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Abstract

CO, utilisation processes can convert CO; into commercially viable products such as fine chemicals,
polymers, fertilisers, minerals and fuels via a range of chemical and biological pathways. Carbon is
ubiquitous within the chemical and construction industry however sustainability issues arise with
fossil sources. CO; has potential to be a sustainable and circular source of carbon if certain barriers
are overcome. Assessment of the potential of CO; utilisation is complex and must address the three
pillars of sustainability — environment, economics and society. Herewith, each aspect is discussed and
elucidated. A framework to encourage the integration of environmental and economic assessment is
presented to tackle the challenge of conflicting conclusions from individual assessments. This is
further developed in to a triple helix approach by the addition of social impact assessment. This
approach enhances effective decision making for development and deployment by enabling trade-
offs between environmental, economic and social impacts to be explored. The challenges and
opportunities of small and medium enterprises (SMEs) are considered. Barriers to the general success
of SMEs are identified in the fields of policy/regulation, life cycle analysis studies, financial knowledge,
and external links. Communication of CO; utilisation technologies is investigated as it is known public
awareness of CO; utilisation is low and is key to successful deployment. Guidelines for communication
and the first CO, utilisation App presented. Significant increases in knowledge of CO,-derived products
were observed after use of the App. Within the focus groups the App was highly rated for learning,
ease of use, learning and enjoyment, confirming it as fit for purpose as a tool to communicate CO;
utilisation opportunities. CO, utilisation has many facets which are interwoven and require unlocking
for its potential to be realised. This works seeks to expound these facets to increase understanding in

unlocking that potential.
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Introduction

Carbon Dioxide (CO;) Utilisation is a technology area that is emerging onto the market. CO, utilisation
is not simply a technology for greenhouse gas mitigation. It has a varied and wide range of impacts
including resource efficiency, industrial symbiosis, creation of a circular economy, job creation and
creation of a sustainable process industry. CO, has potential to be a sustainable and circular source of
carbon if certain barriers are overcome. Understanding the potential of CO; utilisation requires that a
comprehensive and holistic view of the interactions between technological, economic, environmental
and societal aspects is taken. However, discourse and frameworks to assess these interlinkages are

often lacking within CO; utilisation.

This work seeks to explore these facets by applying a triple helix approach, Figure A. By developing
insights into the interlinkages between the pillars of sustainability this work offers new frameworks
and guidance for considering the potential of CO; utilisation in a holistic manner. Furthermore, novel
approaches to communication of CO; utilisation technologies are presented in the form of Top Trump

cards and the first CO; utilisation App.
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Figure A. Combining life cycle (LCA) and techno-economic assessment (TEA) with social impact assessment (SIA) to create a
tripe helix. Produced by K. Armstrong published in McCord et al., 2021

This thesis is the product of over eight years of research and engagement within the CO; utilisation
community as a part time PhD student under a staff PhD. Subsequently, a hybrid approach is taken to
this thesis. It is presented as a mix of published research papers (Chapters 5,6 and 7), other original
published works (Chapters 3,4 and 9) and additional material to support the aims and narrative flow.

A short summary is presented at the start of each chapter to guide the reader. To aid the flow of the



work, bibliographies are presented at the end of each chapter and supporting information for the
research papers and additional supporting published papers by the author related to chapter 10 can

be found at the end of the thesis in the Supplementary Material section.

Chapters 1 and 2 provide the reader with a broad background to the field of CO, utilisation, setting
the scene for the thesis. Chapter 1 explores possible motivations for deploying CO, utilisation
technologies, discussing the role of CO; in climate change and the rational for the use of CO; as a
carbon feedstock. Conclusions are drawn that CO, utilisation is multifaceted approach. It should not
be regarded purely as a mitigation technology but also considered for its role in creating a sustainable
circular economy and for renewable energy storage. Chapter 2 discusses different CO, utilisation
technologies and provides the reader an appreciation of the depth of the field and the range of
possible CO,-derived products. Furthermore, Chapter 2 examines the link between carbon capture
and storage (CCS) and CO, utilisation, concluding although related through their use of CO, they should
be considered as complementary technologies as they have differing goals. Terminology used within
CO, utilisation is also discussed as numerous terms are used within the field which can be confusing
to stakeholders. The chapter ends with an introduction to the growth of CO; utilisation introducing

some perceived barriers which are later explored in Chapter 8.

All CO; utilisation technologies require a source of CO,, therefore no discussion on the potential of
CO; utilisation can be complete without a discussion on carbon capture and sources. Chapter 3
investigates possible point sources of CO, within Europe. This chapter was written early in the research
period and uses data from the 2014 European Pollutant Release and Transfer Register (E-PRTR).
Furthermore, sources of CO; are linked to their proximity to industrial clusters for identification of

symbiotic opportunities within the circular economy.

For CO; utilisation to reach its potential, technologies must move through technology readiness levels
(TRLs) from research to pilot scale to full industrial deployment. Chapter 4 explores some of these
emerging industrial applications particularly exploring early technology adopters that have been
deployed in the production of polymers and mineral carbonates. The chapter also highlights funding
mechanisms that have been instrumental in deployment and the barriers faced. Topics that are

explored deeper in subsequent chapters.

When discussing CO, utilisation with stakeholders frequently questions are raised regarding the
relationship between CO, utilisation, carbon capture and storage (CCS) and enhanced hydrocarbon/oil
(EHR) recovery and the possible scale of CO, utilisation. The research paper presented in Chapter 5

addresses these issues. The paper concludes that CO; utilisation should be considered as a mitigation



technology alongside CCS. Regarding EHR, the paper discusses how EHR can lead to net GHG emissions
when considering the whole life cycle and it a time when fossil fuels use should be reduced, low carbon
CO, utilisation fuels should be considered instead. The topic of avoid carbon emissions is introduced
with a theoretically discussion on how this could lead to an overall decrease in total emissions when
considering the whole system. A cradle to gate scenario for CO; utilisation deployment is presented
whereby by using renewable energy for production, in an optimistic, challenging scenario for CO,

utilisation could utilise 1.3 GT CO, by 2030.

Frameworks for assessment methodologies are presented in the next two chapters (6 and 7). As
technologies will never reach deployment unless they are environmentally, economically and socially
viable. These published research papers explore the necessity for integrating different assessment
types to highlight conflicting conclusions from individual assessments. Chapter 6 considers the
integration of multiple assessments using the example of integrating life cycle assessment and techno-
economic assessment. The paper recognises that a ‘onesize fits all’ methodology for integration does
not suit the varying goals of diverse stakeholders. Therefore, a methodology framework for
determining the approach to be taken based on the purpose (goal), TRL and resource availability is
proposed. All integrated assessments rely on subordinate studies to feed the inventories of the
integrated study. Life cycle analysis and techno-economic analysis are well defined and guidelines for
their application to CO, utilisation have been presented (Zimmermann et al., 2018). Conversely,
methodological guidance for assessing social impacts is missing in the field of CO, utilisation. This
prevents, preventing the triple helix of sustainability assessment (environmental, economic and social
impacts) from being completed (Figure A). Chapter 7 therefore, presents the first paper to explore the
application of social impact assessment in CO; utilisation. Considering social impacts ensures no
inadvertent harm to humans is caused by CO; utilisation deployment. The paper explores the subject
of social impact assessment (SIA) noting that this is different from social acceptance (which is
discussed later in chapters 9 and 10). A methodology for screening potential social impacts for
emerging CO: utilisation technologies is presented and demonstrated enabling potential hotspots to
highlighted and addressed. The methodology enables 3-way integration through the proposed triple
helix approach enabling trade-offs between environmental, economic and social impacts to be
explored. This triple helix enhances effective decision making for understanding the potential of

development and deployment of COz utilisation technologies.

As previously discussed in chapter 4, all new technologies progress through technology readiness

levels (TRLs) from research to deployment. |



Barriers to the general success of SMEs have been
identified in literature in the areas of policy/regulation, LCA studies, financial knowledge, and external
links. In Chapter 8, a survey of companies within the CO; utilisation sector is undertaken comparing
results between small and medium sized enterprises (SME’s) and larger enterprises. This study aimed
to elucidated if reported barriers are applicable to the CO2 utilisation sector and to recommend

approaches to tackle these barriers.

Chapters 9 and 10 conclude the work by discussing communication of CO, utilisation. For products
derived from CO, to thrive in the market, they will be required to have beneficial environmental
impacts, be economically viable, cause no additional social impacts and ultimately the consumer must
be willing to buy the product. Public perception and acceptance of an emerging technology is known
to be an essential component to viability. Limited research in this field for CO, utilisation products
exists. As CO; utilisation technologies are complex, stakeholders often have a lack of awareness of CO;
utilisation’s potential applications. Therefore, communication strategies for CO, utilisation need
careful development - the same communication strategy cannot be employed for diverse stakeholder
groups. Chapter 9 comprises of a published book chapter outlining strategies for communication
within CO; utilisation. Some of these strategies are then demonstrated in Chapter 10 where the

application of gamification is explored to convey the positive and negative aspects of the sector.

The interdependence of environmental, economic and social impacts (the triple helix) is key to
realisation of potential of CO; utilisation. All three must be assessed and integrated methodologies
are advantageous, this work presents approaches to achieve this. Effective communication CO;
utilisation and the triple helix of impacts are likewise essential. Herewith, an overview of CO,
utilisation, along with novel approaches and frameworks are presented to enable the reader to avoid

pitfalls and increase awareness and understanding of the potential for CO, utilisation.

McCord, S., Armstrong, K. and Styring, P. (2021) ‘Developing a Triple Helix Approach for CO2
Utilisation Assessment’, Faraday Discussions. doi: 10.1039/d1fd00002k.

Zimmermann, A. W., Wunderlich, J., Buchner, G. A, Mdiller, L., Armstrong, K., Michailos, S., Marxen,
A. and Naims, H. (2018) Techno-Economic Assessment & Life Cycle Assessment Guidelines for CO2
Utilization. doi: 10.3998/2027.42/145436.
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1 The motivation for CO, utilisation

1.1 Introduction
Carbon Dioxide (CO,) utilisation uses the carbon atom in CO, molecules as a carbon feedstock to create

new products, thus reducing the need for obtaining carbon from fossil sources. By using carbon
dioxide as a carbon source, new opportunities are created which can lower environmental impacts,
increase resource efficiency, promote a circular economy, increase sustainability and encourage
growth through new opportunities (Styring et al., 2011; Wilson et al., 2015; Mission Innovation, 2017;

European Commission, 2018b).

CO, utilisation processes can convert CO; into commercially viable products such as fine chemicals,
polymers, fertilisers, minerals and fuels via a range of chemical and biological pathways (Aresta, 2010;
Peters et al., 2011; Styring et al., 2011). Carbon-based products are ubiquitous and essential in many
aspects of modern life. By creating new production routes from CO,, fossil-carbon-free materials can
be created. There are a number of reasons as to why CO, utilisation is a technology of increasing
interested for the implementation of a circular economy. The desire to use CO; as a carbon source has
been increasing in recent years due to increasing demands for environmentally advantageous
processes which do not use fossil sources of carbon. Although bio-based carbon sources can meet
some carbon demands, bio-sources are limited and broad range of carbon sources will be necessary

to fulfil demand (European Commission, 2018b).

1.2 Carbon Dioxide and Climate Impacts

Carbon Dioxide (CO;) is formed from one atom of carbon covalently bonded to two atoms of oxygen
and is naturally occurring in our atmosphere. It is a necessary part of the carbon cycle where plants
use CO,, light and water to create carbohydrate energy and oxygen. Carbon dioxide is an emitted by-
product of combustion and chemical processes and produced biogenic sources. As our energy
requirements increase due to global urbanisation and other factors, amounts of CO, in atmosphere
are increasing (Intergovernmental Panel on Climate Change, 2014). CO, accounts for 80% of

greenhouse gases (US EPA, 2018) and causes warming of our atmosphere.

Carbon dioxide has a linear structure with three vibrational modes; an asymmetric stretch, a
symmetric stretch and a bend. The asymmetric stretch and bend are infrared active and it is this that
causes CO; to act as a greenhouse gas. The CO; adsorbs and re-emits some of the infrared radiation
which is created when visible light hits the Earth, trapping it in the atmosphere and causing a warming

effect. CO; and other greenhouse gases (GHGs) in the atmosphere are necessary to keep the Earth at
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a temperature to sustain life, but increasing accumulations of GHGs are extremely likely to have led
to an increased global warming effect (Intergovernmental Panel on Climate Change (IPCC), 2014; IPCC,

2018).

CO; concentrations in the atmosphere have been rising since the industrial revolution, reaching a
global peak level of 400ppm for the first time in May 2013 at the National Oceanic and Atmospheric
Administration’s (NOAA) Mauna Loa Observatory in Hawaii. By September 2016, the value remained
consistently above 400ppm (Figure 1.1). 400ppm is seen as a substantial milestone in the rise in global
CO; levels. CO; levels continuously fluctuate in the atmosphere both seasonally due to plant growth
and over numerous years during warming periods. The range of CO; levels over the last 800,000 years
has been found to be between 180-280ppm. At the start of the industrial revolution in the 19'" century
CO; levels were around 280ppm, but have since been rapidly increasing due to the release of CO, into
the atmosphere from the combustion of fossil fuels, leading to concerns that CO, emissions must be

decreased to avoid climate change (Thomas et al., 2004).

Atmospheric CO, at Mauna Loa Observatory
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Figure 1.1. Monthly mean atmospheric carbon dioxide at Mauna Loa Observatory, Hawaii.( https://www.esrl.noaa.gov)

The United Nations, (1992) defined climate change as:

“a change of climate which is attributed directly or indirectly to human activity that alters the
composition of the global atmosphere and which is in addition to natural climate variability

observed over comparable time periods.”

In 1992, the United Nations Framework Convention on Climate Change (UNFCCC) was adopted at the
Rio Earth Summit. Countries joined this international treaty to cooperatively work to tackle climate
changes by focusing on limiting global temperature rises. The Convention came into force on 21 March
1994 with counties who have ratified the Convention becoming ‘Parties to the Convention’. Further
steps to define emission reduction targets were implemented via the Kyoto Protocol in 1997 (UNFCCC,

1998) with a final ratification in 2005. The Kyoto Protocol brought about two emission reduction
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commitment periods 2008-2012 followed by 2013 to 2020. Each with legally binding targets. With
each agreement goals became increasingly ambitious. The latest agreement, The Paris Agreement was
negotiated at the 21% Conference of Parties (COP 21) of the United Nations Framework Convention
on Climate Change (UNFCCC) in December 2015. The agreement between 196 parties seeks to achieve

the following aims:

(a) Holding the increase in the global average temperature to well below 2°C above pre-
industrial levels and pursuing efforts to limit the temperature increase to 1.5°C above pre-
industrial levels, recognizing that this would significantly reduce the risks and impacts of
climate change;

(b) Increasing the ability to adapt to the adverse impacts of climate change and foster climate
resilience and low greenhouse gas emissions development, in a manner that does not
threaten food production; and

(c) Making finance flows consistent with a pathway towards low greenhouse gas emissions

and climate-resilient development. (UNFCCC, 2015)

By October 2016, 168 of the original UNFCCC parities signed the agreement, each party agreeing to
increase their commitment to reduce CO, emissions and the consequences of climate change. Each
country committed to regularly reporting its emissions and steps they are taking to implement
reductions via nationally determined contributions (NDCs). There are several mechanisms to do this.
Sceneario modelling by the International Energy Agency gives a number of mitigation options which
are combined to reach the necessary targets (International Energy Agency, 2014). These include
increasing renewable energy capacity, efficency measures, expansion of nuclear energy generation
and fitting carbon capture and storage units to existing emitters. These must be deployed in increasing
capacity to curb emissions and Figure 1.2 shows the IEA’s model to achieve this. Another approach is
to dramatically curtail the use of fossil fuels, rapidly switching energy production to low-carbon
sources. (McGlade et al., 2014) state that to give at least a 50% chance in a lower than 2°C rise, over
80% of global currient coal reserves, 50% of gas reserves and 33% of oil reserves must not be used.
Both of these approaches are ambious and will necessitate a step-chance in technology and policy

comittment to achieve them.

In 2014 the IPCC stated that if current trends of greenhouse gas emissions are followed it is predicted
that global temperatures will rise by between 3.7°C and 4.8°C above pre-industrial levels by 2100
(Intergovernmental Panel on Climate Change (IPCC), 2014). In order to give at least a 50% chance of

achieving the below 2°C warming target, it was calculated that cumulative global CO; emissions need
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to be limited to 1100 GT between 2010 and 2050 (Meinshausen et al., 2009; Intergovernmental Panel
on Climate Change, 2014); necessitating a reduction of CO, emissions of just under 40 GT by 2050.
However, the 2018 IPPC report on ‘Global Warming of 1.5°C’ concludes that risks are higher at 2°C
warming than 1.5°C. If current trends are followed, 1.5°C of warming is likely to be reached between
2030 -2052. Warming of 1.5°C creates risks to health, livelihoods, food security, water supply, human
security and economic growth which are further exasibated if warming increases to 2°C (IPCC, 2018).
To limit warming to 1.5°C net CO, emissions need to be reduced by 45% of 2010 levels by 2030, and

be net zero by 2050. Achieving these goals requires a rapid transition to a low carbon emission

economy.
45.00
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6 20.00 mmm Fuel and Electricity Effiency

15.00

s Renewables
10.00
— CCS
5.00
0.00 Total CO2 reduction

2015 2020 2025 2030 2035 2040 2045 2050
Year

Figure 1.2 World CO; reduction targets to meet the 2 °C scenario (2ds) (adapted from IEA 2014)

1.2.1.1 GHG emissions in the UK

The UK established a legally binding target to reduce greenhouse gas emission in the Climate Change
Act in 2008 (Parliament of the United Kingdom, 2008). This compels the UK to reduce its emissions of
CO2 NOx and CH4 by at least 80% of the 1990 levels by 2050. The Act is carried out through a series of
carbon budgets (Table 1-1) each set for a 5 year period of time, progressively increasing the level of
reductions. The UK has met the first two carbon budgets and it on track to meet the third, however
there are concerns that the plans are not sufficient to meet the 4™ or 5™ budgets or the new target of

net zero emissions by 2050 set in 2019 (Committee on Climate Change, 2019).
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Table 1-1 UK Carbon Budget, adapted from Parliament of the United Kingdom, 2008; UK, 2011; BEIS, 2019

1st Carbon 2nd Carbon 3rd Carbon 4th Carbon 5th Carbon
Budget Budget Budget Budget Budget
2008-2012 2013-2017 2018-2022 2023-2027 2028-2032
Carbon budget level (million 3018 2782 2544 1950 1725
tonnes CO; equivalent
(MtCOe))
Percentage reduction below 23% 29% 35% 50% 56%
base year levels _ | |
Actual emissions (MtCO,e) 2954 2504 887 (2018-19)
900.0
800.0
700.0

600.0 =——

g 500.0 e Total CO2
8N 400.0 -Other greenhouse gases

£ 300.0
=

Total greenhouse gases
200.0

100.0
0.0

1990
1992
1994
1996
1998

N N

2010
2012
2014
2016
2018

Figure 1.3 UK greenhouse gas emissions, 1990-2019 (provisional) (BEIS, 2019)

In 1990, the UK emitted 580.5 million tonnes of carbon dioxide, making up 76% of the UK’s
greenhouse gas emissions (BEIS, 2019). Encouragingly, GHG emissions in the UK are slowly declining
since the Climate Change Act (Figure 1.3) reaching a low of 352 Mt CO; in 2019. However, this decline
must be expedited to meet reduction targets. CO, emissions from the energy sector have historically
been the greatest contributor to GHG emissions in the UK, until energy emissions were overtaken by
the transport sector in 2016, Figure 1.4. Energy supply emissions have sharply fallen due to the
increase in low carbon renewable energy from wind and solar and the closure of coal power
generation (Committee on Climate Change, 2019). Emissions from Industry have been falling since
1999 with increased efforts to reduce industrial emissions including the aim of creating the world’s
first net-zero carbon industrial cluster by 2040. However significant changes such as deploying carbon
capture and storage (CCS) have not occurred due to the lack of ongoing financial support. The UK CCUS
(Carbon Capture, Utilisation and Storage) Action Plan was published in November 2018 looking to

accelerate such technologies (Committee on Climate Change, 2019).
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Figure 1.4 UK Annual territorial greenhouse gas emissions by source 1990-2019 (provisional). (BEIS, 2019)

1.3 CO, as a carbon source

The chemical and petrochemical sectors are large industrial consumers of oil and gas. In 2017, they
consumed 14% of the total primary oil and 8% of total primary gas demand, resulting in contributions
1.25GT of direct CO; emissions a 2% growth from 2016 (IEA, 2019). The origin of 90% of all organic
chemicals is fossil carbon, themselves using 5-10% of the global consumption of crude oil (Wilson et
al., 2015). To meet emission reduction targets and create a sustainable chemical industry decoupling
from fossil carbon both for energy generation and as a feedstock could significantly reduce
environmental impacts. Finding alternative, sustainable sources of carbon to supply the chemical and
process industries presents both interesting opportunities and challenges (Bazzanella et al., 2017).
Alternative sources include biomass, recycling wastes, marine and CO and CO,. Using CO; as a source
of carbon has been identified as a technology that could be deployed in conjunction with others to
reach the goal of a sustainable, low carbon impact chemicals sector (Wilson et al., 2015; Mission

Innovation, 2017; European Commission, 2018b; Gabrielli et al., 2020).
There are three overarching factors which contribute to the motivation for CO, utilisation (
Figure 1.5):

e as a carbon mitigation technology including as an additional stage to carbon capture and
storage (CCS), that may add some economic benefit to CCS

e an alternative sustainable carbon source for production of chemicals
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e amethod of converting renewable electrical energy into a storable chemical form (production

of CO,-based fuels)

Figure 1.5 Motivation for CO; utilisation triad

In each CO; utilisation technology, a balance between the three triad aspects will occur. In some cases,
such as the production of fuels, the amount of renewable energy used and the net CO, avoided will
be reasonably high however the long term mitigation aspect can be viewed as lower due to the short
sequestration time of the CO,. Conversely when CO; is used in a mineralisation process, a long
sequestration time is obtained but no renewable energy is stored. For each CO; utilisation application
there are pros and cons for each aspect of the triad. Therefore, it is problematic to compare different
processes and assess which is the ‘superior’ application of CO; utilisation technologies as a whole. As
such CO; utilisation technologies should ideally be compared using functionality i.e. fuel a plane,
create a net-zero emission chemical with other options such as bio-based technologies. Hence the
comparitive question should be: what is the function | am wishing to achieve and what is the ‘best’
method to achieve it causing the least environmental, econiomic and social impact? By adopoting this
approach the potential market opportunities and carbon footprint reductions of a CO, utilisation

product can be ascertained.

1.3.1 Climate change mitigation as motivation for CO, Utilisation

The mitigation prospects of CO; utilisation are often the most highly debated aspect, especially when
CO, utilisation is compared with other high capacity CO, mitigation technologies such as carbon
capture and storage (CCS) (Mac Dowell et al., 2017). CO, mitigation in relation to CO; utilisation not

only encompasses the long and short-term sequestration of CO,, but can take into account any
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emissions decrease via switching from traditional production to the CO, utilisation process; often
called CO, avoided and emissions created in the process. This is more complex to assess than purely
the CO; utilised in production and therefore requires a comprehensive life cycle assessment (LCA)
throughout the supply chain (von der Assen et al., 2014). Although CO, utilisation can contribute to
overall emissions reductions targets, it must be part of a much wider mitigation strategy
encompassing a variety of different technologies and approaches (Quadrelli et al., 2014) including

decarbonising electricity production

The impact that CO; utilisation can have on climate change via the reduction of CO; emissions is a
much debated subject. A number of studies (Table 1-2) have been carried out that indicate a range of
amounts of CO, that could be utilized. Each study has predicted amounts based on a nhumber of
assumptions and scenarios, but it is important to note that these amounts are for the CO; that could
be utilised not the CO, emissions that are avoiding release to the atmosphere. In reality some CO, will
be released in the production and the studies do not take into account the amounts of renewable
energy necessary to reach these levels. For the studies predicting higher amounts of CO, used a large
proportion is used to make hydrocarbons for use as synthetic fuels or in the chemical industry and in

these cases large amounts of energy will be needed.

Table 1-2 Predicted amounts of CO; that can be utilised

Amount of CO; used Year study Author Note
published
300 MT/y 2013 Aresta et al. Prediction for 2016
Up to 1.5 Gt/y 2011 Centietal.,
Up to 2Gt/y 2009 Dechema et al.
1.5Gt/y 2015 Armstrong and Styring Based on a scenario of products
7 Gt/y by 2030 2016 Global CO2 Initative By 2030 for a number of key
products

1.3.2 Sustainability as motivation for CO; utilisation
The move towards a carbon-constrained economy necessitates the desire to find alternative sources
of carbon for process and chemical industries (CarbonNext, 2018). Sustainability in the chemical

industry has been defined by OECD (Organisation for Economic Co-operation and Development) as:

".... a scientific concept that seeks to improve the efficiency with which natural resources are used to
meet human needs for chemical products and services. Sustainable chemistry encompasses the design,
manufacture and use of efficient, effective, safe and more environmentally benign chemical products

and processes."

Therefore, strong arguments exist for switching to using CO, as a feedstock if it displaces the use of

hazardous chemicals e.g. phosgene in the production of aromatic polycarbonates (Chapter, 13, Styring
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et al., 2014) and for exploring CO; as a carbon source for the chemical industry. Sustainable chemistry
approaches have a number of benefits including avoiding the used of hazardous materials, increasing
the use of renewable resources whilst simultaneously decreasing the use of non-renewable resources
and minimising environmental impacts of the chemical industry while seeking to manufacture

products that are economically competitive. However, they are not without challenges.

Carbon for the chemical industry has typically been primarily obtain from petroleum sources, but
increased awareness regarding environmental impacts and sustainability have led to the need to look
to sources such as biomass, CO; or wastes. As CO; is an abundant C1 source it is a key target when
considered as an alternative carbon feedstock. CarbonNext (CarbonNext, 2018) studied alternative
sources of carbon, although this study excluded biological and marine sources, it was concluded that
CO; and CO provided a good alternative carbon supply in Europe, whilst other sources such as shale
gas, coal-bed methane and heavy oil had low potential due to resource quantity and environmental

concerns.

CO, utilisation has the potential to increase industrial symbiosis opportunities within the sector by
valorising CO; and utilising other wastes or by-products (European Commission, 2018a). In industrial
symbiosis, unwanted material, energy, water, by-products & waste residues from one process are re-
purposed as a feedstock or energy supply for another process (Chertow, 2000; Mirata, 2004).
Developing new industrial symbiotic routes increases sustainability by decreasing waste production

unlocking unexploited waste streams are resources (European Commission, 2018b) .

Corporate sustainability strategies can plan a role in the uptake of CO; utilisation. The United Nations
Sustainable Development Goals (United Nations, 2015) were adopted by the UN member states in
2015. The goals (Figure 1.6) provide a framework for the UN’s 2030 sustainable development agenda
(Transforming our world: the 2030 Agenda for Sustainable Development | Department of Economic
and Social Affairs, 2015) to create peace and prosperity for future of the planet and people. The
Sustainable Development Goals (SDGs) each contain specific targets and can be thematically grouped
into areas such as water, energy, transport and climate. The goals and targets apply globally but rely
on intervention and action on a regional and local scale but a wide range of stakeholders (Salvia et al.,
2019). The KPMG Survey of Corporate Responsibility Reporting 2017 surveyed the top 100 companies
by revenue in 49 countries. Of these 75% reported on corporate responsibly, with KMPG observing
trends in reporting against the SDGs and climate reduction targets. KPMG predict that reporting
against SDG’s will be an increasing trend, with 39% of organisations already reporting against SDGs
less than two years after their launch. In 2017, 67% of the world’s largest 250 companies released

targets to cut GHG emissions, an increase from 58% in 2015. Primarily this is attributed to increased
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public and corporate awareness and pressure since the adoption of the Paris Agreement in 2015.
Considering the CO, utilisation technologies have potential to deliver contributions to several SDG
areas (Olfe-krdutlein, 2020) and carbon reduction targets, CO; utilisation can have a role to play in
sustainability strategies. In regard to the SDGs, of particular interest is how CO; utilisation could
contribute to the transition to low-carbon renewable energy in SDG7, options in SDG 9 for industrial
symbiosis and resource efficiency, creation of building materials from minerals and wastes in SDG 11,
contributions to ensuring sustainable use of resources in SDG 12 and through climate change

mitigation in SDG 13.
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Figure 1.6 The Sustainable Development Goals. Source: United Nations

1.3.3 Energy storage as motivation for CO, utilisation

The storage of renewable energy (RE) is key in the transition to a low-carbon energy production future.
The intermittence of weather-dependent renewable energy from wind and solar, requires the ability
to store created energy so that it can be used in times of demand (lbrahim et al., 2008; Olah et al.,
2009; Wilson et al., 2010, 2017; Varone et al., 2015; Ould Amrouche et al., 2016). Traditionally energy
has been stored in a chemical form (fossil fuels) enabling production to match demand. The
intermittent nature of renewable energy sources such as solar and wind power does not provide such
system flexibility. Therefore, as we transition to a greater proportion of our energy requirements
originating from renewable sources the ability to store energy to match demand increases. Renewable
energy can be stored in chemical, electrochemical (battery) mechanical, electrical or thermal forms
(Ould Amrouche et al., 2016). Chemical storage is seen as advantageous (Wilson et al., 2017) as it has
the potential to allow large scale, seasonal storage of energy as is shown in Figure 1.7. Synthetic fuels
from CO, have significant advantages for intermittent energy storage due to the low costs involved
with storage, transportation and handling. In a future where TWhs of energy storage are need CO,

fuels present an interesting option.

19



CO; fuels could play a role beyond the provision of storage of weather-dependent energy for grid
balancing for example for low carbon transport, maritime and aviation purposes (Jiang et al., 2010;
Pearson et al., 2012; Cuéllar-Franca et al., 2019). Use of CO,-derived transportation fuels could remove
reliance on fossil-carbon resources and be useful in sectors where transport electrification is not
suitable (Scientific Advice Mechanism, 2018). If this is to be realised significant increases in cheap

renewable energy production will be needed (Graves et al., 2011; Katelhon et al., 2019).

In the case of CO; utilisation, the transformation of electricity to chemical energy is commonly known
as Power to X (PtoX or P2X), where X is either a gas or liquid hydrocarbon. The simplest conversion
uses CO, combined with renewable hydrogen into produce synthetic natural gas (methane). Here the
advantage being that the produced gas could be directly mixed with fossil natural gas in the domestic
grid (Olah et al., 2009). The limiting factor in main CO, fuels applications is the source of cheap green

hydrogen (Royal Society, 2017).
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Figure 1.7 Time duration of energy storage options. Source: School of Engineering, RMIT University 2015

1.4 Conclusions

The motivation for CO; utilisation is broad and encompasses many aspects. CO; utilisation should
not be considered as purely a climate change mitigation option, but within many aspects of creating
sustainable circular economy. However, interest in CO, utilisation has increased as awareness
surrounding climate change has amplified and technologies advanced. Although the aim of reducing
CO; emissions has been a primary driver it should always be clarified via comprehensive life cycle
analysis to ensure benefits. Nevertheless, if achieving large CO, emission reductions is the sole focus
other positive aspects may be discounted, such as the role CO,-derived fuels can play in energy
storage and sustainable transportation. Here, developments in other aspects of GHG emission

mitigation such as large scale renewable energy deployment have created symbiotic opportunities
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with CDU to solve challenges of intermittency and demand. Moreover, requirements for
organisations to report their sustainability measures and carbon footprint has led to interest in
industrial symbiosis and reuse of wastes whereby CO, utilisation can play a role. Decision-making
regarding the potential of CO; utilization is therefore multi-faceted and not ‘one-size fits all’. This
work will seek to explore how different motivations interact, the complexities of bringing CO;
utilisation technologies to market and factors involved in ensuring sustainable and successful

deployment.
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2 CO, Utilisation Technologies

2.1 Introduction
CO, utilisation technologies cover a wide array of products and routes to make them. Carbon is

ubiquitous within the chemical industry and the potential arises for CO, to become the source of that
carbon. However, there are many challenges and barriers to this. Here, CO; utilisation and its links to
carbon capture and storage are discussed, along with the terminology currently used to describe CO;
utilisation technologies. Furthermore, common products are discussed with challenges and potential
environmental impacts. Finally, barriers to CO; utilisation are laid out which will be further explored

throughout this work.

2.2 CO, utilisation

Carbon dioxide utilisation (CO; utilisation) processes convert CO, into commercially viable products
such as fine chemicals, polymers, fertilisers, minerals and fuels via a range of chemical and biological
pathways by exploiting CO, as a carbon source (Aresta, 2010; Peters et al., 2011; Styring et al., 2011).
The IEA (2019), predict that fuels, chemicals, waste mineralisation, building materials from minerals
and biological CO, uses could each be scaled to markets in excess of 10 Mt CO,/yr and can support

climate goals.

CO, utilisation can be considered as a new synthetic carbon cycle (P. Styring et al., 2014). Within the
cycle, CO; is used to create a product and then released back to the atmosphere or sequestered in
product dependent on the product as shown in Figure 2.1. The length of time the CO, is sequestered
depends on the lifetime of the product, for products such as fuels the lifetime is short therefore, the
CO; is quickly re-released, however in the manufacture of materials such as polymers or aggregated
the CO; can be sequestered for many decades to indefinitely (von der Assen et al., 2014; IEA
(International Energy Agency), 2019a). Utilising CO, as a carbon feedstock for the chemical industry
opens new routes for chemical production that have been previously reliant on fossil oils (Bazzanella
et al., 2017). Furthermore, CO, utilisation can enable low-carbon energy to be introduced into the
chemical supply chain and a circular economy in chemical production to be realised (Styring et al.,

2011; Wilson et al., 2015; European Commission, 2018).
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Figure 2.1 Carbon Dioxide Utilisation Cycle. CO2Chem Media and Publishing

2.3 Link between CCS and CO;, Utilisation
CO, utilisation and Carbon Capture and Storage (CCS) are regularly grouped together often as CCUS

(Carbon Capture Utilisation and Storage) (Ghinea et al., 2016; BEIS, 2018; IEA (International Energy
Agency), 2019b). However, they are two distinct but linked technology pathways both concerning CO,
emissions (Bruhn et al., 2016). CCS encompasses a range of techniques that capture CO, emissions
predominately from point sources (e.g. power stations), and transport the CO, for sequestration
geological formations (Intergovernmental Panel on Climate Change, 2005; IEA (International Energy
Agency), 2019a). CCS is recognised by the IEA as a key technology in reducing CO; emissions, without
which it will be very difficult to reach the a 1.5 or 2 degree scenario (International Energy Agency,
2014; IEAGHG, 2017). CCS can also encompass directly capturing CO, from air (known as direct air
capture, DAC) and subsequent storage. However, this can incur higher costs than point source capture

due to the reduced concentration of CO; in air (Fasihi et al., 2019; Lackner et al., 2021)

CO,, utilisation technologies also capture CO; but then transform it by chemical or biological processes
into new products of commercial value (Peters et al., 2011; Peter Styring et al., 2014). These products
may sequester the CO, for long, medium or short time frames depending on the nature and use of the

produce, but they also avoid carbon emissions by providing new production routes (von der Assen et

28



al., 2013). In comparison to CCS, CO, utilisation technologies do not have the same potential capacity
to sequester gigatonnes of CO, (Mac Dowell et al., 2017). Nevertheless, CO, utilisation technologies
do present the opportunity to provide new sustainable green routes common chemicals, whilst
delivering CO, emissions reduction over traditional production methods (Armstrong et al., 2015; Mac

Dowell et al., 2017; IEA (International Energy Agency), 2019a).

The direct comparison between CCS and CO; utilisation is perhaps inevitable as they both start with
the capture of CO,, but their goals are distinct. For CCS the goal is reducing CO; emissions, for CO,
utilisation using CO; as a carbon feedstock for products. Therefore, it is unwise to directly compare
them as they have differing aims. However, this has often been the case, with solely the aspect of
climate mitigation considered (Mac Dowell et al., 2017). Taking such an approach and ignoring the
circular economy and suitability advantages of CO, utilisation could lead to misconception regarding

the usefulness of CO, utilisation.

Although the distinction between the two technologies has been expounded above, it is now
becoming increasingly common to refer to carbon capture, utilisation and storage, CCUS.
Governments are seeking pathways for the use and sequestration of CO; to mitigate emissions and by
combining utilisation and storage they seek to analyse the best route for the CO; based on volume
available, emission purity, location to storage or usage site, industrial symbiosis opportunities and
economic opportunities. Examples of this can be seen in the UK (BEIS, 2018), the IEA (IEA (International
Energy Agency), 2019b), and the Port of Rotterdam Porthos (CO2 reduction through storage beneath
the North Sea - Porthos, 2020) project. There are a number of situations that are better suited to
storage than utilisation and vice versa, for example if the emitters location has no access to geological

storage or if industrial symbiosis opportunities exist locally.

2.4 Terminology to describe CO, utilisation
A range of terminology is commonly used to describe the use of CO,. A search in the literature will find

terms such as, CCU — carbon capture and utilisation, CCUS — carbon capture utilisation and storage,
CDU — carbon dioxide utilisation, CDC — carbon dioxide conversion and CCR — carbon capture and
recycling (or reuse) all used interchangeably and without consistency. Table 2-1 shows a search of

both Web of Science and Scopus for commonly used terms. CCUS is most commonly found within a
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Scopus search whilst, “carbon dioxide utili*ation” is the most common in Web of Science. This range

of terminology used can be confusing to stakeholders.

Table 2-1 Counts of relevant terminology found in Scopus and Web of Science databases, July 2020

CCU and CO2 232 373
CCUS and CO2 323 420
CDU and CO2 35 38
"carbon dioxide utili*ation " 347 325
"carbon capture and utili*ation" 289 332
"carbon dioxide reuse" 8 9
"carbon capture and reuse" 7 9
"carbon dioxide conversion" 297 358
"carbon capture and conversion" 20 23
"carbon dioxide recycling" 49 75
"carbon capture and recycling" 8 8

As observed from the literature search CCU is often used as an abbreviation. Consequently, CCU is
often seen as a sub-branch of CCS reliant on CO, captured from a power station. CCU and CCS are also
often combined to form the all-encompassing descriptor CCUS as described above. In most cases the
CO; for CO, utilisation must first be captured before use, however, this is not always the case for
example in mineralisation processes (Hills et al., 2020) or reactive capture (Dowson et al., 2021).
Carbon capture is a distinct technology in its own right which can be integrated with CO, storage or
utilisation. Therefore, for these reasons the term CCU is not always the most appropriate to covey the

differences in approach and motivation between storage and utilisation.

Regarding the other terms found in literature, CO, Reuse or Recycling (CCR) communicates that the
CO; has been used in some way first. In many circumstances this is not true; usually the CO; is created
and emitted from the industrial process, it has not previously been ‘used’, it is in essence a waste
product. Therefore, it is technically incorrect terminology to describe it as recycled or reused, however
it is recognised that ‘recycling and reuse’ are commonly understood terms and may be useful in non-
technical stakeholder discussions (International CCU Assessment Harmonization Group, 2021). If the

CO; has been captured from the air via direct air capture (DAC), the terms could be applied. However,



higher concentration sources of CO, are more cost effective (Naims, 2016; CarbonNext, 2018) and
therefore likely to be the predominant method applied in the near future. Therefore, although DAC
will have a role to play in future CO; utilisation scenarios many applications will capture directly
emitted rather than atmospheric CO, whilst point sources exist, hence CO, recycling/reuse is not an

accurate term.

The terms CO; utilisation, CO. conversion and CO; use, infer that CO; is used irrespective of its origin
or purity. These terms indicate that CO; is used to provide some form of useful function, whether that
involves using the CO; as a discrete species that enters and leaves the system unchanged as in EOR
and foodstuffs or as carbon source breaking of carbon-oxygen bonds to transform the carbon dioxide
into a new chemical entity. Enhanced Oil Recovery (EOR) though often classified as a CO; utilisation
technology sits firmly between CCS and CO, utilisation. In EOR, CO; is used to increase the extraction
of fossil oil via increasing pressure and reducing the viscosity of the oil, during which some CO; is
sequestered (Blunt et al., 1993; Godec et al., 2011) . In this work the CO, utilisation is used to describe
the transformation of CO; into another product via a chemical or biological reaction. As such enhanced
oil recovery (EOR) which is commonly described as a CO, utilisation technology is not in the scope of

the definition of CO, utilisation.

As demonstrated in Table 2-1, many different terms are used and a single definition or term for CO,
utilisation is not presently agreed. Henceforth, in this work the term CO, utilisation in preference with
CDU as occasional shorthand. Using the term CO; utilisation, removes the reference to carbon capture
(intrinsically linking it to CCS) and best describes the aim of the technology — to utilize CO,. The
abbreviation CDU is problematic in some geographies due its political use in Germany, therefore
should be used with caution and only with other terminology to eliminate confusion. In conclusion,
the term CO; utilisation is used here to refer to the chemical transformation of CO; into a valuable
product. Technologies that utilise CO, without transformation such as EOR, carbonation of drinks or

horticulture are not included. This definition is aligned with Styring et al. ( 2011, 2014b).

2.5 Using CO; as a carbon source
CO,-derived products can be broadly grouped into three categories; chemicals (bulk chemicals and

fine chemicals), fuels and minerals. However, it should be noted that some hydrocarbons can be
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classified in both the fuels and chemicals groupings, for example methanol can be used both as a bulk
chemical feedstock and as a fuel for maritime vessels (Svanberg et al., 2018). Within these groupings
further subdivision between chemical and biological synthesis routes can occur. Synthesis of chemicals
from CO; is not a new technology. Salicylic acid has been synthesised from CO; and sodium phenolate
via the Kolbe-Schmitt reaction since 1890. Since the early 20" Century, Urea has been produced in a
two stage reaction by reacting ammonia produced in the Haber-Bosch process with CO, giving (H,N-

(C=0)-NH,) in an exothermic reaction (Meessen, 2010).
COZ +2 NH3 = NHzCOONH4
NH,COONH, = CO(NH,), + H,0

This well-established process commonly uses a proportion of the waste CO; produced in ammonia
production in urea formation, and as such the processes are usually co-located. However, the process
still has a significant carbon footprint and therefore, new more environmentally friendly routes to
produce urea from CO; are currently being researched and developed into pilot production (Driver et

al., 2019).

By utilising CO; as a carbon source, a vast array of chemicals can be produced. Figure 2.2 demonstrates
a number of important chemical transformations of CO, that have been reported, whilst new reaction
pathways are being developed at an increasing rate. Research is primarily focused on methanol,
polymerisations, urea, carboxylates, carbonates and olefins and the discovery of new catalysts and
mechanisms for these reactions. Comprehensive reviews on CO; utilisation pathways can be found in

Aresta, (2010); Peters et al., (2011); Aresta et al., (2014, 2016); and Artz et al., (2017) .
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Figure 2.2 A brief overview of chemicals derived from carbon dioxide. Jansen, Styring et al (2011)

Over 90% of organic chemicals are derived from fossil carbon, utilising 5-10% of the global demand of
crude oil to manufacture of these products (Wilson et al., 2015), and realising alternative sources of
carbon such as CO; could reduce this demand but will increase energy demand (Peters et al., 2011;
Olfe-Krautlein et al., 2016; Katelhon et al., 2019). At the heart of all CO, utilisation lies the aim to
produce sustainable products with reduced environmental impacts. However, CO; utilisation is a
diverse field and as discussed in Chapter 1 the further motivation drivers for different categories can

differ:

Chemicals: CO, utilisation can provide a new source of carbon enabling a routes towards a
sustainable process industry which is not reliant of fossil carbon inputs (Bazzanella et al., 2017).
Industrial symbiosis can take place whereby one industry’s wastes become another’s feedstock

reducing environmental impacts (Wilson et al., 2015; Patricio et al., 2017; Pieri et al., 2018).

Fuels: CO, utilisation offers options to store renewable energy in a chemical form, contributing to the
energy transition and decarbonizing the transportation sector via carbon recycling under the right
conditions(Olah et al., 2009; Cuéllar-Franca et al., 2019). Energy can be stored for long time periods

(seasonally) allowing buffering to occur for intermittent renewable sources (Wilson et al., 2017).
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Mineralization: CO; utilisation can permanently sequester significant quantities of COzin
building materials produced by carbonation of mineral wastes creating symbiotic opportunities to

valorize waste streams (Hills et al., 2020).

2.6 CO;to Chemicals

2.6.1  Bulk Chemicals
Bulk chemicals are used in large quantities in the chemical industry but in general have a low unit

price. Many of the products are also used as intermediates (e.g. synthesis gas, methanol, ethanol and
formic acid) for subsequent chemical production. Such intermediates are key targets for CO, utilisation
due to the potential large quantities of CO; utilised and the positive repercussion in terms of emissions
reduction rippling up the chemical industry supply chain of de-carbonising the base elements
(Katelhon et al., 2019). CO, utilisation can also provide environmental advantages by providing less
hazardous synthesis routes, for example replacing the use of the highly toxic phosgene (Fukuoka et

al., 2010).

Methanol is a key target for CO, utilisation due to its use as an intermediate in subsequent chemical
reactions and relatively simplicity of conversion (Olah et al., 2009). CO;, can be hydrogenated in the
presence of a wide range of catalysts to form methanol. Synthesis requires three molecules of
hydrogen per one molecule of CO,, two are incorporated into the methanol molecule and the third is
used in the production of the by-product, water. Therefore, to ensure minimal GHG emissions from
the process, a low-carbon source of hydrogen is necessary, either derived from water electrolysis or
steam reformation of methane coupled with CCS (Acar et al., 2014; Pérez-Fortes, Schoneberger,
Boulamanti and Tzimas, 2016). In a comparison of fossil methanol production to low carbon CO,
conversion (Table 2-2) concluded that 34.3 GJ of low carbon electricity (for electrolysis route) would
be required for production of one tonne of CO,-derived methanol but would lead to a negative cradle
to gate GHG emission (Bazzanella et al., 2017). Exploiting the potential of low carbon methanol
therefore has to be considered in a broader context of national and global renewable energy

production (Katelhon et al., 2019).
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Table 2-2 Comparison of Energy Demand and GHG emissions for methanol production routes, Bazzanella et al., 2017

per t methanol Fossil (SMR+ methanol synthesis) Low carbon (power to methanol)

Energy feedstock [GJ] 25—

Fuel demand [GJ] 13.9-

Electricity [G)] 0.6 343

Utilities [GJ] 5.4

Steam balance [GJ] -2 0

Total energy [GJ] 37.5 (12.5 excl. feedstock) 39.7(41.7 incl. compensation for
missing steam export)

Feedstock related CO2 emissions [t] 0.97 -0.79

Process emissions [t] 0.52 0.123

Total emissions [t] 1.49 (1.82 cradle to gate) -0.67

As well as its use as a fuel, solvent, antifreeze and in waste water treatment; methanol is the basis for
a large number of chemical derivatives, Figure 2.3. Due to the OH (alcohol) group it can be transformed
into hydrocarbons, halides, carbonyls, carboxylic acids, amines and ethers. Annual production of
methanol reached around 98Mt in 2019 with approximately two-thirds of methanol produced used in
the production of other chemicals. Demand is predicted to continue increasing after nearly doubling
from 2010 to 2020 (International Renewable Energy Agency (IRENA), 2021). The process of creating
methanol from CO, is at high TRL (7+) and has reached commercial production in some locations, the
main barriers to deployment are unfavourable economic conditions (Pérez-Fortes, Schéneberger,
Boulamanti and Tzimas, 2016). Methanol from CO; is currently produced in Iceland by Carbon
Recycling International (CRI - Carbon Recycling International, 2020). Here, methanol is direct
synthesised using industrial flue gases and large scale water electrolysers to produce hydrogen. The
gas from the geothermal steam emissions is captured from a geothermal power plant located next to
the CRI facility. The plant is powered using combination of hydro, geothermal and wind energy from
the Icelandic power grid. 4000 metric ton/year of renewable methanol is currently produced and sold

under the Vulcanol brand mainly for use as a fuel additive.
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Figure 2.3 A selection of synthetic uses for methanol. Dowson and Styring (2014)

Formic acid can be produced by electrochemical reduction of CO, and water rather than the traditional
route via CO (Aresta et al., 2016; Pérez-Fortes, Schéneberger, Boulamanti, Harrison, et al., 2016).
Formic acid is used as a preservative, adhesive and as a chemical precursor and is also of increasing
interest as it can be used as a fuel in fuel cells. The production of formic acid from CO, is assessed as
being at TRL 3-5 (Pérez-Fortes, Schéneberger, Boulamanti, Harrison, et al., 2016) with a number of
start-up companies worldwide looking at the production of formic acid for use as a low carbon energy
source including DNV (Norske, 2011). In a comprehensive review and meta-analysis of LCA studies on
CO, utilisation process, Thonemann, (2020) concluded that CO,-derived formic acid demonstrated
improvements in 11 out of 15 environmental impact categories when compared to conventional
production. Specifically, with the use of wind power electricity, a reduction of 95% in global warming

impact can be observed concluding this is an encouraging pathway.



2.6.2 Fine/Speciality Chemicals
The reaction between epoxides and CO; in the presence of a catalyst gives a highly exothermic reaction

as the CO; is inserted into the epoxide producing cyclic carbonates (Meléndez et al., 2007; Styring et
al., 2014). Cyclic carbonates have been synthesised in this manner since the 1950’s and although their
production is small at 0.1 Mt per year it is increasingly expanding due to their uses as electrolytes for
lithiumion batteries, as solvents and as an intermediate for polymer synthesis. Cost reduction through
new catalysts, reactions under atmospheric conditions and synthesis of carbonates directly from flue

gas without the need for a capture step, are of particular interest (North et al., 2010, 2011) .

Linear organic carbonates are formed from alcohols and CO,. They are useful as solvents so have a
substantial potential market. The most common of these is Dimethyl carbonate (DMC) is a linear
carbonate that is used as a solvent and as a pre-cursor for organic synthesis, in polymer production
and as an anti-knocking agent. It can either be produced from CO,-derived methanol and CO; or urea
and COs. Itis traditionally prepared is via highly toxic phosgene and methanol, subsequently producing
DMC via CO; removes the phosgene reagent giving a safer process. More than 90 000 t/y of DMC is
produced globally and has a potential demand of more than 30 Mt/y if used as a fuel additive (Garcia-
Herrero et al., 2016). However, meta-analysis by Thonemann, (2020) concludes that the CO, utilisation

route to DMC can lead to worse environmental impacts.

Polymers are a key target as they have the ability to sequester CO, for a substantial time period
(Fernandez-Dacosta et al., 2017; Royal Society, 2017; Van Heek et al., 2017; Miller et al., 2020).
Polymers can be produced by the direct incorporation of the CO, molecule into the hydrocarbon chain
(Peters et al., 2011). Polyol production incorporating 20 wt% CO; has been shown to give a 11-19%
reduction in GHG emission (Von Der Assen et al., 2014). In 2016 Covestro opened its first plant to
produce precursors for plastics from CO; in Dormagen, Germany (Covestro AG, 2021). The plant will
produce 5000 tonnes of CO»-based polyether polyols which will initially be used in the production of

flexible memory foams for mattresses and furniture.

2.7 Fuels

Synthetic fuels can be produced from CO, and hydrogen often via Fischer-Tropsch reactions to

produce long chain hydrocarbons (Aresta et al., 2014, 2016; Fernandez-Dacosta et al., 2019). Other
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routes include biological fermentations and subsequent processing such as the Lanzatech process (Ou
et al., 2013; Lanzatech, 2021). Synthetic fuels suitable for a range of applications can be produced but
key targets are synthetic diesel, DME and synthetic aviation fuel due to their use in long haul transport
applications which are problematic for many other fossil fuel alternatives (Jiang et al., 2010). Energy
to produce synthetic fuels must be sourced from renewable or low carbon sources to ensure a fuel
with a low carbon footprint is created. Often termed PtoX (X being gas or liquid fuel) there is
considerable research interest worldwide in this area though currently the economics and
environmental performance are unfavourable (Fernandez-Dacosta et al., 2017). CO, utilisation may
contribute to facilitating the transition to low-carbon renewable energy sources by managing the
balance between supply and demand, enabling short and long term seasonal storage of energy

resources (Wilson et al., 2010, 2017).

Synthetic methane production is commonly known as Power to Gas (although this term can refer to
hydrogen production or methane production from renewable energy). Methane is the main
component of natural gas and is used in power generation, heating, as a feedstock for the chemical
industry and as a transport fuel. Synthetic methane or synthetic natural gas, can be directly substituted
for fossil methane utilising existing infrastructure making it an ideal target (Bazzanella et al., 2017).
However, methane production is an energy intensive process requiring low carbon hydrogen (IEA
(International Energy Agency), 2019a). Environmental impacts for synthetic methane vary dependent
on energy source but can give lower GHG impacts (Thonemann, 2020). Power to Gas is a large research

area in Germany with Audi’s ETOGas project (Audi, 2020) a demonstration of this.

Dimethyl Ether (DME) is used as a solvent, refrigerant, methylating agent and an oxygenated fuel
additive with a global production of around 11 Mt/y. When used as a diesel fuel additive it enables
emissions targets to be attained whilst not inhibiting performance. It is relatively easy to produce from
CO; by either the condensation of CO,-derived methanol or directly from synthesis gas. Studies have
concluded GHG emissions could be reduced between 82%-19% for CO,-derived DME (Matzen et al.,
2016) with most environmental impacts also reduced when using wind energy for production

(Thonemann, 2020).
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2.8 Minerals

CO, can be reacted with minerals, usually calcium or magnesium containing silicates to form
carbonates (Styring et al., 2011; IEA (International Energy Agency), 2019a; Hills et al., 2020). These
reactions are exothermic therefore do not require large additional energy inputs but give
opportunities for energy recovery. Either naturally occurring silicates such as wollastonite (CaSiO3)
and olivine (MgSiO4) or industrial waste slags and ashes can be carbonated to produce long term CO,
storage in marketable form such as fillers, cement or aggregates or use for geological sequestration
(Sanna et al., 2014). Potential to decarbonise the concrete industry is also observed when numerous
techniques such as bio-energy, CCS, mineral carbonation of wastes are applied (Pedraza et al., 2021;

Tanzer et al., 2021).

In-situ Mineral carbonation has occurred in nature over many millions of years, white chalk cliffs are
the result of this process(Sanna et al., 2014). Silicate materials containing magnesium or calcium such
as serpentine and wollastonite, can undergo accelerated mineralisation which speeds up this
geological process by using high pressures and pre-treatments (Hills et al., 2020). Often the minerals
must first be mined, ground and processed which contributes to costs and be prohibitive (Leung et al.,
2014). Supercritical CO; can also be injected into geological formations although this does not result
in a commercial product and so is a form of CCS (Snaebjornsdoéttir et al., 2020). Research is being
undertaken into the best materials to be carbonates, the effects of particle size (contributing to
grinding costs) and the pressure and temperature of CO,. Companies working in this area include

Cambridge Carbon Capture, Solidia, Carbon Free Chemicals and Carbon Cycle.

Industrial wastes can be carbonated resulting in products that can be sold rather than incurring costly
disposal tariffs making processes attractive from a circular economy perspective (Renforth et al., 2011;
Hills et al., 2020). The wastes need to be alkaline or an alkaline substance introduced to aid the
carbonation process. Waste ashes, mining and aggregate wastes and steel slags are particularly
suitable for these processes with an estimated 7-17 billion tonnes available annually though these are
poorly mapped (Renforth et al., 2011). The mineralisation process is advantageous as numerous
contaminants can be stabilised in the product negating the need for end of life treatment of the waste

(Hills et al., 2020). These processes are exothermic and hence heat can be recovered and utilised.
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Companies working in this area include Carbon 8 (waste ashes), Recoval (steel slags), CCm Research

(Cellulosic materials and digestates).

2.9 Growth of CO, utilisation

The future prospects for CO; utilisation look promising if challenges can be overcome. Numerous
reports have discussed the potential of using CO;as a carbon source within the chemical industry, for
example Mission Innovation, (2017); European Commission, (2018) and IEA (International Energy
Agency), (2019) but to realise the potential technologies must be commercialised. Zimmermann et al.,
(2017a) found that the majority of activities within chemicals and fuels production are at research
stage whereas mineralisation technologies are primarily at demonstration. Technology readiness
levels can be used to describe the developmental progress of technology from inception to
deployment. Originally defined by NASA ( (NASA, 2012), TRLs have been further adapted to the

chemical industry (Buchner et al., 2018). The SCOT Project (www.scotproject.org) during its research

on CO; utilisation in Europe assigned TRLs to products, Figure 2.4. It is observed that single products
cover wide ranges of TRLs due to the number of different approaches that can be used to make the
same product for example — diesel fuels can be made via Fischer-Tropsch processes which are fairly

well advanced (TRL 5+) or via photochemical reactions which are less advanced (TRL 1-2).
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Figure 2.4 Technology readiness of various CO; utilisation products (Wilson et al., 2015a). Fuels are coloured red, chemicals
and polymers dark blue and carbonates light blue.
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Technologies using mineralisation processes (light blue on the figure) are collectively reaching higher
TRL levels than those in fuels (red) or chemicals (dark blue) in agreement with Zimmermann et al.,
(2017a). This is primarily due to the relative simplicity of the reactions and beneficial economics due
to cheap reactants and the exothermic reaction meaning heat can be recovered. A major challenge in
deployment is how to avoid the ‘Valley of Death’, the movement from TRL4/5 upwards (Frank et al.,
1996; Butler, 2008; Petroski, 2017; Ellwood et al., 2022). This is the place common place technologies
fail, moving out from the laboratory into a pilot scale process in an operational environment. At this
stage capital investment is heavy and government financing is sort to bridge the gap (Ellwood et al.,

2022).

Identified barriers for the deployment of CO; utilisation technologies vary over the short, medium and
long term (Figure 2.5). Energy requirements and integration continue to remain a key issue, as energy
for CO; utilisation and hydrogen production must come from low carbon sources to ensure minimal
environmental impacts. Katelhon et al. (2019), have calculated that 55% of the global energy
production in 2030, more than 18 PWh of low carbon energy, would be required to realise the
potential of CO, utilisation. And herein lies a conundrum for CO, utilisation matching the potential to
create low carbon chemicals with the vast amount of low-carbon energy that this could require. To
reduce the energy requirement the SCOT project (Armstrong et al., 2016) identified key technical
research and innovation challenges such as catalysis, reactor design, separation techniques and novel
reaction pathways. Accurate assessment of environmental impacts through life cycle analysis (LCA)
has been highlighted by many including von der Assen et al., (2013); Armstrong et al., (2016); European
Commission, (2018). As it imperative that new CO, utilisation technologies do not have an inferior
GHG impact than those they are replacing. Though progress has been made through the publication
of guidelines (Zimmermann et al., 2018), it is essential to understand the environmental impacts of

each CO; utilisation process to ensure environmental sustainability and avoid green-washing.
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Figure 2.5 Scenarios for implementation of CO; utilisation and enabling technologies (created by K Armstrong, published in
Quadrelli et al., 2014)

The growth of the CO; utilisation market is primarily driven by industry and funding bodies looking for
new renewable feedstocks for production in conjunction with searching for methods to reduce
emissions (Kant, 2017). Whilst as stated many technologies are in research stage, a number of
processes have reached small scale commercial or demonstration phases in the last few years mainly
in the fields of mineralisation, fuels and polymers, a snapshot of these is presented Table 2-1. The
products that have reached commercialisation in some cases are exploiting specific market factors for
example Carbon Recycling International use the abundant geothermal power in Iceland to
manufacture methanol and 0.C.0 Carbon8 Aggregates utilisation waste fly ash and air pollution
control residues which attract gate fees for disposal. Reported amounts of CO; used or reduced vary
across technologies with those in the field of mineralisation commonly reporting the highest
reductions. However, it should be noted that details of the exact scope of the emissions analysis are

not often reported.
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Table 2-3 Selected CO; utilisation companies with pilot or production facilities and their stated CO; use or reduction

Company

Aramco

Audi

Carbon Recycling
International
Carbonfree
Chemicals

CCm Technologies

Covestro

Fortera

Joule Unlimited

Lanzatech

0.C.0 (formally
Carbon8

Aggregates)

Locations

Saudi Arabia

Wertle,
Germany

Iceland
San Antonio,
USA

UK

Dormagen,
Germany
USA

Product (brand
name)

Polyols
(Converge)

Methane
(E-gas)

Methanol

' (Vulcanol)
Baking soda,
bleach,
hydrochloric acid

Fertilizer

Polyols

(cardyon)

Calcium carbonate
cements and
cement board

New Mexico & | Solar Fuels

Oregon
USA

Avonmouth

and Brandon,

UK

2.10 Conclusions
CO, utilisation has potential to play a role in the creation of a circular economy. CO, could be a

Ethanol, Jet Fuel

Aggregates

Production
per year
Under
construction

1000 tons

4000 tons

62,000 t HCL
143,000 t
Sodium
Bicarbonate
13,000
tonnes/yr

5000 tons

Greater than
700 tons

1,500 us
gallons of jet
fuel

150,000 tons

CO; Used per year or CO; Website reference

reduction
1/3 carbon footprint

2800 tons

5500 tons

75,000 tons
(200,000 t avoided)

90% GHG reduction
compared to traditional
fertilizer

Upto 20% emissions
reduction

60% reduction on
traditional cement

85% GHG emissions
reduction

75% emissions reduction
compared to petroleum
fuel

5000 tons

https://www.aramco.com/en/
creatingvalue/products/chemi
cals/converge
https://www.audi-technology-
portal.de/en/mobility-for-the-
future/audi-future-lab-
mobility_en/audi-e-gas_en
http://carbonrecycling.is

http://www.carbonfree.cc

https://ccmtechnologies.co.uk

/

https://solutions.covestro.co

m/en/brands/cardyon
https://forterausa.com/

‘ http://www.jouleunlimited.co

m/

http://www.lanzatech.com/

https://oco.co.uk/

sustainable source of carbon for the chemicals and construction industries if certain barriers are

overcome. Barriers include technological issues, economic issues and communication issues with

stakeholders and the public. Barriers to deployment are not eased by varying terminology used

interchangeably to describe CO, utilisation and lack of distinction between the goals of CCS and CO,

utilisation, leading some to discount CO, utilisation by only considering the GHG mitigation potential.

Despite these barriers, CO, utilisation products are reaching the market in niche applications and there

is significant observed research interest from major agencies such as the IEA.
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3 Promising CO, Point Sources for Utilisation

Content in this chapter was originally part published as part of the EU CarbonNext project?!
www.carbonnext.eu and later part was translated into German as a published chapter in CO; und CO

— Nachhaltige Kohlenstoffquellen fiir die Kreislaufwirtschaft, Springer Spektrum, 2020 2. Katy
Armstrong was the sole author of the original English work, Denis Kramer translated, edited and
adapted the work for German publication.

This chapter describes promising point sources of CO, within Europe identifying locations and
proximity to industrial clusters and therefore potential CO, utilisation deployment opportunities.
Defining the source of CO; is key to CO; utilisation technologies, to avoid transporting CO, long
distances to utilisation sites. By co-locating utilisation technologies with CO, sources, symbiotic
relationships between industries creating a circular economy can evolve.

' CarbonNext EU Horizon 2020 SPIRES; GA no: 723678

2 Kramer D., Armstrong K. (2020) CO und CO.. In: Kircher M., Schwarz T. (eds) CO2 und CO —
Nachhaltige Kohlenstoffquellen fiir die Kreislaufwirtschaft. Springer Spektrum, Berlin, Heidelberg.
https://doi.org/10.1007/978-3-662-60649-0_2
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3.1 Introduction

All CO; utilisation technologies require a source of CO; as a feedstock. Sources of CO; differ in purity,
concentration and volume. Therefore, identifying potential sources and matching them with specific
CO; utilisation technologies can be beneficial. Carbon Dioxide is formed from one atom of carbon
covalently double-bonded to two atoms of oxygen and is naturally occurring in our atmosphere. CO;
is produced in numerous ways including respiration, combustion of organic materials (including fossil
fuels) and fermentation. CO; is a necessary part of the carbon cycle where plants use CO,, light and

water to create carbohydrate energy and oxygen, however excess CO; contributes to global warming.

The carbon molecule in CO; can be used as a feedstock to create new valuable carbon-based products.
As we move into an increasingly carbon constrained environment, the ability to re-use carbon
molecules multiple times could become a key component in the drive to reduce carbon emissions and
ensure the sustainability of the chemical industry. The identification of the most promising sources of
these carbon emissions enables new and existing industries to identify symbiotic opportunities which

could enhance deployment.

Carbon capture aims to capture CO; from point sources or from the air using physical or chemical
processes so that it can be stored or used. Different sources have different properties which leads to
differing ease and cost of capture. CO; capture is recognised as a key enabling technology to reduce
CO; emissions and hence there is a significant depth of research in the field. However, the majority of
the research is focused on carbon capture for storage (CCS) not 