.3.5 Mass Calculations for Electricity ................................................................... 31 

4.4 Preliminary Lifecycle Assessment Model.......................................................... 32 

4.5 Carbon Budget for C2CNT Carbon ................................................................... 38 

4.6 Sensitivity Analysis ............................................................................................ 41 

4.7 Discussion .......................................................................................................... 48 

4.7.1 Lifecycle Emissions of C2CNT vs. Aluminum Production ........................... 48 

4.7.2 Lifecycle Emissions of C2CNT Solid Carbon vs. Traditional CNTs............. 48 

4.7.3 Lifecycle Emissions of C2CNT Solid Carbon vs. Steel ................................. 49 

4.7.4 Sources of Analytical Uncertainty .................................................................. 50 

 

Chapter 5: Cost Analysis of the C2CNT Process ............................................................. 51 

 

5.1 Introduction ........................................................................................................ 51 

5.2 C2CNT Process Operating (Variable) Cost Estimates ....................................... 52 

5.2.1 Electricity Cost ............................................................................................... 52 

5.2.2 Lithium Carbonate Cost.................................................................................. 53 

5.3 C2CNT Process Capital Cost Estimates............................................................. 55 

5.4 Sensitivity Analysis ............................................................................................ 57 

5.5 Discussion .......................................................................................................... 63 

 

Chapter 6: Conclusions ..................................................................................................... 69 

 

6.1 Summary and Conclusions ................................................................................. 69 

6.2 Research Recommendations .............................................................................. 69 

6.3 Research Needs .................................................................................................. 70 

6.4 Policy Recommendations ................................................................................... 71 

 

References ......................................................................................................................... 72 

 

  



x 
 

List of Figures 

 

 

Figure 1.1 Application of C2CNT Process to Industrial CO2 Stack Emissions ................. 6 

 

Figure 4.1 Hypothetical Continuous-Flow C2CNT System ............................................. 25 

 

Figure 4.2 IMPACT 2002+ Method Midpoint and Endpoint Indicators of Effect ........... 33 

 

Figure 4.3 Impact of Electricity Source (Coal) on Midpoint Indicators ........................... 34 

 

Figure 4.4 Impact of Electricity Source (Renewable Solar) on Midpoint Indicators ....... 35 

 

Figure 4.5 Impact of Electricity Source (Coal) on Endpoint Indicators ........................... 36 

 

Figure 4.6 Impact of Electricity Source (Renewable Solar) on Endpoint Indicators ....... 36 

 

Figure 4.7 Impact of Electricity Source on Endpoint Indicators (Single Score) .............. 37 

 

Figure 4.8 Lifecycle GHG Emissions from Electricity Production Sources .................... 38 

 

Figure 4.9 Ratios of CO2 Emissions vs. CO2 Avoided by Power Generation Source ...... 40 

 

Figure 4.10 Tornado Graph: Effect of Inputs on NCER (Coal) ....................................... 44 

 

Figure 4.11 Tornado Graph: Effect of Inputs on NCER (Nuclear) .................................. 45 

 

Figure 4.12 Tornado Graph: Effect of Inputs on NCER (Solar CSP) .............................. 45 

 

Figure 4.13 Effects of Variations in Carbon Budget Inputs on NCER ............................. 47 

 

Figure 5.1 Tornado Graph: Effect of Inputs on NPV (Li2CO3 Low Loss Rate 2-5%) ..... 60 

 

Figure 5.2 Tornado Graph: Effect of Inputs on NPV (Li2CO3 High Loss Rate 3-10%) .. 61 

 

Figure 5.3 Spider Graph: Effect of Inputs on NPV .......................................................... 61 

 

Figure 5.4 Effects of Variations in Cost Inputs on NPV .................................................. 63 

  



xi 
 

List of Tables 

 

 

Table 2.1 Solid Carbon – Types, Consumption, Prices .................................................... 12 

 

Table 4.1 Carbon Budget Sensitivity Analysis Input/Output Parameters......................... 42 

 

Table 5.1 Cost Sensitivity Analysis Input/Output Parameters.......................................... 58 

 

  



xii 
 

List of Abbreviations 

 

 

BACT  Best Available Control Technologies 

C2CNT Carbon Dioxide to Solid Carbon Nanotube  

CCR  Carbon Capture and Reuse 

CCS  Carbon Capture and Sequestration or Storage 

CCU  Carbon Capture and Use 

CDR  Carbon Dioxide Removal 

CNF  Carbon Nanofiber 

CNT  Carbon Nanotube 

CT  Carbon Tax 

DALY  Disability Adjusted Life Years 

EOR  Enhanced Oil Recovery 

EPA  United States Environmental Protection Agency 

ESP  Electrostatic Precipitators 

GHG  Greenhouse Gas Emissions 

LCA  Lifecycle Assessment 

MW  Molecular Weight 

MWCNT Multi-walled Carbon Nanotubes 

MWh  Megawatt-hour 

NCER  Net Carbon Emissions Reduction 

NPV  Net Present Value 

SCC  Social Cost of Carbon 

SEM  Scanning Electron Microscopy 

SNCR  Selective Non-Catalytic Reducers 



xiii 
 

Solar CSP Solar – Concentrated Solar Power 

Solar PV Solar – Photovoltaics 

Solar PVCry Solar -- Photovoltaic Crystalline 

SWCNT Single-walled Carbon Nanotubes 

TEM  Transmission Electron Microscopy 

US  United States 

  



xiv 
 

List of Symbols and Nomenclature 

 

 

Al  Aluminum 

Amps  Amperes 

C  Carbon (Solid carbon) 

o
C  Degrees Celsius 

CO2  Carbon Dioxide 

CO2-eq Carbon Dioxide Equivalents 

e
-
  Electron 

g/mol  grams/mole 

Gt  Gigatonne 

o
K  Degrees Kelvin 

Kg  Kilogram 

kWh  Kilowatt-hour 

Li2CO3  Lithium Carbonate 

Li2O  Lithium Oxide 

m  Meter 

m
3
  Cubic meter 

O2  Oxygen 

Sec  Second 

t  Tonne (metric) 

V  Voltage 

 



1 
 

Chapter 1: Introduction 

 

 

Global consumption of fossil energy in an unsustainable manner is destabilizing 

the climate and leading to significant public health impacts (IPCC 2013, NAS 2009). 

Therefore, to control the progression of climate change, it is critical to develop and adopt 

innovative technologies that move beyond a fossil energy-based economy (NSB 2009). 

The industrial sector is one such area of the economy with room for improvements and 

cement manufacturing is a major greenhouse gas emitting industry (EPA 2012b).  

Recently, a potentially disruptive technology, called ―Carbon Dioxide (CO2) to 

Carbon Nanotubes (Solid Carbon)‖ or C2CNT, that can nearly eliminate CO2 emissions, 

the major greenhouse gas (GHG), from industrial smokestacks, is being developed at the 

George Washington University. The C2CNT process eliminates CO2 air emissions by 

capturing the carbon in the form of solid carbon (e.g., graphite, carbon nanofibers or 

carbon nanotubes) which in turn may be used to produce other strong, lightweight 

industrial products like turbine blades and vehicle parts. (Licht 2012a, 2012b)    

This dissertation will evaluate the environmental (GHG emissions) and economic 

impacts of the new C2CNT process, using carbon budgeting, lifecycle estimate 

comparisons, cost analysis, and sensitivity analysis. The overall research effort assesses 

public health, environmental, business, and public policy implications in an attempt to 

help guide stakeholders such as industry decision makers and environmental regulators in 

shaping the future of industrial production and emissions while minimizing 

environmental health impacts.   
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1.1 Global CO2 Emissions and the Industrial Sector 

Global CO2 emissions are approaching 40 billion tonnes per year resulting in 

significant climate change effects. (NRC 2015)  Even with pledges from most nations to 

reduce greenhouse gases (GHGs) under the 2015 Paris Agreement, climate models 

predict it is still not enough to avoid warming the planet to beyond 2
o
C from pre-

industrial days.  Globally, there are many efforts underway to reduce GHG emissions 

from the electricity generation sector and the transportation sector, but GHG emissions 

from the industrial sector (e.g., steel, concrete and aluminum) remain a big challenge. 

The industrial sector accounted for 14.5 billion tonnes of CO2 emissions in 2015, 

which is 30% of total global CO2 emissions. (Fischedick and Roy 2014, IPCC 2013) 

Industrial sites represent some of the largest stationary sources of CO2 emissions in the 

world, which can result in optimal economies of scale when applying CO2 mitigation 

technologies. (Anderson and Newell 2003, Brown et al., 2012) 

Globally, the industries responsible for a majority of industrial CO2 emissions are 

the iron and steel industry, the cement industry, petroleum refining and pulp and paper 

manufacturing. Steel and cement are vital to build infrastructure such as buildings, mass 

transit, sewer lines, roads and even renewable energy technologies. As of 2015, the iron 

and steel industries account for 9% of global CO2 emissions and the cement industry 

accounts for about 6 to 8% of global CO2 emissions. (GCI 2014, Olivier et al., 2016, 

WSA 2016)  Iron and steel-making are projected to grow 50% by 2050, under a ‗business 

as usual‘ approach. (IEA 2016a, 2016b) In the United States, industrial manufacturing 

processes such as iron/steel, cement, and chemicals account for 15-20% of US CO2 
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emissions with cement manufacturing estimated to be one of largest (3-4%) industrial 

sources of CO2 emissions in the US. (EPA 2015) 

Given the projected growth in these industrial sectors and the huge infrastructure 

already in place to produce these vital industrial products, such industrial processes are 

under pressure to reduce carbon dioxide (CO2) emissions into the atmosphere. However, 

large capital investments into existing manufacturing facilities make meaningful 

reductions in CO2 challenging.  

1.2 Public Health Impacts of Increased CO2 Emissions 

The main human activities resulting in CO2 emissions are the combustion of fossil 

fuels (coal, natural gas, and oil) for energy and transportation, followed by land-use 

changes (deforestation, biomass decay) (EPA 2012b). Worldwide CO2 concentrations 

have increased by 40% since pre-industrial times.  Annual global CO2 emissions grew by 

about 80% between 1970 and 2004. (IPCC 2007, IPCC 2013)  

Increasing levels of CO2 concentrations lead to climate destabilization along with 

myriad direct and indirect public health and environmental impacts. The many emerging 

public health implications of climate destabilization include death and disease from 

extreme weather, floods, droughts and wildfires. The redistribution of precipitation 

patterns has negatively impacted food production and water availability in many arid 

regions of the world.  Higher CO2 concentrations result in ocean acidification damaging 

coral reefs that protect coastlines from the erosive action of waves.  With longer growing 

seasons, there are also increases in the concentrations of harmful allergens and the 

survivability of vector insects in new areas that carry diseases once only found in tropical 

areas. (Haines and Patz 2004, McMichael 2006, NAS 2009)  
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1.3 Solutions: Policy, Economics, Technology 

There is a general consensus in the international community that to help reduce 

GHG emissions and the impact of climate changes, part of the solution to the problem 

lies in utilizing sustainable energy sources, deploying energy-efficient technologies, and 

reducing energy consumption. (IPCC 2007, EPA 2012a, IPCC 2013)   

While many nations struggle with the need to respond to the environmental 

effects of burning fossil fuel while balancing economic needs and many decades of 

dependency on carbon-based energy, (Azapagic 2004), there also exists a strong desire to 

find alternatives to decarbonize industrial processes while maintaining a high quality 

standard of living. In a 2009 report the National Science Board (NSB) acknowledged that 

the United States faces critical challenges to future prosperity, environmental well-being 

and national security due to the dependence on fossil fuels for energy. The report 

recommended a set of national actions that would fundamentally transform the current 

fossil fuel-based energy economy. One of the key recommendations included innovative 

sustainable technology research, development, demonstration and deployment 

(commercialization) across all economic sectors using a systems approach. (NSB 2009) 

For the past decade, there have been several initiatives around the world to 

capture the true cost of CO2 emissions in rule-making efforts, and proposals to advance 

alternate technologies. For example, in 2010 and 2013, an Interagency Work Group 

drawn from several US Federal Government Agencies developed an official estimate of 

the social cost of carbon (benefits of reducing carbon) as a means of monetizing the 

negative impacts of carbon emissions. In 2010 the average social cost of carbon (SCC) 

was valued at $21/metric tonne of CO2 but was raised in the 2013 re-assessment as the 
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underlying models were updated to better address some sources of uncertainty. Currently, 

the average SCC proposed in the United States is valued at $33/metric tonne of CO2 

emissions. The SCC value ranges from $11 to $52 depending on the discount rate 

scenarios applied. (IWG 2010, IWG 2013, Johnson 2012, Johnson 2013) The US efforts 

follow on the heels of similar initiatives in the EU, especially the United Kingdom which 

has considered using the social cost of carbon in its economic assessments (2004), 

Canada, which has tried to incorporate the SCC into regulatory efforts over the past 

decade (2006) and various carbon tax initiatives in other European nations and Australia. 

(CCES 2013) 

Since an industry like cement production competes with other building materials 

(e.g., aluminum, steel.), there are inherent economic pressures to improve efficiency and 

keep costs low. There are also regulatory pressures to reduce air pollutants and GHG 

emissions so the industry has made strides in reducing both air pollutants and carbon 

emissions. These efforts include infrastructure/equipment changes, production process 

changes and raw material substitutions to lower the overall GHG emission per tonne of 

finished product. (vanOss and Padovani 2002a, 2002b, Navia et al., 2006 Huntzinger 

2009, Boesch et al., 2009, USGS 2012a) However, in an industry like cement production 

CO2 is an inherent, unavoidable emission of the production process.  

1.4 C2CNT to Mitigate Industrial CO2 Stack Emissions 

The C2CNT technology is designed to be applied to existing industrial stack 

emissions containing CO2. In such an application, existing industry infrastructure to 

produce cement or any other industrial commodity would remain intact and a plant would 

add a mechanism and equipment to capture stack emissions and divert them to the 
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entrance of the C2CNT unit onsite. As seen in Figure 1.1 below, emissions directed to the 

C2CNT unit would undergo a conversion process whereby CO2 emissions are bubbled 

through a molten lithium carbonate (Li2CO3) salt solution. Application of an electrical 

current via electrodes in the molten salt solution would cause the dissociation of CO2 into 

C (solid carbon), evolving O2 (oxygen) and the solid carbon would precipitate out on the 

electrode plate. The solid carbon would then be conveyed out of the facility for 

collection, storage and transport to other industrial applications. (A detailed description 

of the C2CNT process is provided in Chapter 2: Background.) 

Figure 1.1 Application of C2CNT Process to Industrial CO2 Stack Emissions 

 

 

Some key features in this application that deserve closer consideration include:  

(1) Stack emissions emerging from a cement kiln for example if captured prior to the 

cooling process are likely to be at a high temperature of close to 750
o
C which can serve 

as a potential source of heat if sent directly into the molten salt solution for the C2CNT 
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process. Thus heating costs may be reduced for the C2CNT process. [Note: Although this 

would need to be balanced with the industrial facility‘s existing waste heat recovery and 

combustion efficiency systems in place.] 

(2) An emission mixture of CO2, water vapor, mercury, nitrogen oxides (NOx) and 

particulate matter (PM) would be captured and fed into the C2CNT molten salt solution 

leading the molten salt to need cleaning or replacement periodically due to collected 

impurities. Currently many of these emissions are cooled and eliminated through 

conventionally used best available control technologies (BACTs) such as cyclones, 

baghouses, electrostatic precipitators (ESP) or selective non-catalytic reducers (SNCR), 

to meet regulatory requirements under the EPA Clean Air Act. The C2CNT process could 

potentially serve to eliminate some of these expensive BACT technologies.  

(3) Based on calculations, CO2 is produced at the fast rate of 4 tonnes/min from an 

average sized, full capacity functioning industrial plant like cement which requires 

continuous, efficient and fast C2CNT conversion and material conveyance processes to 

maintain a steady flow of emissions diversion and solid carbon production.  

To better understand some of the ramifications of the C2CNT technology, 

subsequent sections of this dissertation are organized as follows: 

 Chapter 2 provides a background on the C2CNT process, carbon nanoproducts, 

the cement industry and the carbon capture and sequestration process. 

 Chapter 3 delineates the methods used in the analyses, goals and specific 

objectives, significance of the research, the target audience for the results, and the 

scope, limitations and assumptions of the research effort. 
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 Chapter 4 presents the carbon budget for the C2CNT technology. 

 Chapter 5 presents a cost analysis of the C2CNT technology. 

 Chapter 6 offers concluding remarks, research needs and policy recommendations 

stemming from the research findings.  
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Chapter 2: Background 

 

 

This section provides a detailed description of the C2CNT process, a brief 

summary of major types of solid carbon, their prices and market demand as well as a 

brief overview of the cement industry, aluminum industry and the carbon capture and 

sequestration (CCS) process to provide the reader with a common basis from which to 

understand subsequent chapters and the research findings.   

2.1 Carbon Dioxide to Solid Carbon Conversion Process (C2CNT) 

The ―Carbon Dioxide (CO2) to Carbon Nanotubes (CNT) process‖, also known as 

―C2CNT‖, captures CO2 emissions from industrial smokestacks or ambient air and 

converts them to a solid form of carbon such as CNTs.  These solid forms of carbon may 

be used to produce many types of strong, lightweight industrial products like turbine 

blades, vehicles components or aircraft parts. (Kim and Fthenakis 2013, Monfort-

Windels 2016) Thus, C2CNT potentially can produce a valuable manufacturing material 

and offers a potential alternative to CCS as a CO2 removal method.  

C2CNT is an experimental technology whose potential for industrial scale-up 

appears feasible on the basis of several years of bench-level experimentation. The process 

has been refined over time. The technology currently is being scaled-up as part of the 

International Carbon XPrize competition which requires the production of one tonne of 

CNT from high temperature industrial flue gas. (NCCX 2017)  

In the C2CNT process a nickel anode and steel cathode are placed in a lithium 

carbonate (Li2CO3) molten salt solution and CO2 gas (e.g., hot industrial flue gas) is 

bubbled into the molten salt solution.  When an electric current is applied to the 
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electrodes, the CO2 dissociates into solid carbon (C) and oxygen (O2). The carbon then 

adheres to the negatively charged steel cathode as solid carbon.  

A particular feature of the C2CNT conversion technology is that unlike its other 

CO2 removal counterpart technologies, such as CCS, by bubbling the flue gas through a 

molten carbonate salt, it is not necessary to concentrate or liquefy the CO2 for 

electrolysis. (Ren 2015) 

Currently, the C2CNT process uses a mixture of molten lithium carbonate 

(Li2CO3) salt held at 700-800
o
C (see process schematic in Chapter 4).  At these high 

temperatures, molten salt is similar to the viscosity of water at 25
o
C.  (Licht 2010, Licht 

2011, Licht 2012, Licht et al., 2016) The temperature of the molten salt can be readily 

maintained by the hot industrial flue gases typically found at many industrial operations.   

The type of solid carbon produced at the cathode forms quickly and may produce 

a range of carbon nanostructures depending on reaction conditions. Different types of 

CNT (single-walled, multi-walled) or carbon nanofibers (CNFs) (long, short, tangled) can 

be produced by changing the physical conditions in which they form.  (Licht 2009, Licht 

2011, Licht 2012, Wu et al, 2016)  For example, by adding a trace amount of nickel to the 

molten salt and holding temperatures at 730
o
C, CNFs are produced. (Dey et al., 2016) In 

general, the carbon nanoproducts, observed via scanning electron microscope, range from 

200 to 300 nm in diameter by 20 to 200 μm in length. Some of the Li2CO3 tends to bind 

to the solid carbon products, but since the Li2CO3 is water soluble, it readily washes off. 

Once the solid carbon is cooled and washed it has been found to consist of >80% pure 

carbon nanoproduct with a graphitization of 0.70. The carbon product formed by the 

C2CNT process is consistent with carbon nanofibers and carbon nanotubes as described 
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by Raman spectroscopy, scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM). (Ren and Licht, 2016)  

Recent efforts have moved the process from manufacturing CNFs into the 

production of CNTs and product optimization.  The CNT material being created is 

typically single-walled with a purity of >80%.   But laboratory results indicate the 

formation of precursors of both single-walled and multi-walled carbon nanotubes. (Ren 

and Licht 2016, Ren et al., 2017)  

Additional advances in the laboratory have yielded a variety of other process 

enhancements and carbon products. For example, by controlling the molten salt diffusion 

conditions CNFs or hollow CNTs are produced. Furthermore, controlling concentrations 

of additives such as oxides and transition metals in the process influences whether the 

carbon forms as straight or tangled fibers.  By using composite electrolytes such as 

Lithium-Sodium (Li-Na) and Lithium-Barium (Li-Ba) carbonates the C2CNT process 

yields CNT production with a lower cost. (Licht 2017)  These manipulations help control 

the type of carbon nanostructures formed which is important in nanotechnology 

applications (e.g., batteries). (Licht et al., 2016) 

Other studies, demonstrate that CNT wool, composed of 100 times longer CNTs 

may be grown on monel (a type of nickel alloy composed of nickel and copper with small 

amounts of iron, manganese, carbon and silicon) instead of steel. Synthesis is facilitated 

by use of processes such as monel electrolyte equilibration and mixed metal nucleation. 

(Johnson et al., 2017a, Johnson et al., 2017b) 
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The C2CNT process does use a significant amount of electricity but the process is 

estimated to require just 10% of the electricity required by current leading methods of 

CNF production. (Ren 2015)   

2.2 Solid Carbon Types, Prices and Market Demand 

In order to assess the potential value of the carbon nanoproduct from C2CNT, it is 

necessary to first discuss the primary forms of solid carbon widely used today. As shown 

in Table 2.1, the cheapest and most developed market is that of graphite (natural or 

synthetic) followed by CNFs, and the newer and more expensive form of CNTs.  The 

C2CNT process is capable of producing synthetic graphite, CNFs or CNTs. 

Table 2.1 Solid Carbon – Types, Consumption, Prices 

 Solid Carbon Type Global Volume 

Consumed/Yr 

Low 

Price/tonne 

High 

Price/tonne 

Natural Graphite
1
 1.1 million tonnes $364 $1,820 

Synthetic Graphite
2
 1.5 million tonnes $1,250 $1,300 

Carbon Nanofibers (CNF)
3
 73,000 tonnes $1,000 $100,000 

Multi walled Carbon 

Nanotubes (MWCNT)
4
 

 

3,000 tonnes 
$25,000 $250,000 

Single walled Carbon 

Nanotubes (SWCNT)
5
 

$100,000 $800,000 

 

        Sources:  
1
USGS MYB 2015, USGS MCS 2016   

             
2
 USGS 2016, Menza Mining 2016     

    
3
 Zhang et al, 2013, Markets and Markets 2016 

   
4
 DeVolder et al., 2013, Zhang et al., 2013 

   
5
 DeVolder et al., 2013, Zhang et al., 2013 

 

There are different types of graphite and many characteristics will influence the 

price (e.g., ash content, purity level, flake size) but on average the cost of natural graphite 

as listed at foreign ports is $1,360/tonne (flake), $1,820/tonne (lump/chip) and 

$364/tonne (amorphous). (USGS MYB 2017, USGS MCS 2017) Graphite is used in 

many applications such as brake linings, lubricants, steelmaking, pencil lead, batteries, 

and pebble-bed nuclear reactors. Flake graphite has high industrial value because it is the 
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type of graphite that electric vehicle manufacturers require for lithium-ion battery anodes.  

(USGS MYB 2015, USGS MCS 2016)    

Synthetic graphite is a man-made substance manufactured by the high 

temperature processing of petroleum, coal, or organic materials. The price depends on 

purity. The C2CNT process is capable of producing synthetic graphite.  The United 

States produces about 130,000 tonnes of synthetic graphite and China produces about 

45% of global production. (USGS 2016, MenzaMining 2016) North America uses more 

synthetic graphite than natural graphite since natural graphite requires a high level of 

processing to improve its purity.  Synthetic graphite is used as electrodes in batteries, 

electric arc furnaces, as an additive in iron and steel, and as a neutron moderator in 

nuclear reactors. High-end synthetic graphite can be milled to create special shapes and 

specific densities which is of value to lithium-ion batteries. (USGS MYB 2015)   Market 

sources predict that current graphite capacity may not be adequate for the increasing 

demands of new energy technologies, which may require doubling the current graphite 

production. (O‘Driscoll 2010, USGS MYB 2015)  

CNFs have a diameter in the range of 3 to 100 nanometers and length in the range 

of 0.1 to 1,000 micrometers with a high surface area of ~200m
2
/g.  CNFs are used in 

electronic components such as lithium-ion batteries, fuel-cell electrodes and capacitors, 

composite polymer additives, flat panel displays, gas storage materials, and as catalyst 

support materials. They are also used in products where strength and light weight is 

important like carbon fiber helmets, aircraft skins, wind turbine blades, and automobile 

bodies. (De Jong and Geus 2000) CNFs may not be more prevalent in many commercial 

products because the large scale, economical, non-energy intensive production of carbon 
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fibers continues to be an evolving research area. (Rajarao & Bhatt 2012) Hence CNF can 

have a higher price relative to other competing materials. 

CNTs, discovered in 1991 (Iijima 1991), can be visualized as a graphite sheet 

rolled into a tube. The CNT cylindrical structure is composed of a hexagonal array of 

carbon atoms which accounts for its strength and unique electrical, mechanical, magnetic 

and optical characteristics. Carbon nanotubes are broadly divided into single walled 

(SWCNTs) and multi-walled (MWCNTs) types and can be produced with different levels 

of purity depending on their end-use.  MWCNTs were the first to be discovered and are 

made of concentric cylinders around a common central hollow with space between layers 

similar to the interlayer distance of graphite. Most SWCNTs have a diameter of close to 

1 nanometer, with a seamless cylinder tube length that can be many millions of times 

longer. SWCNTs have highly desirable electrical properties compared to MWCNTs.  

SWCNTs are the most likely candidates for miniaturizing electronics beyond the micro 

electromechanical scale currently used in electronics. (US Research Nanomaterials 2016)   

CNTs have applications for photo-electric elements, biomedical science (drug 

delivery), and energy materials. Bulk CNT powders are finding their way into many 

commercial products ranging from rechargeable batteries (lithium anodes), automotive 

parts, boat hulls and water filters. CNTs are more than 100 times stronger than steel per 

unit weight which makes for very strong, light weight building materials. (IEA 2016)  

Advances in CNT synthesis, purification, and chemical modification are enabling 

integration of CNTs into thin-film electronics and large-area coatings. CNT yarns and 

sheets already have promising performance for applications including super-capacitors, 

actuators, and lightweight electromagnetic shields. (De Volder et al., 2013, Zhang et al., 
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2013, US Research Nanomaterials 2016) CNTs have also recently been found to be of 

use in many environmental applications due to their antimicrobial and desorptive 

properties. They aid in the removal of heavy metal ions discharged in industrial 

wastewater. (Gupta et al., 2016)  

According to some market research firms, the global CNT market size is 

estimated to reach $5.64 billion by 2020, with a compound annual growth rate (CAGR) 

of 20.1% between 2015 and 2020. (RRMR 2015) According to one projection, by 2023 

when CNT production capacity will exceed 100,000 tonnes per year and the price for 

CNTs is expected to drop into the range of $10,000 to $30,000/tonne. (Zhang et al., 2013) 

Other estimates by market analysts indicate that the value of the global carbon 

nanotubes market is expected to reach $8.7 Billion by 2022 up from $3.43 Billion in 

2016 with a CAGR of 17.09% between 2017 and 2022. The CNT market size is expected 

to be 13 to 15 kilotonnes by 2022. (Markets and Markets 2018) 

2.3 Cement Industry 

Cement manufacturing is a unique industrial setting for further assessments on 

how to reduce CO2 emissions given the ubiquity of plants in numerous countries, its use 

as a basic, inexpensive building commodity and relatively high CO2 process emission 

rates.  Portland cement has been produced in essentially the same way for over a 

thousand years.  Fossil fuels are burned to create high heat (1450°C) which breaks down 

calcium carbonate (limestone, CaCO3) to produce calcium oxide (lime, CaO) and release 

CO2. Lime is the primary constituent in Portland cement. About 50% of the CO2 

emissions from cement production are direct emissions from the calcination reaction, 

another 40% are from fossil fuel combustion that heats the process and 10% is indirectly 
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emitted from the electricity used in cement manufacture. (Worrell et al., 2001, vanOss 

and Padovani 2002) 

CaCO3 (1 Kg) + heat  CaO (0.56 kg) + CO2 (0.44kg) 

While the cement industry has been successful with improvements in energy 

efficiency, fuel-switching, clinker substitution in cement to reduce calcination-related 

emission levels, and other cement composition and production technology changes, 

achieving important reductions in CO2 emissions over the last 20 years, (Worrell et al., 

2008, Klee et al., 2011, ECRA 2017), there remain practical limits to reducing CO2 

emissions further without a transformative technology. Other industries and power plants 

also may not be able to reduce emissions beyond a certain point but have large capital 

investments in existing facilities.  

2.4. Carbon Capture and Sequestration 

Several technologies have been proposed to reduce industrial GHG emissions. 

These typically involve approaches such as improved energy efficiency in production, 

increased use of low carbon fuels, and carbon dioxide removal (CDR) technologies. 

(Leung et al., 2014, Leeson 2017) While efficiency, fuel switching, co-processing and 

alternate raw materials offer important contributions to emission reductions, other 

technologies may be needed to provide substantial reductions.  There are growing efforts 

to develop CDR for larger-scale CO2 reductions.  CDR includes technologies like carbon 

capture and storage (CCS) where CO2 emissions are collected, liquefied and injected into 

the ground under high pressure for permanent removal.   

CCS is a technology that compresses, cools and liquefies the CO2 from the flue 

gas of a facility and injects the CO2 into the ground under high pressure.  However, there 
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are concerns about the viability of CCS as a climate change solution due to its expense 

and added energy-consumption. For example, CCS is estimated to increase the electricity 

generating cost by 60-80% at new coal plants, with a cost of $30 to $80/tonne of CO2 

avoided for coal power plants. For a modern cement plant (dry process, preheater, 

precalciner, and rotary kiln) the abatement cost is $55 to $150/tonne of CO2 avoided. At 

existing or new coal- or gas-fired power plants, net plant efficiency is estimated to 

decrease by 8 to 10% with the addition of CCS. (Rubin et al., 2012)  

More recent evaluations in the cement industry indicate the cost of capturing CO2 

from a state-of-the-art reference plant (with clinker production capacity of 2 million 

tonnes per year) continues to range from $59 to $82 per tonne of CO2 avoided. But these 

costs are also expected to decrease to less than $47 per tonne of CO2 avoided as the CCS 

technology matures. These estimates do not include the added expense of CO2 transport 

and storage. Most CCS technologies have only been implemented in a few small-scale 

projects in the cement industry with further research required to assess technical and 

economic feasibility for industrial scale applications. (ECRA 2017) 

Among the available CCS technologies, post combustion (end-of-tailpipe) options 

are technologically feasible but economically expensive; calcium looping technologies, 

(in which the carbonate and oxide forms of calcium are reacted together to separate CO2 

from other gases emitted from industrial plants), are viable but still in the research phase 

(however a joint pilot project started in 2013 between Taiwan Cement and the Industrial 

Technology Research Institute has exhibited a capture rate as high as one tonne of CO2 

per hour); and pre-combustion technologies are primarily focused only on the CO2 from 

the fuel combustion part of the process. Oxy-fuel technologies, (in which combustion 
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takes place in an oxygen-rich environment, without nitrogen, resulting in concentrated 

CO2 and water in the flue gas stream), while expensive, are still considered to be the most 

cost-effective CCS option to use with cement kilns and are capable of capturing 85-95% 

of the of CO2 emissions in the form of a pure stream of CO2. A commonly cited 

disadvantage of Oxy-fuel CCS technologies however remains the transport, storage and 

re-use of the CO2.  (Leeson et al., 2017, ECRA 2017) CCS has uncertain consequences 

like the potential to trigger earthquakes or impact groundwater as a result of injecting 

large volumes of liquid CO2 into the subsurface environment. (Little & Jackson 2010; 

Zoback & Gorelick 2012) CCS drawbacks in general include uncertain net atmospheric 

CO2 removal, high costs, as well as technical and social acceptance challenges. (Leung et 

al., 2014, NRC 2015) 

The industrial sector is particularly interested in the idea of carbon capture and 

reuse (CCR) or use (CCU) with several ongoing research projects. The idea of using the 

captured carbon to generate products of value is the preferred alternative to sequestering 

it. Most CCR technologies however are in the early stages of development and except for 

enhanced oil recovery (EOR) remain to be demonstrably viable economically. (ECRA 

2017) 
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Chapter 3: Methods and Research Significance 

 

 

While the C2CNT Process for application in industrial settings is expected to 

reduce CO2 and air pollution emissions to a great extent thus improving environmental 

and public health, the impacts of the new process and comparisons with other 

conventional production processes for industrial commodities (e.g., aluminum, steel, or 

carbon nanoproducts) have never been formally quantified. Hence, this dissertation is 

focused on developing a carbon budget, and comparing lifecycle emissions with other 

industries as well as performing a cost analysis to quantify the health, environmental and 

economic impacts of the C2CNT process.   

The analysis and research findings are expected to inform industry decision-

makers and government regulators as they assess the practical value of the C2CNT 

technology and decide if it is worth the risk of commercializing a radically different 

carbon dioxide removal (CDR) technology. 

3.1 Specific Objectives 

 Research real world industries (e.g., cement, aluminum) producing commodities 

on a large-scale and emitting significant greenhouse gas emissions. 

 Propose a model for a full-scale physical production plant for the C2CNT process 

and estimate amounts (mass, volume) of some key materials required to construct 

the plant. 

 Build a preliminary lifecycle assessment (LCA) model for the C2CNT unit and 

identify components with the highest GHG emissions. 

 Prepare a carbon budget for the C2CNT process including the main components 

in a C2CNT Unit (electrodes, vessel, lithium carbonate molten salt, electricity), 
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identify the important sources of lifecycle emissions in the C2CNT unit and 

assess the emissions from the C2CNT unit using different sources of electricity 

(fossil fuel-based and renewable) to identify the net carbon emission state for a 

C2CNT unit. 

 Identify appropriate comparative values from the lifecycle assessment (LCA) 

literature to compare with C2CNT process emissions, including where available, 

with the CCS, aluminum, steel and carbon nanoproducts manufacturing processes. 

 Conduct a cost analysis of the C2CNT process including the costs of setting up 

and operating a C2CNT plant, and the potential revenue generated from the solid 

carbon product and compare it with other similar industries (e.g., Aluminum, 

Steel, CNT) 

 Conduct sensitivity analyses using Monte Carlo probabilistic assessment 

techniques for the carbon budget and economic analysis to identify input 

parameters with the greatest impact on the results.  

 Inform the developers of the C2CNT technology about research findings based on 

the analysis so the technology development process may be enhanced. 

3.2 Methods, Data Sources and Analytical Tools 

 Data for the C2CNT technology were obtained from and/or are based on 

experimental values generated by the Licht Research Laboratory (Professor Stuart 

Licht and his research team), at the Virginia Science and Technology Campus of 

The George Washington University.  
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 A site visit was conducted to an operational cement plant in the Eastern United 

States and plant workers interviewed to better understand how an industrial plant 

functions. 

 The carbon budget was developed by calculating the material mass of major 

components of a C2CNT unit and estimating the CO2 emissions associated with 

these materials. The analysis also varied the source of the electricity used to drive 

the C2CNT reaction between coal, natural gas and renewables to study 

differences between fuel sources.  

 The Lifecycle CO2 emission estimates for different sources of electricity were 

based on data from systematic reviews and meta-analyses of published lifecycle 

assessment studies on each source of energy. Lifecycle estimates for other 

comparable industries (Aluminum and carbon nanoproducts using traditional 

manufacturing methods) were also drawn from the published peer-reviewed 

literature.  

 A preliminary, screening lifecycle assessment (LCA) of a C2CNT unit was 

conducted using the SimaPro Lifecycle Assessment software by PRé 

Sustainability, PRé Consultants B.V., Amersfoort, The Netherlands. SimaPro was 

selected because it contains robust databases (e.g., Ecoinvent) and allows 

sophisticated handling of parameters and parameter modeling compared to other 

leading softwares used in the LCA industry. 

 The cost analysis is a first order approximation. Initial capital costs, are drawn 

from the published literature on aluminum manufacturing plants which use a 

similar large scale electrolysis process.   
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 The sensitivity analyses for the carbon budget and cost analysis rely on 

probabilistic  techniques (Monte Carlo simulations) using the @RISK component 

of the Decision Tools Suite (Version 7.5) software by Palisades Corporation 

(Ithaca, NY), a common, commercially available software package. Decision 

Tools Suite was selected because it is one of the oldest (since 1987), and is a well-

established decision analytical software in use with a wide-range of 

functionalities. 

3.3 Significance of Proposed Research 

Many decisions in industry are made predominantly on the basis of economics.  

This research quantifies both the economic and environmental impacts (and public health 

impacts indirectly) thus helping to draw public health and environment into the industrial 

decision-making process. This dissertation seeks to measure a new process, which is still 

in the developmental stages, against very well established industrial processes. The new 

technology is perceived to embody financial and operational risks and may not be readily 

adopted unless its economic and societal health benefits are quantified and demonstrated.  

This dissertation offers a potential method for evaluating other similar emerging 

technologies against well-established industries in a way that public health and 

environmental benefits and hidden consequences can be taken into account in addition to 

economic elements.   .   

3.4 Target Audience 

The target audience for this analysis includes the management and decision-

makers at companies producing industrial commodities with significant CO2 emissions, 

policy makers at government agencies and other non-government institutions, LCA 
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practitioners, and other climate change and innovative environmental technology 

researchers. 

3.5 Research Scope, Limitations, Key Assumptions 

The research scope is limited by the data discovered during the experimental 

process by the inventor of and research teams working on the C2CNT technology.  A 

potential significant limitation is the limited knowledge available about the scalability of 

the C2CNT process since it is still in the early developmental stages. The data for carbon 

nanoproducts, aluminum and carbon capture and sequestration are based on the 

information currently available. These fields however are rapidly evolving with changes 

as new refinements occur. 
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Chapter 4: Carbon Budget of the C2CNT Process  

 

 

4.1 Introduction  

 This chapter evaluates the carbon budget associated with scaling up a C2CNT 

system in an existing CO2 emitting industrial facility. The analysis provides a preliminary 

assessment based on continuing laboratory and scale-up experiments. Other supporting 

sections of this chapter present a proposed scaled-up model of the C2CNT technology, a 

preliminary lifecycle assessment (screening) of the C2CNT technology, and a sensitivity 

analysis to identify the inputs that most influence the C2CNT process carbon budget, 

followed by a discussion and interpretation of the results and concluding 

recommendations for subsequent research.  

4.2 Scaled-up Unit Model of C2CNT System 

To date, the C2CNT optimization experiments are scaling up to convert 1 tonne or 

1,000 kg of solid carbon. The basic concept of a scaled-up C2CNT system is to bubble 

the hot CO2-laden flue gas into a tank of molten salt and a galvanized steel cathode would 

move between stationary nickel anode plates.  Solid carbon is brittle and would readily 

break off with mechanical removal. A conceptual diagram of how a scaled-up continuous 

flow C2CNT system may work is shown in Fig 4.1.  

There are many geometries that can potentially work for a continuous-flow 

process but basically flue gas is pumped into the molten salt reaction vessel while steel 

cathode bands or cables move through the molten salt reaction vessel between nickel 

anode plates.  An electrical charge is applied to dissociate the CO2 gas and deposit the 

solid carbon onto the steel cathode.  The solid carbon can be mechanically broken off 

onto a conveyor and flows into a collection bin. The reaction also produces high 
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temperature oxygen and the oxygen could be piped back into the facility‘s combustion 

chamber to make the combustion of the fuel much more efficient.  By using oxygen 

instead of air in the combustion process, there would be a substantial reduction in oxides 

of nitrogen. 

Figure 4.1 Hypothetical Continuous-Flow C2CNT System 

 

 

 

4.3 C2CNT System Components -- Materials and Quantities 

To calculate the carbon budget of the C2CNT system, this analysis estimates the 

material masses, volumes and sizes of the major C2CNT components.  

4.3.1 Mass of CO2 and Solid Carbon 

In order to gain a sense of scale, the analysis considered the operation of an 

average cement manufacturing plant in the Eastern United States. The plant is able to 

produce 2 million tonnes of Portland cement per year.  A cement plant releases 
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approximately one tonne of CO2 for every tonne of Portland cement produced, although a 

highly efficient, modern plant, depending on the amount of clinker in its composition, 

may release 0.8 - 0.9 tonnes of CO2 for every tonne of cement produced (vanOss 2002).  

The C2CNT process can convert each tonne of CO2 (MW=44g/mol) to 0.27 tonnes of 

CNT (MW = 12g/mol) and 0.73 tonnes of O2 (MW = 32g/mol). Thus, theoretically, a 

cement plant emitting 2 million tonnes of CO2 each year could generate 540,000 tonnes 

of solid carbon each year (or 1,480 tonnes of carbon/day). 

4.3.2 Mass/Volume of Electrode Components in C2CNT Unit 

To simplify the mass calculations, a flow rate of 4 tonnes of CO2/min is assumed 

(based on 2 million tonnes of CO2/year emitted from an average cement plant). Based on 

laboratory data, the process needs a reaction time of one minute to convert one tonne of 

CO2 to 0.27 tonnes of carbon. Based on experimental studies of amperage, current 

density and voltage requirements for the reaction at the laboratory level, developers of the 

C2CNT technology estimate that processing the 4 tonne/min flow rate requires 114 anode 

and 114 cathode plates (10m x 10m x 0.05m) facing each other inside the molten salt 

reaction chamber. The plates would be 0.05m (1 inch) thick, with a 0.05m (1 inch) 

separation between plates. This morphology also assumes the electrolytic reaction will 

take place on both sides of each cathode plate. Thus the equivalent reaction surface area 

would be 22,800 m
2
 (10m x 10m x 228 plates).  

The anode component is assumed to last for 5 years before needing replacement 

due to wear and tear, while the cathode is assumed to last for 1 year because it is 

expected to undergo more mechanical abrasion and deflection when the solid carbon is 

removed.  



27 
 

The mass of the electrodes is calculated as follows: 
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Assumptions: Volume of one (10m x 10m x 0.05m) electrode = 5 m
3
 

Density of Nickel      = 8,910 Kg/m
3
 

Density of Steel     = 8,000 Kg/m
3
 

C2CNT Carbon (from 2 x 10
6
 tonnes/yr of CO2)  = 540,000 tonnes/yr 

Lifetime of Anode and Reaction Vessel  = 5 years 

Lifetime of Cathode     = 1 year 

 

The calculations show that, relatively small amounts of nickel and steel for the 

anode and cathode respectively (approximately 1.88 and 8.44 Kg/tonne of solid carbon), 

are required to construct a basic C2CNT unit that would process 1,480 tonnes of CO2/day 

(flow rate of approximately 4 tonnes of CO2/min operating continuously).  

The volume of space needed for the electrode plates (L x W x H) is calculated as 

follows: 

                                                    

Assumptions: Length = (228 plates) x (0.05m thickness) = 11.4 m
 

  Width = 10 m 

Height = 10 m 

 

Thus the electrodes would occupy 1,140 m
3
 of the volume in the reaction vessel. 
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4.3.3 Mass of Lithium Carbonate Molten Salt 

Next, the amount of molten salt required in a steel reaction vessel to mediate the 

electrolytic reaction that converts CO2 to CNT is estimated. The primary molten salt used 

is lithium carbonate (Li2CO3), although other molten salts have also shown to be effective 

for the process and as the process is refined other less expensive carbonates may be used 

to mediate the electrolysis. (Licht 2009, Wu et al., 2016)  

Theoretically, the lithium carbonate is not consumed in the conversion process. 

Lithium carbonate is continuously regenerated during CNT production according to the 

following reactions (Licht 2016): 

Electrolysis: 

Li2CO3 (molten) + 4e- (electricity)   C (solid CNT) + Li2O (dissolved) + O2 (gas) 

CO2 Dissolution: 

CO2 (gas) + Li2O (dissolved)  Li2CO3 (molten) 

Net Reaction:   

CO2 (gas) + 4e- (electricity)  C (solid CNT) + O2 (gas) 

But some lithium carbonate may be mixed into the CNT end products (3-5%), 

which has been observed in lab experiments. As the conversion process is refined and 

optimized, the loss rate of lithium carbonate is expected to diminish. There are also ways 

to separate the lithium carbonate from the solid carbon for re-use in the C2CNT reaction 

(but these are not considered in the current analysis). Some battery developers use CNT 

in lithium-ion batteries so lithium carbonate contamination by CNT may actually be 

desired by battery manufacturers (Nomura et al., 2014), although this would need to be 

standardized and quantified. 
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While the C2CNT process requires a large quantity of molten lithium carbonate, 

experimentation indicates a small, fixed loss of lithium carbonate during the electrolytic 

conversion to produce CNT, which may even be reduced as the technology is refined 

further.  Therefore the molten salt is expected to have a minor impact on GHG emissions 

compared to electricity consumption.  For example, at a Li2CO3 loss rate of 3-5%% per 

tonne of carbon produced 44 to 50 tonnes of Li2CO3 per day [(540,000 tonnes C/year x 

3% or 5% loss rate Li2CO3) / 365 days)] would need to be replaced. Furthermore, the 

production of lithium carbonate appears to have a small carbon footprint especially when 

the lithium is sourced from brine and solar evaporation used to produce the Li2CO3 salt. 

(Notter et al., 2010, Gaines et al., 2010, Dunn et al., 2012)  

4.3.4 Mass and Size of Reaction Vessel in C2CNT Unit 

To estimate the size of the reaction vessel in the C2CNT unit, it is important to 

account for the volume of the gaseous CO2, the lithium carbonate and the reaction plates.  

For CO2, assuming a flow rate of 4 tonnes of CO2/min (or 2 million tonnes of CO2/year), 

with a reaction time of one minute, there will be 4 tonnes of CO2 in the reaction vessel at 

any one point in time.  The vapor volume of CO2 is calculated as follows: 

 

          (
       

         
)         

 

Assumptions: Density of CO2 at 0
o
C   = 1.96 Kg/m

3 

  Density of CO2 at 777
o
C

1
  = 0.50 Kg/m

3
 

MW of CO2    = 44 g/mol 

Mass of CO2 (4 tonnes/min)  = 4000 Kg 
1
Reference: www.EngineeringToolBox.com 
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The 228 electrode plates (10m x 10m) with 0.05m thickness will require 1,140m
3
 

of volume. This analysis assumes at least a 50/50 ratio of CO2 gas to molten salt (though 

more molten salt will likely be required).  Therefore, the calculation assumes another 

8000 m
3
 in volume for the lithium carbonate.   
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Assumptions:  Li2CO3 Density = 2.11 g/cm
3
 = 2,110 Kg/m

3
 

 

 

The vessel is estimated to contain a total volume of about 17,140 m
3
 (8000 m

3
 for 

the CO2, 1,140m
3
 for the electrodes, 8,000 m

3
 for the Li2CO3 salt).  This corresponds to 

10m x 10m x 171m or more practical dimensions may be 20m x 20m x 43m (L x W x H) 

with a vessel wall thickness of 0.05m (1 inch). The reaction vessel is assumed to last for 

5 years before needing replacement due to wear and tear. (Note: Many different vessel 

morphologies and dimensions corresponding to the required volume may be feasible.) 

The mass of steel required for the reaction vessel given the estimated volume, size 

and dimensions is calculated as follows: 
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Assumptions: Dimensions of Vessel     = 20m x 20m x 43m  

Volume of Steel (Outer – Inner Volume)  = 87 m
3
 

Density of Steel     = 8,000 Kg/m
3
 

C2CNT Carbon (from 2 x 10
6
 tonnes/yr of CO2)  = 540,000 tonnes/yr 

Lifetime of Reaction Vessel    = 5 years 

 

A relatively small amount of steel for the reaction vessel (0.28 Kg/tonne of solid 

carbon), is required to construct a C2CNT unit that would process 2 million tonnes of 

CO2/year (flow rate of approximately 4 tonnes of CO2/min operating continuously).  

4.3.5 Mass Calculations for Electricity 

The primary inputs into the C2CNT Carbon conversion system are heat and 

electricity.  For this assessment, the assumption is that the temperature of the hot flue gas 

is adequate to maintain the 800-900
o
C temperature required for the C2CNT sustained 

electrochemical reaction. The calculated electricity required is 2,436 kWh/tonne of CO2 

or 2.44 MWh/tonne of CO2 (equivalent to 8,934 kWh/tonne of CNT or 8.93 MWh/tonne 

of CNT). The amount of electricity required for the C2CNT reaction to process 1 tonne of 

CO2 at a voltage of 1.0 volt is calculated as follows: 
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Assumptions: Mass of CO2   = 1 tonne = 22,727 moles 

MW of CO2    = 44 g/mol 

MW of C (CNT)  = 12 g/mol 

Electrons    = 4 electrons convert 1 mol CO2 to 1 mol C 

Faraday‘s Constant    = 96,485 Amps-sec 

Coulombic Efficiency  = 100% 

Voltage (V)    = 1.0 volt 
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4.4 Preliminary Lifecycle Assessment Model 

Next, a preliminary analysis of material emissions from the C2CNT unit and their 

impacts (environmental and public health) was conducted using a lifecycle assessment 

approach. These analyses were performed using the SimaPro Lifecycle Assessment 

Software.  

Lifecycle assessment (LCA) is an approach used to evaluate the range of potential 

environmental impacts of a product, material, process, or activity across its entire 

lifecycle from acquisition of raw materials to manufacturing, use and waste disposal 

(cradle to grave). An LCA is composed of four major analytical stages including: (1) goal 

and scope definition for the model (including definition of the functional unit of the 

model), (2) inventory analysis (identifying the unit processes that feed into the functional 

unit of the model based on primary and secondary data and the associated inputs and 

output emissions), (3) impact assessment (or classifying the environmental impacts into 

major themes and categories), and (4) interpretation of the results.  

For the impact assessment, the IMPACT 2002+ method (developed at the Swiss 

Federal Institute of Technology Lausanne (EPFL) Switzerland) was selected as it 

encompasses a wide range of environmental and public health impacts and includes both 

midpoint (e.g., human toxicity, ozone depletion, global warming, acidification, 

ecotoxicity, mineral extraction) and endpoint (e.g., human health, climate change, 

ecosystem quality and natural resources) indicators of effect. (Joliet 2003, Humbert et. 

al., 2012)  

When using the IMPACT 2002+ method, the human health indicators are 

measured in terms of disability-adjusted life years or DALYs, the climate change 



33 
 

indicators are measured in terms of kilograms of CO2-eq into the air (Kg CO2-eq air), the 

ecosystem quality indicators are measured in terms of ―Potentially Disappeared Fraction 

of Species over a certain amount of square meters during a certain amount of year(s)‖ 

(PDF*m
2
*y), and natural resource indicators are measured in terms of the amount of 

energy extracted or needed to extract the resource or Megajoules (MJ). (Joliet 2003, 

Humbert et. al., 2012) 

Figure 4.2 shows how the midpoint indicators correlate with the endpoint 

(damage) indicators when using the IMPACT 2002+ impact assessment method.  

Figure 4.2 IMPACT 2002+ Method Midpoint and Endpoint Indicators of Effect
1
 

 

        1
Reference: Diagram Courtesy Joliet 2003, Humbert 2012 

 

The initial LCA model of the C2CNT process was composed of electrodes, 

reaction vessel, lithium carbonate molten salt and source of electricity. This model 

assumed an electricity requirement of 2,436 kWh/tonne of CO2, a 5% loss rate for the 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiUi7qOuc_cAhWRnOAKHUoxAmgQjRx6BAgBEAU&url=https://www.researchgate.net/figure/Overall-scheme-of-the-IMPACT-2002-framework-linking-Life-Cycle-Inventory-LCI_fig13_316686391&psig=AOvVaw2qfp3IoDycCk7S46wBbU_V&ust=1533336197272475
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molten salt per tonne of solid carbon produced, and 30 anodes and 30 cathodes (sized at 

10m x 10m x 0.05m thick) to process 1 tonne of CO2 (the functional unit for the LCA 

model). The modeling effort demonstrated the following findings: 

Figure 4.3 and Figure 4.4 show that C2CNT process electricity sourced from 

fossil fuels such as coal demonstrates a greater impact on a range of health, climate 

change, ecosystem and natural resource effects compared to electricity sourced from a 

renewable source such as solar energy. 

Figure 4.3 Impact of Electricity Source (Coal) on Midpoint Indicators 
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Figure 4.4 Impact of Electricity Source (Renewable Solar) on Midpoint Indicators 

 

 

 

 

 

 

 

 

 

 

 

As seen in Figure 4.5 and Figure 4.6 in considering the effects of the C2CNT 

process on endpoint damage indicators such as human health, ecosystem quality, climate 

change and use of natural resources, a C2CNT unit fueled by electricity from a coal 

source has greater impacts on all these indicators, especially climate change, compared to 

a C2CNT unit fueled by solar energy. 
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Figure 4.5 Impact of Electricity Source (Coal) on Endpoint Indicators 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Impact of Electricity Source (Renewable Solar) on Endpoint Indicators 
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Lastly, as seen in Figure 4.7, in considering the effects of the C2CNT process on 

human health, ecosystem quality, climate change and use of natural resources in the form 

of a single score, a C2CNT unit fueled by electricity from a coal source has greater 

impacts on these indicators, especially climate change, compared to a C2CNT unit fueled 

by solar energy. 

Figure 4.7 Impact of Electricity Source on Endpoint Indicators (Single Score) 

 

 

Thus the initial lifecycle assessment modeling effort showed that electricity in the 

C2CNT process, especially if from fossil fuel sources, has a greater impact on the carbon 

footprint. Lithium carbonate can be considered a fixed loss regardless of the source of 

electricity used. Furthermore, the molten salt loss may be minimized as the experimental 

process is refined. Hence the subsequent sections of the analysis focus on the GHG 

impacts of the electricity used to fuel the C2CNT process. 
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4.5 Carbon Budget for C2CNT Carbon  

Next, the analysis varies the source of the electricity used to drive the C2CNT 

reaction between coal, natural gas, and renewables. Lifecycle CO2 emission estimates for 

electricity were based on data from systematic reviews and meta-analyses of published 

lifecycle assessment studies on each source of energy. 

Since it takes 2.4 MWh to sequester one tonne of CO2 using the C2CNT process it 

is important to consider the CO2 emissions from the electricity used in the process. Figure 

4.8 illustrates the range of carbon intensities across different power sources.   

Figure 4.8 Lifecycle GHG Emissions from Electricity Production Sources
1

 

1
References: Coal (Whitaker et. al., 2012); Natural Gas (O'Donoughue et. al., 2014); Nuclear (Warner & 

Heath 2012); Solar CSP (Burkhardt et. al., 2012); Solar PV--Crystalline (Hsu et. al., 2015); Solar PV—

ThinFilm CIGS (Kim et. al., 2012);  Wind (Dolan & Heath 2012); EIA 2015 
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C2CNT process, would emit 2.4 tonnes CO2–eq to remove one tonne of CO2 which is an 

undesirable outcome since the process emits a net 1.4 tonnes of extra CO2–eq.   However 

the average lifecycle CO2–eq emissions from a light water nuclear reactor is 0.012 tonnes 

per MWh (Warner & Heath 2012) which means that using nuclear power to fuel the 

C2CNT process emits only 0.03 tonnes CO2–eq to remove one tonne of CO2. It becomes 

very clear that the C2CNT process can be very effective at removing CO2 from the 

atmosphere as long as low carbon electricity is used to power the process.   

Figure 4.9 illustrates the relationship between the CO2–eq emissions from each 

electricity source required to avoid one tonne of CO2 emitted from an industrial facility. 

Above the red line indicates the C2CNT process is emitting more CO2 than what is 

avoided and below indicates a net removal of CO2 from the atmosphere.  Using the 

C2CNT technology with a fossil-fuel based electricity source emits more CO2–eq than 

the one tonne of CO2 avoided.   Alternatively, using nuclear, wind, solar CSP 

(Concentrated Solar Power), solar PVCry (Photovoltaic – crystalline) or solar PV CIGS 

(copper-indium-gallium-selenide cell) emits less than one tonne of CO2–eq for every one 

tonne of CO2 avoided.   

So using the C2CNT technology powered by electricity from a low carbon source 

will result in a 97.1% (nuclear), 97.4% (onshore wind), 95% (CSP), and 89% to 96.6% 

(Solar PV) reduction of CO2 emissions.  
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Figure 4.9 Ratios of CO2 Emissions vs. CO2 Avoided by Power Generation Source 

 

Note: Emissions Ratio refers to the Ratio of CO2 emitted vs. CO2 avoided by the C2CNT 

technology depending on the power generation source utilized. A ratio=1 indicates the 

C2CNT process is associated with a net zero amount of carbon emissions for a particular 

energy source. i.e., the amount emitted equals the amount avoided. 
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4.6 Sensitivity Analysis 

Next a sensitivity analysis was conducted using probabilistic techniques (Monte 

Carlo simulations) with the @RISK7.5 Decision Tools software by Palisades Corporation 

(Ithaca, NY). Input and output parameters used in the analysis are identified along with 

assumptions and rationales driving the choices. A probability distribution was assigned 

for variables with uncertain values. Base case, low and high values for variables were 

based on the available literature or experimental laboratory values.  

Tornado graphs were generated to identify critical inputs and the effect of 

variations in these critical input parameters on net carbon emission reductions was 

studied.  

[Note: Tornado graphs and spider plots are typically used in engineering 

economics and decision analysis to identify the top variables that contribute the most to 

the variability of the outcome, and hence what the decision maker should focus on.]  

In building the model for the sensitivity analysis the following input and output 

parameters as described in Table 4.1 were used. 
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Table 4.1 Carbon Budget Sensitivity Analysis Input/Output Parameters 

Input Variables Distribution Low 

Parameter 

(Min) 

Base Case 

(Most Likely 

Value) 

High Parameter 

(Max) 

Reference/ Explanation 

CO2 Converted (Tonnes) in 

Ambient or Flue Gas 
  1.0  C2CNT Process from S. Licht 

Lab (SLL) 

CNT Produced (Tonnes)   0.27  C2CNT Process (LL) 

Annual CO2 Converted 

(Tonnes/Yr) 

  2,000,000  Avg Cement Plant 

Annual CNT Produced 

(Tonnes/Yr) 

  540,000   

CO2 Emissions/Tonne cement   1.0  vanOss 2012 

Current (MegaAmps)   0.96485  Faraday's Constant 

Voltage (volts) Triangular 0.8 1.0 1.3 Base value=SL Lab 

Coulombic/Current Efficiency 

(CE) (%) 

  100%  100% per SL Lab 

Electricity Consumption 

 (MWh/Tonne CO2 removed) 

  2.52  Calculated based on 100%  

Coulombic efficiency 

Electricity Consumption 

 (MWh/Tonne CNT produced) 

Uniform 8.93  15.00 Base=PL/PS Calculated 

High=Al plant 

100% CE for all 

Coal Avg Lifecycle Emissions 

(CO2-eq/MWh) 

Triangular 0.882 0.98 1.1 Whitaker et al 2012 (base 

value); +/- 10% (low/high 

values) 

NatGas Avg Lifecycle 

Emissions (CO2-eq/MWh) 

Triangular 0.423 0.47 0.517 O'Donoughue et al 2014 (base 

value); +/- 10% (low/high 

values) 

Nuclear Avg Lifecycle 

Emissions (CO2-eq/MWh) 

Triangular 0.011 0.012 0.013 Warner & Heath 2012 (base 

value); +/- 10% (low/high 

values) 
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Input Variables Distribution Low 

Parameter 

(Min) 

Base Case 

(Most Likely 

Value) 

High Parameter 

(Max) 

Reference/ Explanation 

Wind Avg Lifecycle Emissions 

(CO2-eq/MWh) 

Triangular 0.019 0.021 0.023 Dolan & Heath 2012; EIA 

2015 (base value); +/- 10% 

(low/high values) 

Solar CSP Avg Lifecycle 

Emissions (CO2-eq/MWh) 

Triangular 0.051 0.057 0.063 Burkhardt et al 2012 (base 

value); +/- 10% (low/high 

values) 

Solar PVCry Avg Lifecycle 

Emissions (CO2-eq/MWh) 

Triangular 0.041 0.045 0.050 Hsu et al 2015 (base value); 

+/- 10% (low/high values) 

Solar PVCIGS Avg Lifecycle 

Emissions (CO2-eq/MWh) 

Triangular 0.010 0.011 0.012 Kim et al 2012 (base value); 

+/- 10% (low/high values) 

Output Variables Assumptions 

Net Coal CO2 Reduction 

An average industrial plant (e.g., cement) emitting 2,000,000 tonnes of CO2 and producing 

540,000 tonnes of CNT using the C2CNT process. 

Net NatGas CO2 Reduction 

Net Nuclear CO2 Reduction 

Net Wind CO2 Reduction 

Net Solar CSP CO2 Reduction 

Net Solar PVCry CO2 Reduction 

Net Solar PVCIGS CO2 Reduction 
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To generate the tornado and spider graphs the analysis assumed an electricity 

consumption in the range of 8.93 MWh/tonne of CNT produced (calculated for the 

C2CNT plant) to 15 MWh/tonne of CNT (typical for an Aluminum smelter). The model 

considered electricity from several sources including fossil fuel and renewables and 

assumed a 10% variation (high and low) from base value for the carbon emissions from 

these electricity sources since there is a relative confidence about the base emission rates.  

The results from the sensitivity analysis show that the output variable (net carbon 

emission reductions (NCER)) is most sensitive to the amount of electricity consumed in 

the C2CNT process (largest bar) followed by the Average CO2 emissions from each 

source of electricity (smaller bar). (Figures 4.10, 4.11, 4.12) All sources of electricity 

displayed similar results. 

Figure 4.10 Tornado Graph: Effect of Inputs on NCER (Coal) 
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Figure 4.11 Tornado Graph: Effect of Inputs on NCER (Nuclear) 

 

 

Figure 4.12 Tornado Graph: Effect of Inputs on NCER (Solar CSP) 
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Based on the results of the tornado and spider graphs the most critical input 

parameter(s) were identified and used to further fine-tune the sensitivity analysis. Four 

scenarios were developed in which the following input(s) were varied to study their 

impact on the model: 

(a) Electricity consumption varied between  5.0 MWh/tonne CNT and 15.0 

MWh/tonne CNT 

Results from the scenario analysis that considered different carbon emission 

reduction scenarios by varying the amount of electricity consumed across each electricity 

source are summarized in Figure 4.13. These results indicate that the source of electricity 

is important to ensure a net reduction in carbon emissions from electricity consumption. 

The renewable sources of electricity offer close to 100% net reductions in carbon 

emissions regardless of amount of electricity (5.0 MWh, 8.93 MWh, 11.97 MWh, and 

15.0 MWh) consumed. However the fossil fuel energies (coal and natural gas) are 

influenced by the amount of electricity consumed. Lower the amount of electricity 

needed to run the C2CNT process, better the emission reduction potentials of the fossil 

fuel energies.  

So for example, consuming 5.0 MWh of coal-based electricity results in a -32% 

emissions reduction (or a net increase in emissions) and consuming 8.93 MWh of coal-

based electricity results in a -136% emissions reduction (or an even greater net increase 

in emissions). Consuming 5.0 MWh of natural gas-based electricity results in a 37% net 

reduction in emissions but consuming 8.93 MWh of natural gas-based electricity results 

in a -13% emissions reduction (or a net increase in emissions). At a 15.0 MWh electricity 
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consumption level both coal and natural gas are emitting more CO2 (-297%, and -90% 

respectively) rather than removing CO2 from the atmosphere. 

Figure 4.13 Effects of Variations in Carbon Budget Inputs on NCER 
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4.7 Discussion 

Even though C2CNT is a newer technology, there are several similarities to other 

existing processes.  C2CNT may be compared to other processes to better understand the 

role this technology can play in climate mitigation and raw material manufacturing. 

4.7.1 Lifecycle Emissions of C2CNT vs. Aluminum Production 

The C2CNT electrolysis process is similar to that of a modern aluminum smelter.  

Primary aluminum production in modern smelters requires approximately 14 MWh/tonne 

Al. (Kvande and Drablos 2014) However, some lifecycle estimates of aluminum 

production, which would include mining operations and transport, have been cited as 

high as 55.56 MWh/tonne of aluminum. (Kim and Fthenakis 2013) The electrolysis 

reaction for the C2CNT process uses 8.9 MWh/tonne of CNT.  While this figure does not 

include electricity to operate machinery or other indirect plant operations, the electrolysis 

process is expected to be the dominant energy requirement for C2CNT operations.  

Another large-scale assessment of the European Aluminum industry found overall 

direct CO2 emissions of 3.5 tonnes of CO2 per tonne Al (sawn aluminum ingot), and total 

electricity energy consumption of 16 MWh/tonne Al, of which electrolysis consumes 

more than 95% of the total electricity. (Moya et al., 2015) 

4.7.2 Lifecycle Emissions of C2CNT Solid Carbon vs. Traditional CNTs 

Since the C2CNT process can produce CNT, it may be compared to the lifecycle 

carbon emission and energy use estimates of carbon nanoproducts manufactured through 

arc or chemical vapor deposition methods, currently used in the carbon nanotube 

industry.  
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In the past 5-10 years, an increasing number of LCAs (cradle to gate) have been 

performed on nanostructured (single) material products including carbon nanofibers 

(CNFs), and single-walled and multi-walled carbon nanotubes (SWNTs, MWNTs). (Kim 

and Fthenakis 2013)  

Lifecycle estimates for CNF synthesis range from 0.81 to 3.03 MWh/kg (805-

3,027 MWh/tonne) depending on synthesis method on a laboratory scale. (Khanna et al., 

2008) Other studies show a wide range of energy use values for carbon nanotubes with 

SWNTs ranging from 97 to 244 MWh/Kg CNT (97,200-244,400 MWh/tonne CNT) of 

electrical energy (Healy et al., 2008) to 0.69 to 8.89 MWh/Kg CNT (694-8,889 

MWh/tonne CNT) and MWNTs under 8.89 MWh/Kg CNT (8,889 MWh/tonne CNT). 

(Kushnir and Sanden 2008) Since CNT manufacturing is a newer technology with several 

manufacturing methods, there is a wide range of variability.  However, in general these 

manufacturing methods are 2-3 orders of magnitude greater than the 8.9 MWh/tonne of 

CNT used in the electrolysis process for C2CNT.    

4.7.3 Lifecycle Emissions of C2CNT Solid Carbon vs. Steel 

Since the CNT produced by the C2CNT process may be used as a building 

material it is likely to compete with iron and steel as a building material, and it is possible 

that the large scale production of CNT will offset CO2 emissions from avoided iron and 

steel production.  Globally, iron and steel production emit 2.4 to 2.5 Gigatonnes of CO2-

eq/year. (IEA 2008, Nuss et al., 2014) On average about 2 tonnes of CO2 are emitted per 

tonne of steel produced using the blast furnace method. But CO2 emissions vary by 

country with the US at 2.9 tonnes of CO2/tonne steel and China and India at 3.1 to 3.8 
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tonnes of CO2/tonne steel. Countries like Brazil, Korea and Mexico range between 1.25 

to 1.65 tonnes of CO2/tonne steel. (GCI 2017) 

4.7.4 Sources of Analytical Uncertainty 

This carbon budget analysis was conducted based on the most current and best 

available information on the C2CNT technology, however sources of uncertainty include 

the following: (1) Since the C2CNT process is still a relatively new technology and still  

needs to undergo scale-up, numerical values used in the calculations are based on 

experimental data that continue to evolve. (2) Industries like cement, steel and aluminum 

manufacturing are also modifying processes to reduce their carbon emissions and this 

analysis is based on the most current information available on the current state of carbon 

emissions from these industries.  (3) The CNF, CNT market is still relatively young and 

fast-growing with new experimental methods being continuously developed to improve 

products and associated emissions. (4) The renewable energy sector has been growing at 

a fast pace with improved technologies, higher adoption rates, and lower electricity rates.   

Based on the research findings on the carbon budget of the C2CNT process, this 

technology offers the potential for important CO2 reductions in the industrial sector. 

Although more work is needed to scale up C2CNT, this process holds the potential of 

being a valuable technology in combating climate change. Given the important influence 

of electricity in this process, as the C2CNT technology continues to be developed 

research efforts may be directed towards reducing electricity consumption and to further 

investigating the use of renewable energies such as nuclear, solar and wind to power the 

process. Additionally, the use of different eutectic molten salts may be investigated for 

their sulfur and other flue gas emission cleaning properties in the context of C2CNT.  
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Chapter 5: Cost Analysis of the C2CNT Process 

 

 

5.1 Introduction 

 This chapter will discuss the economic feasibility of C2CNT, the new CDR 

technology under development that is capable of removing CO2 directly from the flue gas 

of an industrial facility and converting it into solid carbon materials (e.g. graphite, carbon 

fibers (CNF), carbon nanotubes (CNT)) which could then be sold as a manufacturing 

material.  These solid carbon materials are excellent building materials with attributes 

such as being electrically conductive, lighter than aluminum, and stronger than steel. 

However, CNFs and CNTs in particular have been historically expensive and therefore 

impractical as a large-scale building material.  C2CNT could potentially mass produce 

solid carbon materials from CO2 industrial waste gases and lower the price of solid 

carbon building materials.   

As noted in Chapter 4, the C2CNT process does require a significant amount of 

electricity, however if the electricity generation source is from low carbon sources like 

renewable (e.g., solar, wind) or nuclear power, the process is estimated to have the 

potential to reduce 77-98% of all (lifecycle) CO2 emissions from an industrial facility. A 

small amount of CO2 emissions will likely still exist due to emissions from the 

construction of the C2CNT plant.  But if the resulting carbon materials are used to 

displace other building materials such as steel and aluminum, there are additional CO2 

emission reductions from displacing these competing building materials. (Licht 2012)  

The cost of the C2CNT process is also compared to similar material 

manufacturing processes like aluminum production and other CDR technologies like 
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CCS.  Lastly, a sensitivity analysis is conducted to identify the inputs that most influence 

the profitability of the C2CNT process. 

5.2 C2CNT Process Operating (Variable) Cost Estimates 

As with any new technology it can be challenging to be certain on C2CNT costs 

but as a first order approximation this analysis is relatively confident about the 

production costs. For the initial capital costs, aluminum manufacturing plants which use a 

similar large scale electrolysis process serve as a basis.  The primary inputs to the 

production costs will mostly come from the electricity required to run the electrolytic 

reaction and any Li2CO3 molten salt replacement that may be necessary.    

5.2.1 Electricity Cost 

The calculations (verified in small-scale lab experiments) estimate that it will take 

8.93 MWh of electricity to convert 3.67 tonnes of CO2 into one tonne of solid carbon.  By 

comparison, it requires 14 to 15 MWh of electricity to produce one tonne of aluminum, 

assuming a 45-50% energy efficiency of electrolytic cells in modern aluminum smelters. 

(Kvande & Drablos 2014, Norsk Hydro 2016, TMS 2016)  Oxygen (O2) is formed in the 

C2CNT conversion process which could then be used to make the plant combustion 

operation cleaner and more efficient. C2CNT needs to rely on low carbon sources of 

electricity in order to reduce CO2 emissions (as seen in the carbon budget). As of 2016 

large utility-scale solar PV prices are in the range of $60-$80/MWh and onshore wind 

prices are $40-$60/MWh in the United States and even lower in other countries (Middle 

East). (Lazard 2016, Mone et. al., 2017) Assuming an average of $60/MWh price, the 

electricity for the C2CNT process will cost $536/tonne of CNT produced 

($60/MWh*8.93MWh). Even if the assumption is an $80/MWh price (higher end of the 
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range for renewables), the electricity for the C2CNT process will only cost $714/tonne of 

CNT produced ($80/MWh * 8.93MWh). [Note: Since the C2CNT process is a new 

technology and some elements continue to be worked out this analysis uses the higher 

end of the price range for renewable energy to account for any potential unknowns.]    

Also, it should be noted that the aluminum industry has traditionally relied on 

hydropower as the dominant electricity source but now coal is more dominant globally. 

(Kvande & Drablos 2014) The aluminum industry is heavily reliant on electricity 

subsidies and volume discounts to control the cost of electricity, which accounts for 30-

40% of its production costs. (Kvande & Drablos 2014) For example, in the United States 

aluminum smelters negotiate 3-5 year power supply contracts that keep their electricity 

costs down to $34/MWh. (USGS 2015) There will also be other electrical needs to drive 

a large-scale C2CNT facility such as mechanical removal of solid carbon, molten salt 

pumps, and backup heating systems but the anticipation is that the electrolytic reaction 

itself will be the dominant cost driver for electricity, as is the case in other electrolysis 

driven industrial processes like Aluminum smelting and Chlor-Alkali production. Also, 

the cost of low carbon electricity continues to fall and it‘s even possible that small scale 

modular nuclear reactors may be available when the C2CNT technology becomes more 

mature. 

5.2.2 Lithium Carbonate Cost 

The Li2CO3 molten salt is not consumed in the C2CNT process and is 

continuously regenerated. The chemical reactions are as follow: 

Electrolysis consuming 4e- per molecule of lithium carbonate 

Li2CO3 (molten)  C (solid CNF product) + Li2O (dissolved) + O2 (gas) (1)  
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Dissolution of CO2 

CO2 (gas) + Li2O (dissolved)  Li2CO3 (molten)             (2) 

Net (overall combined reactions 1 & 2): 

CO2 (gas) + 4e-(electricity)  C (solid CNF product) + O2 (gas)             (3) 

 

Optimally, the Li2CO3 would be a one-time capital cost and never deplete but the 

realities of a full scale C2CNT plant may mean there will be some incidental carry-out 

losses.  Based on an assumption of a loss of 3-5% Li2CO3 that equates to a maximum loss 

of 50 kg for every tonne of solid carbon produced.  While the lithium carbonate market is 

currently experiencing a high degree of volatility and the 2016-2017 spot price of Li2CO3 

ranges from $20,000-$25,000/tonne, business commodity analysts expect prices to 

moderate as production supplies increase to meet the high demand and settle at about 

$6,000-$10,000/tonne through 2020. (Financial Post 2016) Assuming an average of 

$8,000/tonne ($8/kg) it will cost $400/tonne of solid carbon produced ($8/kg * 

50kg/tonne solid carbon).   

Incidentally, for some nanotechnology based batteries, manufacturers often add 

Li2CO3 so the CNT from the C2CNT process may be acceptable if there is already some 

Li2CO3 added (Note: standardization and quantification required).  The two combined 

primary variable cost drivers to produce a tonne of CNT are estimated to be $1,114 ($714 

electricity + $400 Li2CO3 replacement).  To provide a comparison, at a new smelter built 

between 2005 and 2010, the operating cost to produce a tonne of aluminum is $1,300-

$2,000. (Husband et al., 2009)  [Note: the Aluminum Industry receives heavy electricity 

subsidies and volume discounts negotiated as part of 3-5 year energy supply contracts. By 

not considering subsidies for the electricity supply for the C2CNT process, in effect the 



55 
 

calculation burdens the energy costs for C2CNT. The calculations indicate that even 

though the electricity cost for the C2CNT process is higher than for Aluminum the 

overall operating costs for C2CNT are lower than that for Aluminum.] 

5.3 C2CNT Process Capital Cost Estimates 

To gain a sense of scale for the size that a C2CNT facility would need to be to 

capture the CO2 emitted by a typical industrial facility, this analysis uses the hypothetical 

example of a modern cement plant.  An average-sized cement plant emits about 2 million 

tonnes of CO2 per year. Thus the estimate is that about 16,880 tonnes of molten salt are 

required initially to fill the reaction vessel that processes 2 million tonnes of CO2 per 

year. Assuming Li2CO3 at $8000/tonne, the initial cost of the molten salt is $135 million. 

As previously mentioned the lithium carbonate can be regenerated during the reactive 

process and overall there is only a 3-5% loss per tonne of carbon produced (50 Kg) that 

will need replacement. Processing 2 million tonnes of CO2 will produce 540,000 tonnes 

of solid carbon and if the solid carbon can be sold for $2,000 per tonne, that represents a 

potential annual revenue of $1.08 billion. At $10,000/tonne, the low end estimate for 

CNTs by 2023 (Zhang et al., 2013), the potential annual revenue is $5.4 billion. 

In estimating the cost of building a C2CNT industrial electrolysis plant, the 

nearest approximation or surrogate industrial facility is a traditional aluminum 

electrolysis plant or chlor-alkali production plant. (Grotheer et al., 2006)  Aluminum 

production is one of the largest industrial electrochemical manufacturing technologies 

worldwide that traditionally uses a molten salt-based (cryolite bath or sodium aluminum 

fluoride Na3AlF6), and electrolytic reduction process (Hall-Heroult) comparable to 

C2CNT. (Kvande & Drablos 2014; Norsk Hydro 2016, TMS 2016)  
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An aluminum smelter, has a capital cost per tonne of installed capacity in the 

range of US$ 3,500 to $5,000. (Husband et al., 2009) Thus in order to compare to the 

hypothetical C2CNT process attached to a cement plant producing 540,000 tonnes of 

solid carbon, using the high end of the range ($5,000 per tonne of installed capacity for 

an aluminum smelter producing 540,000 tonnes of aluminum) it would cost $2.7 billion. 

Since the C2CNT process is a new technology and some elements continue to be worked 

out this analysis uses the higher end of the range from the Aluminum industry surrogate 

plant to account for unknowns. 

As of 2005, aluminum industry operating costs for primary aluminum production 

were in the range of US$900 to $2,400 per tonne of Aluminum.  The aluminum cost 

breakdown is 25% for bauxite, 20% for caustic soda, 25% for fuel, and 30% for 

electricity.  For new smelters built between 2005 and 2010, operating costs are between 

US$1,300 and $2,000 per tonne of aluminum produced due to increased prices for the 

two main variable costs of Alumina and electrical energy. (Husband et al., 2009) To 

offset the low aluminum product prices ($1,763/tonne, USGS 2017) and reduce operating 

costs, there is an industry-wide effort to incorporate technology changes at newer 

smelters to lower electricity consumption by a further 20%, increase use of recycled 

scrap, and negotiate longer term, subsidized power supply contracts linked to metal prices 

in many regions. (Kvande and Drablos 2014, Moya et al., 2015) 

The C2CNT process offers some advantages over a process such as aluminum 

smelting. For example the C2CNT technology uses less energy to fuel the process 

compared to a similar electrolysis driven industrial process like Aluminum production.  

By using industrial flue gases as a feedstock mining for raw materials is limited. 
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Aluminum production requires mining for bauxite and caustic soda which have 

associated costs and greenhouse gas emissions.  C2CNT not only benefits from a free 

feedstock that would otherwise pollute the atmosphere, but the high temperature flue gas 

also helps maintain the operating temperature of the C2CNT process. [Note: the C2CNT 

process would need to work with an industrial facility‘s existing waste heat recovery and 

energy efficiency processes to ensure there are no losses for the industrial plant.] The fuel 

required for aluminum manufacturing is primarily needed to maintain the temperature of 

the molten salt.     

5.4 Sensitivity Analysis  

Next a sensitivity analysis was conducted using probabilistic techniques (Monte 

Carlo simulations) with the @RISK7.5 Decision Tools software by Palisades Corporation 

(Ithaca, NY). Table 5.1 shows the input and output parameters used in the analysis along 

with assumptions and rationales driving the choices. A probability distribution was 

assigned for variables with uncertain values and a distribution mean was calculated by 

the software for those variables. Base case, low and high values for variables were based 

on the available literature or experimental laboratory values. 
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Table 5.1 Cost Sensitivity Analysis Input/Output Parameters 

Input Parameters Distribution 

Mean 

Distribution Low  

(Min) 

Base Case 

(Most Likely 

Value) 

High  

(Max) 

Reference/ Explanation 

CO2 Converted (Tonnes)    3.67  C2CNT Process (Licht Lab) 

CNT Produced (Tonnes)    1  C2CNT Process. Licht Lab 

Annual CO2 Converted 

(Tonnes/Yr) 

   2,000,000  Average Cement Plant 

Annual CNT produced 

(Tonnes/Yr) 

   540,000  C2CNT Process 

Electricity Used 

(MWh/Tonne CNT) 

11.97 Uniform 8.93
a
  15.00

b
 

a
Calculated for C2CNT process 

b
Aluminum plant value (Kvande & 

Drablos 2014) 

Price of Electricity 

(Renewable) ($/MWh) 

$75 Uniform $50  $100 Lazard  2016, NREL 2016 

Cost of Electricity 

($/Tonne CNT) 

$897     Calculated 

Loss Rate of Li2CO3 

(%/Tonne CNT) 

6% Triangular 2% 3.5% 5% C2CNT Process Experimental Lab 

Values 

Price of  Li2CO3 

($/Tonne) 

$12,000 Triangular $6,000
a
 $8,000

b
 $22,000

c
 Financial Post 2016 

a,b
Typical prices 

c
High spot price 2016 

Cost of Replacement 

Li2CO3 ($/Tonne CNT) 

$700 Triangular    Calculated 

Cost of Plant Maintenance 

($/Tonne CNT) 

Replacement of Anodes 

$102 Uniform $19  $185 General Assumption of $10million/yr 

for a $5B plant 

Price of CNT ($/Tonne) $6,000 Uniform $2,000  $10,000 Range of prices (Zhang et al., 2013) 
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Input Parameters Distribution 

Mean 

Distribution Low  

(Min) 

Base Case 

(Most Likely 

Value) 

High  

(Max) 

Reference/ Explanation 

Carbon Tax (CT) 

($/Tonne) 

$35 Triangular $15
a
 $30

b
 $60c WorldBank 2014 

Total Investment Cost to 

Build Plant  

($/Tonne CNT) 

$4,167 Triangular $3,500 $4,000 $5,000 Based on Aluminum Plant Values 

($3,500 to $5,000/tonne Installed 

cost) 

Annual (Year 1) Revenue 

($) 

$3.26 billion     Sale of CNT + Carbon tax 

Annual Fixed Cost ($) $75 million     Investment Cost to build plant over 

30 years 

Annual Operating Cost 

C2CNT Plant ($) 

$917 million     Electricity + Li2CO3 + Maintenance 

Total Annual Cost ($) $993 million     Fixed Cost + Variable Cost 

Discount rate    3%  5%  

Lifetime of Plant (Years)    30   

Output Variables Assumptions/Formulae 

Net Present Value (NPV) Based on a discount rate varied between 3 to 5 % 

 

 



60 
 

To generate the tornado and spider graphs the analysis assumed a 3% discount 

rate and a CNT price range of $2,000 to $10,000 (average of $6,000) to account for 

current non-bulk and future bulk type pricing structures.  

Results from the sensitivity analysis show the Net Present Value (NPV) is most 

sensitive to the price of carbon nanotubes. In comparison, the remaining input parameters 

appear to exert approximately the same level of effect on the NPV. As shown in Figure 

5.1 the initial model is based on a Li2CO3 loss rate of 2-5% which is in the range of 

observed experimental laboratory values. 

Figure 5.1 Tornado Graph: Effect of Inputs on NPV (Li2CO3 Low Loss Rate 2-5%) 

 

In considering an alternate model with a higher loss rate of Li2CO3 (3% to 10%) 

keeping all other parameters the same, one observes similar results with the price of 

carbon nanotubes dominating over the other input parameters (Figure 5.2). 
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Figure 5.2 Tornado Graph: Effect of Inputs on NPV (Li2CO3 High Loss Rate 3-10%) 

 

The spider graph in Figure 5.3 corroborates the tornado graph results. 

Figure 5.3 Spider Graph: Effect of Inputs on NPV 
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Based on the results of the tornado and spider graphs the most critical input 

parameter(s) were identified and used to further fine-tune the sensitivity analysis. Four 

scenarios were developed in which the following inputs were varied to study their impact 

on the model: 

a) Discount rate varied between 3% and 5%  

b) Investment cost to build the C2CNT plant similar to that of an Aluminum smelter 

($3,500 to $5,000/tonne Al) or a cost double that of an aluminum plant ($7,000 to 

$10,000/tonne product) 

c) CNT price between $$1,000 and $3,000 since that appeared to be the critical 

pricing sub-range within which the C2CNT plant was most likely to exhibit a 

positive NPV.  

Results from the scenario analysis that considered different economic scenarios 

by varying the price of CNT, plant investment cost and discount rate input parameters are 

summarized in Figure 5.4. These results indicate that the market price of CNT needs to 

be at least above $1,000/tonne to ensure a higher than 0% probability of a positive NPV. 

As the investment cost of building the C2CNT plant and/or the discount rate increases so 

does the sales price of CNT required for 100% probability of a positive NPV.  

Under the four scenarios, the models indicate there is a 100% probability of a 

positive NPV if the price of CNT is $2,750/tonne (Scenario 1), $3,000/tonne (Scenarios 

2, 3), and $3,500/tonne (Scenario 4). Generally, the price of CNT should be in the range 

of $1,750-$2,250/tonne for a 50% probability of a positive NPV. The investment cost 

appears to exert a greater effect compared to the discount rate. 
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Figure 5.4 Effects of Variations in Cost Inputs on NPV 

 

The sensitivity analysis shows that it is more important to maintain plant 

investment costs closer to or lower than of an aluminum smelter in order to generate 

revenue at a lower price point for CNT. The discount rate may vary to some degree 

without exerting too great an impact on the NPV. 

5.5 Discussion 

While any new technology has hurdles to reach full scale, the C2CNT process 

appears to be economically viable and could play an important role in reducing 

greenhouse gas emissions from industrial processes.  The primary advantage of the 

C2CNT process compared to other CDR technologies like CCS is that it also has the 

potential to produce a very useful and relatively high-value commodity that could readily 
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pay for the initial construction costs.  The resulting solid carbon could then be used in 

manufacturing to replace other construction materials which offsets the greenhouse gas 

emissions from other manufactured materials such as steel and aluminum.   

  A 540,000 tonne equivalent aluminum plant would cost $2.7 billion to 

construct at the high end of the estimate.  Even if the optimization and scaling up of this 

new C2CNT process costs twice that at $5.4 billion, the potential revenue from solid 

carbon sales could be $1.08 billion (assuming $2,000/tonne of CNT) or $5.4 billion 

(assuming $10,000/tonne of CNT). The economic results presented in this chapter 

generally agree with earlier conclusions drawn from other publications (Ren and Licht 

2016, Johnson et al., 2017a, Johnson et al., 2017b submitted) 

The operating cost for the two major variable expenses is $1,114 ($714 electricity 

+ $400 Li2CO3 replacement). There will be other operating expenses like labor (typically 

about 8% for the Aluminum industry) and mechanical removal of solid carbon material 

but the cost of low carbon electricity is likely to continue to come down and a large 

volume manufacturer can often negotiate lower utility rates.  Also the Li2CO3 mixed in 

with the solid carbon products may be an added benefit (if standardized and quantified) to 

a battery manufacturer who may be willing to pay extra for the added Li2CO3 which 

would further improve the potential profits from a C2CNT facility.   

With people growing increasingly concerned about the growing threat of climate 

change, it is possible that there will eventually be a price on carbon emissions.  To date, 

15 countries including Sweden (high at $168/tonne), Denmark, UK and Japan (low at 

$2/tonne) have implemented some form of a carbon tax with most countries being in the 

mid-range of $15.75/tonne to $30/tonne. (WorldBank 2014) Although the United States 
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does not currently have a federal carbon tax, six states are considering instituting a 

carbon tax (Morris 2013) and California has implemented a carbon cap and trade system. 

(CARB 2012)  Canada announced a national ‗floor price‘ on carbon that would require 

all provinces and territories to have some form of carbon pricing by 2018. (CGI 2016) 

China has also implemented a carbon trading system in its provinces. (Swartz 2016) As 

political pressure to reign in greenhouse gas emissions grows, the potential for a carbon 

tax one day is likely.  So an industrial manufacturer will have a choice to either pay for 

emitting CO2 into the atmosphere or capture it and additionally turn it into a revenue 

stream with the C2CNT process. Under a scenario that does not assume any policy or 

legislation adding costs, a carbon tax is unlikely to have an impact on the value of the 

C2CNT process. For example at an average carbon price of $30/tonne the revenue from 

CNT sales outweighs the cost of a carbon tax.  

Many other technologies such as CCS, which seeks to pump liquefied CO2 into 

underground formations, are not only an economic loss to the industrial facility but opens 

up the company to liability concerns with uncertainty in how underground formations 

will react over time to high pressure CO2 injection. (Leung 2014)  In 2003, a study by 

researchers at Resources for the Future estimated the cost of CCS to be in the range of 

$181 to $227 per tonne of carbon, and noted that CCS costs were sensitive to fuel prices 

and other assumptions. (Anderson and Newell, 2003)  

Most successful CCS projects to date are strongly linked to the oil and gas 

industry, either as the source of CO2 or through the use of CO2 and storage in Enhanced 

Oil Recovery (EOR) operations. Industrial applications of CCS tend to be easier when 

separation of CO2 is already part of the industrial process (e.g., natural gas processing 
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and fertilizer production) or when process gas streams contain a high concentration of 

CO2 so that it can be easily separated (e.g., hydrogen production). In contrast, it is more 

challenging to capture CO2 from flue gas emissions, which may require additional costs 

to re-engineer established production processes for CCS. Hence CCS projects remain in 

the pilot stage in major CO2- emitting sectors such as blast furnace steel-making and 

cement manufacturing. (CGI 2016) 

To date the largest, single industrial source, operational CCS facility in North 

America is the Century Plant attached to a fertilizer plant located in Texas. It has a 

capacity of up to 8.4 Mt/yr however only 5 Mt/yr is being used. The CO2 is transported 

about 43 kilometers to be used and stored in Enhanced Oil Recovery (EOR) projects in 

the Permian Basin. The Century Plant has been in operation since 2010 and $1.1 billion is 

thought be have been invested in the development of the plant. (MIT 2016) 

The most recent industrial application of CCS was launched in 2016 in the United 

Arab Emirates for iron and steel production. The plant is designed to capture 0.8 Mt per 

year of CO2 from the direct reduced iron process and subsequently use the CO2 for a 

neighboring enhanced oil recovery (EOR) project. (GCI 2016) 

These two examples demonstrate that carbon capture facilities are generally 

expensive to construct and have only been implemented on a limited basis in industrial 

settings. 

According to some estimates, in the cement industry, the annualized cost for 

incorporating post combustion CCS is $60/ tonne of CO2 captured; for oxyfuel CCS is 

$34/ tonne of CO2 captured, and carbonate looping CCS is $7-31/ tonne of CO2 captured. 

In the cement industry this cost includes capture and compression but excludes 
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transportation and storage. (Barker 2009, Dean 2011) Transportation and storage costs 

vary by CO2 capture project and the proximity and availability of pipeline networks and 

injection sites. The Environmental Protection Agency estimates that the long-term 

average cost for CO2 transportation and storage is approximately $15 per tonne of CO2. 

(Dooley et al., 2008) Other estimates indicate the cost of CO2 capture and transportation 

for cement industry CO2 sources including capture and transport is $81 per tonne. (EIA 

2011) As a point of reference in power plants, the annualized cost of incorporating post 

combustion CCS is $30-90/tonne of CO2 captured, which includes capture, transportation 

and storage. (Dean 2011) In comparison, the C2CNT technology offers the co-benefit of 

an income source through sales of the produced CNT which offsets operational costs of 

capture. 

To further lower the cost of building and maintaining a C2CNT capture and 

sequestration plant, the C2CNT facility should be built in an area where there are a large 

group of CO2 emitting industries. This idea of creating a hub amid an industrial cluster is 

already under consideration by the CCS industry and offers a useful approach to consider. 

(CGI 2016) A C2CNT hub and cluster network would bring together multiple CO2 

emitters, use shared transport and infrastructure. Such an approach would reduce costs 

and risks as well. 

C2CNT offers a promising way of dramatically reducing greenhouse gas 

emissions while producing a revenue stream.  By lowering the cost to manufacture CNTs, 

there would be reduced cost of and more widespread use of solid carbon in a variety of 

commercial applications. For example, the cost of batteries could be reduced which will 

allow utilities to acquire more low carbon intermittent sources of electricity.  Vehicles 
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manufacturers could get better gas mileage with cheaper, lighter and stronger carbon 

fiber bodies.  Wind turbine blades and towers can be made from stronger, light weight 

solid carbon materials.  Other commodity manufacturers can capitalize on their reduced 

GHG emissions since the C2CNT process is a net negative carbon emitter. The demand 

for CNF and CNT is growing but they will grow much faster with a dramatic drop in 

their price which could happen with the implementation of C2CNT. The cost analysis in 

this dissertation is expected to hold true in the lower ranges of solid carbon production. 

As the C2CNT technology matures, it is anticipated that production costs will drop 

through optimization. 
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Chapter 6: Conclusions 

 

 

6.1 Summary and Conclusions 

The findings from this research effort provide a better understanding of some of 

the real world challenges and potential benefits involved in scaling up a new, 

experimental technology within existing industrial settings to help mitigate CO2 

emissions.   This research identified some potential informational gaps to be addressed 

between the bench-level experimental and pilot stages of the technology as well as 

identified the input parameters with the greatest impact on the carbon budget and cost 

analysis to inform industry decision-makers and professionals interested in scaling-up 

this process. The cost analysis of the C2CNT process quantified potential revenue 

streams (high value carbon nanoproducts) from the process that would allow industries to 

capitalize on the advantages of industrial ecology principles. 

6.2 Research Recommendations 

Based on the findings the following recommendations are proposed for further 

studies: 

 As the technology matures and C2CNT process improvements occur through 

experimentation, more updated technical information may be available for a more 

refined economic and carbon budget to be developed. 

 It would be valuable to conduct a more nuanced sensitivity analysis to assess 

additional elements of the C2CNT process. This would allow targeted future 

research efforts aimed at reducing process costs (raw material, manufactured 

components or implementation).  
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 It would also be useful to assess the C2CNT process in other large emitting 

industries such as iron/steel, petroleum, and pulp and paper manufacturing since 

each industry has unique aspects that would influence the implementation of a 

carbon reduction technology like C2CNT. As such it is a generally recognized 

idea that there are no ―one size fits all‖ solutions for CO2 reduction and especially 

for industry reduction technologies need to be tailored to fit specific industrial 

settings. 

6.3 Research Needs 

This thesis serves as an initial entry point into evaluating the C2CNT technology 

and other evaluations of C2CNT should be considered as the technology matures, and 

undergoes further experimentation in the scale up and pilot stages. The following are 

some key research and informational needs that would help future evaluations better 

assess the C2CNT technology: 

• More accurately quantify the losses of lithium carbonate, and standardize the 

amount of lithium carbonate in the solid carbon product for battery manufacturers.   

• Identify how sensitive the C2CNT process is to temperature fluctuations, 

contaminants, material flows, and removal of product. 

• Determine how constant flue gas temperatures are and whether they are sufficient 

to maintain the required temperature for the lithium carbonate molten salt. 

• Determine how the need for hot flue gas to maintain the temperature of the molten 

lithium carbonate in the C2CNT process may work better with industrial 

processes that rely on recovery of waste heat to improve process efficiency and 
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fuel consumption (e.g., cement production in the preheater stages and waste heat 

recovery), so as to not detract from the industrial process. 

• Determine how often cleaning of contaminated molten lithium carbonate salt or 

replacement of the salt would be needed and if the cost to do so is comparable to 

current BACT approaches. 

• Determine the availability of storage of renewable energy power near C2CNT 

units since the process needs to rely on renewable energy to ensure net negative 

carbon emissions. 

6.4 Policy Recommendations 

From a policy perspective, while this research provides an initial entry point into 

additional evaluations of the C2CNT technology, the results indicate that innovative 

technologies such as C2CNT can be potentially viable options to be considered in a suite 

of solutions to combat climate change. Such technologies should be supported for further 

scale-up and pilot deployment in industrial settings. 
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