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Carbon dioxide removal (CDR) is an essential feature of climate mitigation. With current
techniques falling short in terms of performance, cost, and environmental integrity, novel
COs, utilization has the potential to create a multi-billion dollar commodity market that is
capable of sequestering large amounts of CO, from the atmosphere. To achieve this,
significant development in terms of government funding, policy change, and research is
needed. This review highlights the current state of novel CO, utilization technologies. The
paper evaluates their future prospects by drawing parallels with two successfully
developed hardware-heavy technologies of the last 50 years, namely the solar and the
automobile industries. Both technologies have had radically different commercialization
pathways, and offer important insights on facilitating and accelerating the development of
novel CO, utilization technologies to meet critically relevant climate targets.

Keywords: carbon dioxide removal techniques, carbon capture, carbon storage, carbon utilization, climate change
mitigation

INTRODUCTION

Scientific and historical evidence considered by the Intergovernmental Panel on Climate Change
(IPCC) (IPCC, 2014) and the National Aeronautics and Space Administration (NASA) (NASA,
2008a) has illustrated a perpetual increase in atmospheric carbon dioxide (CO,) levels from the pre-
industrial times to the present day. With high confidence, this anomalous occurrence has been
related to anthropogenic activities (IPCC, 2014; Prentice et al., 2019). The result has been an increase
in global temperatures by 0.8°C since the inception of the industrial revolution (IPCC, 2014; NASA,
2008b). Continual global warming is expected to change rainfall patterns and cause extreme weather
events (Wheeler and Von Braun, 2013), thereby adversely impacting the distribution of crop yields
(Wheeler and Von Braun, 2013), fish populations (Sharma et al., 2011), and freshwater resources
(Arnelf and Reynard, 1996).

The Paris Agreement (Paris Agreement, 2015) was signed by the Conference of Parties in 2015 to
prevent further climate effects by designing and implementing strategies to limit global temperature
rise to less than 1.5°C by the end of this century. This objective implies reaching net zero CO,
emissions on the global scale by the year 2050 (Rogelji et al., 2018). Achieving this target would entail
significant reductions in global CO, emissions associated with the energy and agricultural sectors, as
well as major industrial segments such as cement and steel production (Rogelji et al., 2018). The
decarbonization of electricity supply at an industrial level and the use of electric appliances at the
consumer level are also required in reducing CO, emissions (Rogelji et al., 2018). Another element
imperative to achieving net zero CO, emissions is the institution of Carbon Dioxide Removal (CDR)
techniques (Rogelji et al., 2018).

CDR is an umbrella term used to describe a range of techniques that serve to remove/sequester
CO; from the atmosphere in order to maintain or reduce its levels and ultimately prevent or reverse
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Novel Carbon Dioxide Utilization Technologies

TABLE 1| An abridged list of CDR techniques analyzed by the IPCC for their CO, removal potential in gigatons and the associated costs on an annual basis. Several studies
providing a range of values for cost and potential for each technique were considered, however values reported by Fuss et al. were deemed the most realistic estimations

by the IPCC.

CDR technique name Type

Afforestation/reforestation

Biochar and soil sequestration

Enhanced weathering

Direct air capture with storage

Carbon capture and storage

Biomass energy with carbon capture and storage

Avrtificial CO, storage
Artificial CO, storage

CDR, carbon dioxide removal; IPCC, Intergovernmental Panel on Climate Change.

the impact of CO, associated with climate change (National
Research Council, 2015; Mach et al., 2014; Masson-Delmotte
et al., 2018). Such techniques fall along a spectrum of approaches
that remove CO, by i) enhancing carbon utilization sinks already
present in nature such as reforestation or afforestation; ii)
creating advanced natural carbon utilization sinks in the soil
(e.g., sequestration and biochar) and the ocean (e.g., enhanced
weathering and marine algae farming (Chung et al., 2011)); and
iii) engineering technologies such as Carbon Capture and Storage
(CCS) or Direct Air Capture (DAC) that serve to remove and
artificially store away atmospheric CO, in geological reservoirs
(National Research Council, 2015; Mach et al.,, 2014) (Table 1).
Additionally, techniques such as Biomass Energy with Carbon
Capture and Storage (BECCS) remove CO, through the creation
of biomass which can then be utilized to generate carbon-based
forms of energy such as biofuels (National Research Council,
2015; Mach et al., 2014; Consoli, 2019).

CDR techniques have been an essential part of the climate
mitigation-focused Integrated Assessment Models (IAMs)
designed by the IPCC, which show a range of possible
mitigation pathways that limit global warming to 1.5°C
(Masson-Delmotte et al, 2018). More stringent pathways
assume a significant reduction in energy demand and
approximate a complete switch to renewable energy, whilst
less stringent pathways are decidedly dependent on CDR
techniques. Importantly, the realistic pathways are
characterized by reduced stringency on energy and agricultural
demand curtailment alongside increased adoption of CDR
techniques (Masson-Delmotte et al,, 2018). As the scenarios
decrease in stringency, the cumulative requirement for CO,
removal increases from 0Gt to 1,218 Gt by 2100 (Masson-
Delmotte et al., 2018).

Widespread adoption and further development of CDR
technologies as an inevitable part of the prospective global
pathway of reducing CO, levels is persuasive, as the
International Energy Agency’s (IEA) business-as-usual
scenario projects energy demand rising by an average of 35%
by 2040 (IEA, 2018), whilst requirement for agricultural goods is
estimated to rise by 50% in the year 2030 (Wheeler and Von
Braun, 2013). As population growth and a consumption-focused
lifestyle increases (Rogelji et al., 2018), CDR techniques are being
recognized as more prominent climate change mitigation
solutions. At the forefront are technologies such as CCS, DAC,

Natural CO, utilization sink
Advanced natural CO, utilization sink
Advanced natural CO, utilization sink

Advanced natural CO, utilization sink

Cost (USD per Potential (GtCO, removed

ton of CO, per year)
equivalent removed)

5-50 0.5-3.6
30-120 2.3-5.3
50-200 2-4
100-300 0.5-5
100-300 0.5-5
100-200 0.5-5

and BECCS due to their potential for scalability and long term
CO, storage (Page et al,, 2019).

However, several challenges ranging from high capital and
operating costs; low practical carbon reduction/sequestration
capacities; ecological side effects; performance uncertainties;
low Technology Readiness Levels (TRL, is a measurement of
the maturity of a technology, the levels range from 1 to 9 and
technology maturity increases with the level numbers (Beck,
2013)); a lack of globally enforced carbon regulation, as well as a
lack of feasible scale of deployment, have plagued the
development of CDR technologies (National Research
Council, 2015; Ciais et al., 2013; Field and Mach, 2017; de
Coninck and Revi, 2018). For example, afforestation/
reforestation and fertilization of land plants have limited
carbon sequestration capacities and short timescales of CO,
storage that range from decades to centuries (Read and Royal,
2001; Ciais et al., 2013; Field and Mach, 2017). Whilst CCS and
DAC offer long timescales of CO, storage ranging in millennia,
they are expensive techniques causing limitations to large scale
deployment (Ciais et al., 2013; de Coninck and Revi, 2018).
Enhanced weathering can cause permanent pH changes (Ciais
et al., 2013) to the ocean and soil, whilst BECCS requires
extensive land use that can negatively affect biodiversity
(Allen et al., 2018).

Hence, a new family of CDR technologies that utilize
atmospheric CO, in a feedstock mix for producing value-
added, industry-sought commodities are gaining traction as a
cost-effective and economically driven CDR pathway (Sandalow
et al., 2017; Norhasyima and Mahlia, 2018; Hepburn et al., 2019;
Zhu, 2019). In recent literature, these technologies have been
defined under the broad spectrum of CO, utilization, which also
includes techniques such as forestation, biochar production and
Enhanced Oil Recovery (National Research Council, 2015;
Norhasyima and Mahlia, 2018; Hepburn et al, 2019; Zhang
et al., 2020; Baena-Moreno et al., 2019). We propose the term
“novel CO, utilization technologies” to classify this family of
CDR technologies and define it as the utilization of atmospheric
CO, in a feedstock mix for producing commodities such as
materials and chemicals for commercial and industrial use. By
fabricating value added, industry-sought commodities from a
feedstock of CO, emissions, large scale deployment that can have
the potential of causing a dent in the CO, emissions is made
feasible.
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In recent years, several institutions and programs such as the
US Department of Energy; the NRG COSIA Carbon X-PRIZE;
Natural Resources Canada; and Emissions Reduction Alberta
have expressed interest in the development of new
technologies that utilize CO, emissions through the allocation
of funding and grants. Independent companies and start-ups that
incorporate captured CO, emissions into their feedstock for
polymers and concrete, such as Covestro and Carbon
Upcycling, are also emerging. The importance of such
technologies in the context of climate mitigation is being
increasingly recognized, however their full-scale impact is still
under investigation.

In this paper we move beyond the range of popular CO,
utilization techniques found in contemporary literature such as
forestation, biochar, and BECCS to discuss novel CO, utilization
in the context of the CO, industrial commodity market. The
purpose is to provide a discussion for facilitating rapidly scalable,
scale-relevant, and market-driven pathways for the CO,
commodity market.

This is done by studying the conditions required and the
associated challenges for the development and scaling of novel
CO, utilization technologies for the purpose of determining their
prospects in the context of climate mitigation. Through an
overview of the examples of successful commercialization and
global scale achieved by the solar and automobile industry, we
present a set of guidelines that will aid the growth and wide-
spread implementation of novel CO, utilization technologies.
The intent is to elucidate contrasting evolutionary pathways of
two other hardware-intensive industries from the industrial age
as a way to provide a perspective to policy makers, innovators,
corporations, and other entities in the ecosystem seeking to devise
or contribute to a pathway to develop, scale, and commercially
deploy novel CO, utilization technologies today.

CARBON DIOXIDE REMOVAL
TECHNIQUES IN CONTEMPORARY
LITERATURE

As previously mentioned, CDR techniques ranging from the
simple forestation methods to the more progressive carbon
capture technologies have been developed and studied in the
literature for their cost and capacity to mitigate climate change
(Mach et al., 2014; de Coninck and Revi, 2018). Their associated
ecological side effects and performance abilities have also been
studied in depth (Russell et al, 2012; Keller et al., 2018;
McCormack et al., 2016). Table 1 summarizes the costs and
CO, removal capacities for a range of CDR techniques found by
Fuss et al. (2018) and published by the IPCC.

In order to achieve net zero CO, emissions by 2050 and
consequently maintain global warming at 1.5°C, CDR techniques
need to remove 37-40 GtCO, per year starting in 2020; with rates
only increasing annually from there onwards (Bui et al., 2018;
Haszeldine et al., 2018; Masson-Delmotte et al., 2018). Evaluating
the global estimated land available for afforestation/reforestation,
a 0.5-3.6 GtCO, per year removal capacity could be expected,
which is insufficient to offset the required CO, emissions in time

Novel Carbon Dioxide Utilization Technologies

for 2050. Additionally, a large water footprint is predicted for
afforestation/reforestation techniques, with CO, eventually being
released back into the atmosphere after a few decades to centuries
(de Coninck and Revi, 2018). In the discussion for CO,
sequestration through soil, the production of biochar is well
documented. Biochar is a stable alternate form of biomass that
has a slower rate of decay and can be added to soils to enhance
their carbon sequestration capacity (National Research Council,
2015; de Coninck and Revi, 2018). Although soil sequestration is
inexpensive, biochar production comes with heavy costs and
potential impacts on the carbon cycle (Ciais et al., 2013).

Traditional techniques that involve reformed land practices
for increased CO, utilization through fertilization of land plants
are important in decarbonizing the agriculture sector. However,
these methods along with micro/macro algae farming are not a
permanent source of CO, storage as decomposition will
eventually lead to CO, returning back into the atmosphere
(Read and Royal, 2001; de Coninck and Revi, 2018). Another
technique that utilizes CO, is the enhanced weathering process of
rocks in the oceans that converts atmospheric CO, to solid
carbonates. Given optimum rock type, weathering rate and
available area, this technique exhibits a high potential for CO,
storage (Strefler et al., 2018). However, enhanced weathering of
rocks can cause several unintended ecological side effects such as
the aforementioned changes in pH and the release of heavy metals
into the environment (de Coninck and Revi, 2018; Strefler et al.,
2018).

Advanced technologies that extract anthropogenic CO, have
been widely studied and explored for their role in the climate
mitigation discourse. The CCS system removes CO, emissions
from point sources, such as combustion power plants and
industrial facilities (Metz et al, 2005). Once the CO, is
separated from the gaseous matrices, it is compressed to high
densities for ease of transportation and subsequent geological or
ocean storage (Metz et al., 2005). The DAC technology focuses on
removing CO, gas directly from the ambient atmosphere
(National Research Council, 2015; de Coninck and Revi, 2018;
Haszeldine et al, 2018). Large scale deployment of both
techniques is limited by the availability of safe CO, storage as
well as high installation and running cost (de Coninck and Revi,
2018). Studies conducted to evaluate the costs and CO, removal/
storage capacities of CCS and DAC show large variations in their
findings, depending on the constraints assumed by the estimation
models (Bui et al., 2018). The IPCC has analyzed several such
studies and has settled with Fuss and colleagues’ work (Fuss et al.,
2018), which estimates CO, removal/storage capacity of
0.5-5GtCO, per year and a cost ranging from 100 to
300 USD per ton of CO,-equivalent removed (de Coninck and
Revi, 2018). DAC ranks higher than CCS in terms of cost, due to
the higher energy costs incurred through CO, removal from the
dilute atmosphere as compared to a concentrated flue gas source
(de Coninck and Revi, 2018).

With regards to BECCS, estimated potentials from the
literature range from 0-50 GtCO, per year (de Coninck and
Revi, 2018). Such a range suggests that BECCS can either provide
no contribution in removing CO, from the atmosphere or single-
handedly mitigate it to acceptable levels by 2050. With carbon
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budgets rapidly on the decline, the latter scenario is plausible only
with deep decarbonization (Gough et al., 2018). Fuss et al. has
again incorporated restraints associated with the technique, such
as the availability of safe CO, storage, to calculate a more practical
estimated potential of 0.5-5 GtCO, per year (de Coninck and
Revi, 2018; Haszeldine et al., 2018). Such a capacity range for
BECCS merits further consideration in any comprehensive
climate change mitigation policy framework. Additionally,
high installation costs are characteristic of BECCS, which are
estimated to be several hundred billion USD per year by 2050 at a
rate of 3.3 GtCO, equivalent per year (Smith et al,, 2016; de
Coninck and Revi, 2018). Concerns regarding sustainability are
not far-fetched as a similar carbon reduction potential can be
reached by forestation techniques which are much less costly,
albeit coming with their own environmental impact, vide supra.

Since the spectrum of CCS technologies is susceptible to cost-
effectiveness in consequence to technological advances (Metz
et al, 2005), significant investments by global entities have
been made in the field of CCS as a means of meeting CO,
mitigation targets. In their recent 2018 report, the European
Union assessed the status of CCS technologies that had received
nearly 1billion euros of public tax funding in 2008 for
commercial large scale deployment (Special Report, 2018). The
report found the endeavor to be unsuccessful in commercializing
CCS technologies due to low carbon prices set by regulations,
wavering political interests of the EU states and the associated
financial insecurities. Such a conclusion is not improbable as the
opportunity to cultivate revenue with the geological storage of
captured CO, is scarce, especially with CCS deployment being
concurrent with increased energy consumption at point sources
(Siirola, 2014). Whilst the levelized costs for coal and natural gas
power plants have increased in the past decade due to market
factors (Rubin et al., 2015), the deployment of CCS technologies
has raised these costs by an additional 45-70% in the power
generation sector (Irlam, 2017). It is, however, important to
recognize that the long-term (end-of-century) cost savings
associated with the deployment of CCS technologies in the
context of CO, mitigation is in the US$ billion-USS$ trillion
range (Metz et al., 2005). As a result of the significant cost savings
and the permanency of CO, storage achieved through the
deployment of CCS, it has been established as a primary CDR
technique (Page et al., 2019). Furthermore, it is widely understood
that integration with some form of utilization is favorable for
improving CCS economics (Zhu, 2019; Sandalow et al., 2017;
Jones et al., 2017; Center for Climate and Energy Solutions, 2020).

Novel Carbon Dioxide Utilization Technologies

Commercializing CO, removal through novel utilization can
catalyze large scale implementation by creating a return on
investment for financial input. An integrated process flow
combining CO, removal and novel utilization in lieu of
geological storage can improve CDR sustainability in terms of
land use, cost, and environmental impact; whilst providing an
economic value proposition to justify accelerated deployment.
Novel CO, utilization has the potential to be market-viable and
can be driven by free market factors, offering it an important
advantage over conventional CCS methods in terms of potential
traction and rate of adoption and growth. Accelerating CDR
growth in the form of novel CO, utilization is particularly
necessary as the collection of current CDR techniques with
their associated advances are operating on only a few MtCO,
per year removal scale (Bui et al., 2018; Malischek, 2020).

CURRENT STATUS OF NOVEL CO,
UTILIZATION CHALLENGES

Since the 1920s, CO, has been used for a variety of industrial
applications such as the carbonation of beverages, preservation of
food items, and the enhanced recovery of oil (Kaliyan et al., 2007).
Commercial grade CO, has generally been obtained as a by-
product from other industrial processes such as the manufacture
of ammonia gas and hydrogen fuel, as well as the burning of coke
and coal (Kaliyan et al, 2007). As anthropogenic CO, levels
continue to rise, the limited applications of CO, that is retrieved
from industrial waste are currently insufficient as a significant
component in the CO, utilization discourse. This further
necessitates innovation in applications that employ CO,, such
as novel CO, utilization.

In the discussion regarding the utilization of captured CO,,
common applications that have been investigated since the 1970s
are limited to pathways associated with enhanced oil/methane
recovery and urea production (Global CCS Institute, 2011).
However, since the late 2000s, institutions such as the Center
for Climate and Energy Solutions (C2ES) (Bobeck et al., 2019),
the Innovation for Cool Earth Forum (ICEF) (Sandalow et al.,
2017), the U.S Department of Energy (U.S. Department of
Energy, 2016) the Global CO, Initiative (CO, Sciences Inc,
2016) and the Global CCS Institute (2011) have published
comprehensive reports on the practical pathways that can be
undertaken for producing high quality products through novel
CO, utilization. Table 2 provides a non-exhaustive summary of

TABLE 2| An abridged list of Novel CO, Utilization products with their associated status and potentials for CO, removal in gigatons. This list has been compiled from reports
published by the Center for Climate and Energy Solutions (Bobeck et al., 2019), the Innovation for Cool Earth Forum (Sandalow et al., 2017), the U.S Department of
Energy (U.S. Department of Energy, 2016) the Global CO, Initiative (Global CO. Initiative, CO, Sciences Inc, 2016) and the Global Carbon Capture and Storage Institute

(Global CCS Institute, 2011).

Novel Product Status Potential (GtCO, removed
CO,, utilization pathway per year by

2030)
Mineralization Construction Materials (e.g., concrete and aggregates) Demonstration to commercialization phase 0.3-3.6
Chemical Polymers (e.g., polyurethane and polycarbonates) R&D phase 0.0001-0.0002
Chemical New Materials (e.g., carbon fiber and graphene) R&D phase Unknown
Chemical Commodity Chemicals (e.g., methanol and carboxylic acids)  R&D phase 0.0001-0.0002
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novel CO, utilization products with their respective phases of
development and potentials for CO, removal (Gt).

Construction materials such as aggregates and concrete are at
the forefront of novel CO, utilization with several commercial
projects already underway (Zhu, 2019). Manufacturers that have
been able to successfully design high quality products that
incorporate a percentage of CO, gas are currently few, and
those that have actively commercialized such products at a
high Technology Readiness Level are further scarce. Due to
the novelty of these technologies, knowledge about costs and
CDR capacities are institution- and process-specific. As such, the
collective scale of operation in terms of CO, capture and novel
utilization is not yet known. In addition to the obscurity of CO,
conversion pathways for creating value-added products, this lack
of knowledge has prevented bodies like the IPCC from
incorporating novel CO, utilization in their IAMs for climate
mitigation (de Coninck and Revi, 2018). Whilst the demand of
the current combination of novel CO, utilization technologies is
enough to offset ~10% of anthropogenic CO, emissions (Zhang
et al., 2020), several research avenues are being developed to
further identify and create industrially relevant products that can
replace conventional materials (Peters et al., 2011).

To date, novel CO, utilization technologies face a duality of
challenges: firstly, with producing a net reduction of CO,
emissions throughout their lifecycle; and secondly,
providing good quality carbon commodities at an
economically viable price point. To ensure that the process
of novel CO, utilization remains carbon negative, it is
pertinent to consider the amount of CO, removed from the
atmosphere, the source of energy being utilized, and the CO,
emissions incurred in the conversion and incorporation
processes (de Coninck and Revi, 2018; Zimmermann et al,,
2018; Miiller et al., 2020). As is the case with all manufacturing
processes, establishing cost-competitiveness for novel CO,
utilization products in the first few years of operation can,
and is proving to be challenging, particularly if cheaper
alternatives already exist. For example, in an article by
Bloomberg magazine, industry leaders have stated that
customers are reluctant to purchase environmentally-
friendly types of cement with low carbon footprint, as
traditional cement offers a better price (Dezem, 2019).
Additionally, software technologies provide a safer domain
of investment, where the possibility of sunk costs are low,
which further makes financiers reluctant to invest in
comparatively high-risk hardware technologies. Should
intermittent changes become necessary, as is often the case
with innovation, redesigning codes in software can be a lot
simpler than rebuilding hardware. Although novel CO,
utilization technologies still require substantial capital for
the installment of infrastructure relevant to CO, capture
and associated conversion facilities, investment in this field
is highly likely as governmental bodies are fiercely trying to
meet their share of goals outlined by the Paris Agreement.
Additionally, the US Department of Energy has compiled
several reports discussing the financial feasibility and
chemical processes of CCS with a keen interest in
utilization as well (U.S. Department of Energy, 2016;

Novel Carbon Dioxide Utilization Technologies

Mission Innovation, 2017). In September 2019, the
Department announced an allocation of USD 110 million
for the development and research of CCS technologies (US
Department of Energy, 2019). The utilization of CO, is also
included in this fund, which is currently limited to enhanced
oil recovery (EOR).

Literature that has focused on assessing the viability of using
captured CO, for chemical, plastic, or material production has
found low TRL levels (Kitelhon et al,, 2019) and low carbon
prices (Smit et al, 2014) to be sources of hesitation in the
employment of novel CO, utilization. In order for CO, to
become a viable feedstock for chemical synthesis, carbon
prices need to exceed the price of oil, which is the current
major raw material for chemicals (Smit et al., 2014).

In addition to technical challenges, a lack of understanding
and awareness regarding the concept of employing CO,
emissions for a commodity market instills a fear of
uncertainty and a greater reliance on fossil fuels, which
perturbs public investments and political support (Bui et al.,
2018). However, novel CO, utilization has the potential of
becoming a multibillion dollar industry, in addition to
reducing climate mitigation costs by 138% (Bui et al, 2018;
U.S. Department of Energy, 2016). Cost savings are achieved
by reduced expenditure on adaptation costs such as maintaining
air quality and fresh water availability, as well as reduced
economic loss due to damage to natural resources (IPCC,
2014). It is important to note that short-term (2030-2050) and
long-term (2050-2100) mitigation costs are expected to increase
by 44 and 37%, respectively, if mitigation measures employing
CO, removal such as novel CO, utilization are delayed until 2030
(IPCC, 2014). Moreover, current energy intensive industrial
processes that cannot be replaced with greener alternatives can
be decarbonized via CO, capture and novel utilization, which
furthers the importance of developing such technologies (Bui
et al,, 2018; U.S. Department of Energy, 2016).

In the production of manufactured goods through novel CO,
utilization, several other unforeseen barriers to operations and
upscaling may occur. For example, policy specifications by city
or state bodies can cite limitations to the amount of novel CO,
materials that can be incorporated in chemicals, construction
materials, and fuels (Carey, 2017; Sandalow et al., 2017). It is
also conceivable that the scales of CO, capture and novel CO,
utilization may not coincide, resulting in either a lack of supply
to keep operations running or a large requirement of geological
storage for a surplus of captured CO,. Companies that have
successfully propelled their CO, utilization technologies in the
commercialization stages, such as Carbon8, have sustained
considerable years of R&D before enjoying a high TRL level
(Carey, 2017). Such companies still face further
commercialization challenges such as high CO, prices and
strict standards preventing the incorporation of their
materials (Carey, 2017). However, free market forces and
directed policy incentives will enable these interfacial
tensions to stabilize over time and reach market-driven,
policy-nudged equilibriums similar to how the solar industry
gained a foothold under Obama’s green building initiative in
2008-2010.
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POTENTIAL FUTURE PATHWAYS

In order to assess the plausible pathways that the novel CO,
utilization market may take, it is important to extrapolate lessons
from other hardware-heavy technology industries that have
scaled successfully across the world, and to analyze their
historical genesis, evolution, and development cycles. This
section studies the development of two different successful
technology industries: solar and automobile. These particular
industries were chosen for analysis as their growth and
deployment has occurred under vastly different circumstances
and scales, leveraging different resources and trends to sustain
accelerated growth. Moving forward, novel CO, utilization at an
industrial level may follow either, or a combination of these paths
to commercialization and upscale.

THE SOLAR INDUSTRY

The roots of the solar industry can be traced back to the discovery
of the photovoltaic effect in 1839 (Harvey et al., 2017) which
illustrated the production of an electrical current in a material
upon its exposure to sunlight (Bube and Fahrenbruch, 1981). The
following four decades were spent verifying and studying this
discovery before a device capable of converting solar energy into
electricity at a rate of 1% efficiency was invented in 1882 (Harvey
et al., 2017; The History of Solar, 2019). The next 70 years saw
periods of small improvements, dictated by a series of solar cell
patents, experimentation with photoelectric materials, and
academic studies (Harvey et al, 2017; The History of Solar,
2019). The industry took a leap when a fully functional solar
cell was constructed by Bell Laboratories in 1954 which was
capable of powering electrical equipment while operating at a
conversion efficiency of 6% (Harvey et al., 2017; The History of
Solar, 2019; Perlin, 2004). This device was well-funded and
created in an attempt to find an alternate source of power for
the company’s telephone system, as their conventional batteries
were inefficient in tropical climates (Perlin, 2004). Interestingly,
from concept to fabrication, the Bell solar cell entertained a mere
2 years of development, as compared to the preceding 70 years
spotted with instances of advancements for solar cells (Perlin,
2004). In the case of novel CO, utilization, growth has already
begun to accelerate in a likewise manner, as the urgency of climate
mitigation has pushed several institutions and investors, like the
U.S Department of Energy, to seek a range of possible solutions.

With the invention of Bell Laboratories’ solar cell, licensing
and further efforts to increase the efficiency of solar cells
continued throughout the 50-60s (The History of Solar, 2019).
Bell Laboratories was joined by the RCA Corporation and
Hoffman Electric in simultaneous experimentation with
different materials and electronic junctions to increase the
solar-to-current conversion rate in increments until a 14%
efficiency rate was achieved by 1960 (The History of Solar,
2019). This increase in efficiency was incentivized by inter-
company competition and power supply requirements for
space exploration shuttles and satellites during the latter
decade when space programs were fueled by government
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support (The History of Solar, 2019; Perlin, 2004). Similarly,
today in the novel CO, utilization market, competition is
increasing as numerous start-ups, especially under the Carbon
X-PRIZE competition, are developing their pathways for
utilization toward commercialization. It is important to note
that the demand for CO, utilization stems from a mix of
private and government sectors, as opposed to the solely
government-led projects in the case of solar cells.

In the 1970s, the solar industry was fueled by the United States’
government in an effort to relieve the energy crisis (Pinner and
Rogers, 2015). This agenda prompted big corporations as well as
governmental branches to provide regulatory support and
investments for the development of solar energy. In 1972, Exxon
Corporation funded research into the production of a solar cell that
could reduce cost from 100 to 20 USD/Watt (The History of Solar,
2019). By the late 70s, the United States’ government dedicated
entire facilities for the improvement of solar energy, which was
followed by the deployment of several photovoltaic systems for
public use (The History of Solar, 2019). In 1978, a 3.5kW
photovoltaic system was built to power a small village in
Arizona and by 1982, a 1 MW scale power station was built in
California (The History of Solar, 2019). In the same year, the US
Department of Energy built a 10 MW scale solar demonstration
facility with the help of industrial partners (The History of Solar,
2019). Global use of solar cells for electricity generation continued
to increase on the MW scale and by 1993, a photovoltaic system
which was grid-supported was built in California (The History of
Solar, 2019). By the year 2000, photovoltaics had reached a capacity
of 0.3 GW and were ready for larger scale deployment (Pinner and
Rogers, 2015; Harvey et al., 2017).

The discovery of the photovoltaic effect was followed by two
centuries worth of investigations and improvements before any scale
of commercialization was reached. In order to establish the novel
CO, utilization industry as a significant force in the climate
mitigation dialogue, it is necessary to avoid the hiatuses in terms
of efficiency and capacity that the solar industry faced. The scale of
development achieved in the two centuries must be condensed in
mere decades for the CO, commodity market to cause a sizable dent
in emissions by 2050 (IPCC, 2014). The involvement of the US
Department of Energy assisted in the demonstration and
popularization of the solar industry, which parallels and shows
promise for the development of the novel CO, utilization market
as well. Regulatory support by the United States government has
administered improvements to the 45Q policy, which provides a tax
credit for every metric ton of CO, captured or utilized in enhanced
oil recovery (Bobeck et al., 2019; US Department of Energy, 2019).

In addition to policy regulation, the United States government
offered subsidies to manufacturers of solar cells and users alike, in
order to create a demand for solar power. Homeowners were
given $15,000-$20,000 to alleviate the one-time installation costs
alongside feed-in-tariffs that provided a guaranteed price per kW
of solar power for energy providers (Pinner and Rogers, 2015).
Despite the collapse of the solar energy market in the early 2000s,
state and government subsidies allowed for it to rise once again.
By 2014, the market for solar energy was fostered enough to
create solar photovoltaic panels with a capacity of 45 GW (Pinner
and Rogers, 2015).
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FIGURE 1| A comparison of the trajectories of the American solar and automobile industries with respect to output in terms of the number of cars present on roads
for the automobile industry and the amount of energy produced (GW) for the solar industry.

From the case of the solar industry, it can be determined that
in order to increase the frequency of large-scale projects, escape
market failures, and ensure that the CO, commodity market stays
competitive, investments, subsidies, and grants are needed to be
instituted by governing bodies. Moreover, current policies that
provide incentive for CO, utilization such as the 45Q Tax Credit
policy should lower the bar of eligibility from 25,000 mt
(0.025Mt) of CO, utilized to enable small-scale projects

relationships need to be created for the CO, commodity
market to be widely accepted and for fears regarding fossil
fuel reliance to be discredited.

Figure 1 shows the growth curves of the automobile and solar
industries. Although developments in both solar and automobile
industries escalated exponentially, their respective impacts on the
energy and transportation sectors have been vastly different.
Whilst the number of automobiles produced quickly

(Smith et al, 2016). Additionally, business-consumer  superseded the production of horse-carriages and wagons
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FIGURE 2 | A comparison of the American production statistics of automobiles and horse-carriages/wagons. Values of automobile production obtained from
(Griffin, 1925). Values of horse-carriages/wagon production units obtained from the US. Department of Commerce archives (Steuart and Hawes, 1918).
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(Figure 2) (Griffin, 1925; Steuart and Hawes, 1918), the
contribution to power generation from solar energy has not
yet reached the level of fossil fuel generated power (Figure 3)
(Smil, 2019; Our World in Data, 2018; bp, 2019). Additionally,
literature shows that large scale adoption and diffusion of
new technologies not only require cost-competitiveness but an
actual increase in profit (Hall, 2016). In the context of CDR
technologies, this means that simply being environmentally
friendly is not a realistic economically perceived criteria for
large scale usage (Popp, 2010). The results of following this
scenario are currently observed in the case of traditional CCS
technologies that incur an additional cost for implementation
without any real benefit to the industry, vide supra (Bui et al,,
2018).

THE AUTOMOBILE INDUSTRY

Another industry with a successful commercialization history is the
automobile industry. The globally ubiquitous automobile
underwent several important developmental phases since its
inception which are discussed herein. Given that automobiles are
a standard commodity in most North American households, it may
be easy to forget that this situation did not come to be overnight. It
was not until the early 1900s that automobiles surpassed the use of
horse-drawn vehicles, and several factors spanning over five decades
from the late 1800s to the early 1900s were instrumental in
facilitating this irreversible change (Cromer et al., 2018).

There are differing opinions as to when and by whom the first
automobile was invented, as several attempts were made in the
late 18th century to replace horse-drawn carriages. Notably, in the
1760s, after the advent of the steam engine, Frenchman Nicolas-
Joseph Cugnot (Cromer et al, 2018) built a steam-powered
artillery vehicle which could also be used for transportation
purposes (autoTRADER.ca, 2019). The design features of this
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vehicle caused an uneven distribution of weight and deemed its
usage impractical. However, the development of automobiles was
not perturbed and in the following decades several more attempts
were made to create practical, self-propelled, steam-powered
vehicles.

An important leap for automobiles occurred in 1871 when Dr.
John W. Carhart invented a steam-powered carriage able to
feasibly tread on the already present wagon roads of
Wisconsin (McBride, 1999). The resulting spark of interest
was exemplified in state-wide competitions for building
practical alternatives to animal-based vehicles. From there
onwards, the most noteworthy milestone occurred in 1886: the
patenting of The Benz Motorwagen by Karl Benz (Benz, 1886;
Sovacool, 2009). The novelty of this automobile arose from the
petroleum-based internal combustion engine used as the
propellant of the vehicle (Cromer et al., 2018). From concept
to fabrication, Benz dedicated two decades in order to counter the
monetary challenges that had plagued the progress of his
automobile (Seltzer, 1928). His project came to fruition when
the automobile experiment was financed by his wife’s dowry and
the investment of two private Mannheim investors, who were well
aware of Benz’s talent and expertise (Dickmann et al.,, 2014). In
comparison, a similar magnitude milestone from the solar
industry, the Bell solar cell, took just 2 years to be constructed,
as the project was funded by a well-established company.

Benz’s project was popularized once Bertha Benz demonstrated
the practical use of this automobile for long-distance travel, which
entered the realm of commercial production when Benz
demonstrated it during the Paris Exhibition of 1887.
Simultaneous to the invention of the Benz Motorwagen was the
production of the gasoline-driven automobile by Gottlieb Daimler
(Cromer et al., 2018). Due to the efficiency of Daimler’s engine, this
vehicle won the first Paris-Rouen international automobile race in
1894, and secured a sizable price which was further used to develop
the vehicle according to the increasing demand of higher horsepower
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FIGURE 3 | A comparison of different forms of global energy produced in terms of TWh from 1800 to 2019. Values are obtained as CVS files from ourworldindata.
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(Seltzer, 1928). By 1895, 300 motor vehicles had been sold on the
market (Griffin, 1925). These initial sales were made to wealthy folk
to be exclusively used for recreational activities such as touring and
cross-country racing (American Automobile Production, 1928).
Since Benz and Daimler’s internal combustion engine-based
vehicles met the elite community’s requirement of long-distance
travel and enjoyed the advantage of a short engine lag time, their
sales flourished and a “car culture” was born (American Automobile
Production, 1928). In contrast, electric vehicles remained operational
for a short period of time before the batteries required charging,
making them unusable for long-distance travel, while steam-engine
based vehicles suffered a long and inconvenient delay for steam
formation before people could embark on a journey (American
Automobile Production, 1928). It is important to note that no
government support is evident in the first 30 years of automobile
development, which had been driven entirely by private,
independently rich investors, and sold as a luxury product.
Additionally, advancements made while serving this high margin
clientele steadily allowed for the higher scale of production,
economies of scale, and significant cost reductions that ultimately
made cars ubiquitous, as was with the case of many 20th Century
innovations (Hall, 2016).

By 1905, the yearly production of automobiles approximated
25,000 in numbers (Griffin, 1925). Monumental to this
advancement was the dissatisfaction incurred from the waste
generated on roads from the use of horses as a means of
transportation (Thompson, 2019). As city populations grew
and industrialization progressed, the environmental dilemma
of disease-ridden horse dung overgrew the advantage of the
self-subsisting and economical animal. The automobile was
deemed a greener alternative by urban developers and was
heavily promoted by publications such as “The Horseless Age”
as a definitive solution to the road sanitation (Nikiforuk, 2013).
To enhance citizens’ comprehension of automobile benefits, the
unit of horsepower was employed to define the working power of
automobiles (Thompson, 2019). Further marketing strategies by
motorists, car manufacturers and wealthy car owners helped to
ultimately relieve some of the concerns that came with
automobile use, such as safety. The appearance of asphalt
paved roads in the 1870s granted easy assimilation for the use
of petrol-fueled automobiles (Thompson, 2019). In an effort to
improve city sanitation in the late 19th Century, engineers re-
designed roads to accommodate sewage systems and asphalt
became the preferred material to rebuild roads as it allowed
for a more comfortable travel experience (Thompson, 2019). In
the early 1900s, automobiles in the United States and Europe were
handmade by several small companies that went out of business
just as easily as they first started (Seltzer, 1928). This was
attributed to high competition and the inability to reach
economies of scale. With the advent of assembly lines and
synchronized manufacturing in the 1910s, mass production
became prevalent thanks to the efforts of Henry Ford and
Ransom E. Olds (American Automobile Production, 1928). In
1915, 900,000 automobiles were produced and sold, in contrast to
the 300 cars present in the market just under 20 years ago in 1895
(Griffin, 1925). This stage was characterized by the early
industrialists as the end of the demonstration period in

Novel Carbon Dioxide Utilization Technologies

automobile development, as this technology was no longer
perceived as novel. At the onset of World War 1, the
advantage of mass-produced internal combustion automobiles
was established, which were used for long-range transportation
and military activities. By 1925, ~4 million automobiles were
present on roads and the industry entered into the phase of global
expansion (Griffin, 1925).

Through the example of the automobile industry, it is
understood that initial attempts at developing novel CO,
utilization technologies may serve a less commoditized, higher
margin market before turning to commodities. Additionally,
leveraging niche product lines that buy the technology time to
iterate and improve its economic metrics and support
infrastructure over time may be required. Trial and error in
the industry is a natural course to upscaling with demonstration
environments such as the Paris-Rouen competition in the case of
automobiles, and the Carbon X-PRIZE competition in the case of
novel CO, utilization, allowing for increased investments. With
the solar industry, the initial solar cells were a company venture
which transitioned into a country-wide necessity in later years.
Both turning points were heavily financed by interested parties,
whereas automobiles being personal ventures did not receive
governmental or corporate funding until much later into their
lifecycle. Currently, novel CO, utilization resembles solar
industry, with multiple organizations and governments
interested in its deployment (Strefler et al., 2018). The demand
of automobiles grew rapidly in a short amount of time as this
invention surpassed the performance ability of traditional
transportation for commercial, personal, and military uses.
Solar cells in contrast have not seen a complete displacement
of traditional sources of energy. Moving forward, the ideal
scenario for novel CO, utilization is to design products and
materials that out-perform traditional materials such as cements,
plastics, and biofuels. Figure 1 shows similar exponential growths
for both industries considered herein, with the solar energy curve
being shifted almost a century forward.

RECOMMENDATIONS AND CONCLUSION

The field of CDR operates in a nexus of industrial energy systems
and consumer behavior. Conventional fossil fuel energy sources
and the use of automobiles contribute to a significant proportion
of CO, emissions globally (Hall, 2016), and technologies in both
these sectors offer important insights into challenges and
opportunities in deploying novel CO, utilization at a
meaningful scale to reduce carbon emissions.

Whilst the solar industry received government support at
virtually all TRL levels, the automobile industry, due to its
inherently superior value proposition relative to the status
quo, relied solely on small, private investments in its first
30years of development. Both technologies, however,
consistently improved their offerings through iterative and
breakthrough advances.

Combining an effective market value proposition with
targeted policy incentives, whilst facilitating the development
and optimal operation of fundamental and empirical research
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and development in the field of novel CO, utilization, is critical to
enabling and accelerating the global deployment of this suite of
CDR technology.

Based on the development trajectories of two commercially
relevant and successfully scaled industries, the following factors
are recommended for consideration in order to accelerate the
development of novel CO, utilization technologies:

(1) A principles-driven framework to address the systemic
challenges associated with hardware-heavy technology
sectors, particularly novel CO, utilization technologies,
needs to be established and adhered to. The principles
could include:

a. Technological analysis on scope, impact potential,

scalability ~ challenges, and current state of
supplementary  technologies required for scaled
deployment.

b. Economic analysis considering commercial viability,
status of target markets, short- and long-term trends,
and business models (evaluated differently for
Business-to-Business and Business-to-Consumer
ventures).

c. A standardized CO, utilization-wide definition of TRL
(Technology Readiness Level) and IRL (Investment
Readiness Level) adjudicated by an independent board
of experts to ensure consistent evaluation of technologies
across the industry.

. Transparent feedback on all pathways considered to
ensure an efficient dissemination of technology and
market-related information.

A fundamentals-driven exercise to identify and investigate

potential pathways that can meaningfully reduce global CO,

emissions using realistic technical and economic
assumptions must be conceived and deployed by the
stakeholders and decision makers in the field.

An organized access to public and private capital for the

scale-up and commercial delivery of pertinent technologies

need to be established. This can be achieved by:

()

3)

a. Development of clear pathways for funding at various
TRL and IRL levels.

b. Commissioning of a Carbon Reduction program that follows
the setup of Advanced Research Projects Agency-Energy
(ARPA-E), focused on utilizing start-ups to combine
fundamental research with industry partners.

c. Regular technical and investment workshops to ensure
consistent ~ communication  between  academia,
entrepreneurs, public and private investment entities.

. Formulation of 1- and 5-year plans to establish key
performance metrics associated with  research,
development, and commercialization aspects of the
industry.

Policy incentives provided by individual governments need

to be revised for accelerating the deployment of novel CO,

utilization technologies at a holistic global level.

(4)
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a. The Canadian government should provide a
comprehensive guideline on the eligibility criteria for
its Carbon Capture Tax Credit (CCTC) program to
incentivize the standardization of CO, utilization
technologies. A framework for grant eligibility should
be established with funding options covering all aspects
of the CO, utilization process from R&D to operations
and commercialization.

b. The US Department of Energy should extend and specify
tax benefits regarding the 45Q policy, while reducing the
threshold for projects to be eligible, thereby enabling
synthesis of vast processes and products pertaining to
CO, utilization technologies.

c. The European Green Deal should include investment
policies and initiatives regarding CO, utilization
technologies to catalyze the adoption of CCS and
improve its commercial viability.

To achieve carbon emission reductions of scale, significant
behavior change is required from customers to facilitate
successful industrial deployment of novel CO, utilization
technologies. Importantly, a transparent and standardized
methodology on all proposed CDR pathways needs to be
developed and shared across the system to create a motive for
behavioral change and adoption.

To effectively address these challenges, the deployment capacity,
economic feasibility, and the permanence of carbon fixation in the
new products and materials are fundamentally important
considerations for any CO, utilization technology and associated
business. Tackling the collection and the deconvolution of this
information requires scientific and engineering innovation as well
as cross-disciplinary collaborations to replace traditional methods.
As with many other hardware technologies, the concert of public
and private support of vetted technology projects is vital for scale up
and commercialization of novel CO, utilization technologies, in
order to overcome the hampering inertia of high cost, low
production quality and small-scale.

Due diligence is needed on part of scientific experts and policy
makers in order to substantiate claims to avoid unjust
romanticizing of the fruits of the CO, utilization market. CDR
is a portfolio of techniques and should be treated as such.
Enhanced oil recovery and BECCS are but threads in the
grand fabric of CDR, and not one technology or technique is
the crux of climate mitigation. As such, enabling novel CO,
utilization technologies to mitigate CO, emission trends is critical
if COP21 commitments are to be met.
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