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Abstract
The purpose of the Deliverable 1.3 "Global CCU Infrastructure market assessment " is to provide a highlevel mapping of Carbon Capture and Utilisation (CCU) technologies and to propose a set of sustainability
criteria which can be used when evaluating CCU-based value chains.
Through the application of CCU technologies, captured CO2 can be converted into useful products,
potentially substituting products that currently rely on fossil fuels extraction. The potential of CCU to
achieve a large net reduction of CO2 emissions appears to be limited, but other aspects can be considered
that justify research and development efforts in this area. For instance, adding utilisation to a carbon
capture project could improve the overall profitability and CCU is also promising when the CO 2-derived
product can reasonably displace the incumbent product.
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In this report, an approach to assessing the sustainability of CCU systems is presented. One of the key
parameters considered is climate change mitigation, evaluating the net impact in terms of CO 2 emissions
based on the estimated CO2 uptake of a product and the time that the CO2 is expected to be stored. The
potential of CCU options to mitigate CO2 emissions is generally low, relative to the scale of global
emissions, but CCU can play a role for hard-to-abate sectors like aviation and steel production. Other
aspects such as the energy required for the process and the economic benefits also need to be considered
when evaluating the long-term potential of CCU options.
CO2 can be used directly in several ways, for example as a solvent, as a refrigerant, or for enhanced oil
recovery (EOR) applications. CO2 can be chemically converted to a very broad range of carbon-products.
The carbon-products studied in this report are divided into commodity chemicals and polymers, fuels, and
solid carbonates. Different CO2 utilisation products and pathways are described in the report. Some of the
challenges and advantages and summarized below:
-

CO2 converted into commodity chemicals and polymers might store the CO2 for some months or
several decades, depending on the final use of the products as well as end-of-life processing. The
energy required for the conversion process is typically supplied in the form of either heat, pressure,
or electricity. Most of the routes require hydrogen, which often represents the largest cost item.
However, polymers such as polycarbonates and polyols require relatively little conversion energy and
have very high market values, which can compensate for the high cost of hydrogen.

-

CO2 derived fuels only store CO2 until they are combusted; therefore, despite the huge market size of
fuels, their potential to contribute significantly to reducing CO2 emissions is limited. A high overall
reduction percentage can be achieved when using biogenic CO2 or CO2 from direct air capture (DAC)
systems, but these options face implementation challenges due to their high cost. The energy input
required for capturing, purifying and converting CO2 will always be higher than the energy stored in
the fuels themselves so the energy return on energy invested recovered (EROEI) factor is by definition
much lower than 1.

-

CO2 converted into solid carbonates (for example aggregates for buildings, concrete and cement) can
effectively store CO2 on a permanent time scale from a practical point of view. Additionally, the energy
input required for converting CO2 into inorganic carbonates is generally low. In this category,
aggregates for construction and CO2-cured concrete appear to have the highest utilisation market
potential. The main challenge is the low value (generally) of the end products and the high transport
costs.
Lastly, the report briefly presents a series of case studies for CCU technologies that have reached a high
level of technical maturity, have been demonstrated at an industrially relevant scale and/or are in the
process of being commercialised.
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1

INTRODUCTION AND OUTLINE

Fossil fuels are abundant and energy dense. Although coal has been mined for thousands of years, the
use of fossil fuels has accelerated over the last hundred and fifty years. Many processes have been
developed to turn these fossil fuels into chemicals and more refined fuels that we currently rely on.
Unfortunately, when we extract energy through traditional methods, we end up emitting carbon
dioxide which is accumulating in the atmosphere and causing environmental damage. Human
activities currently produce about 37 gigatons of CO2 every year, including burning fossil fuel for power
generation, cement production, refineries, iron and steel industry and petrochemical industry.1

1.1

What is CCU?

CO2 Capture and Utilisation (CCU) is a way to recycle the carbon dioxide back into useful products,
substituting products that currently rely on the extraction of fossil fuels. Thus, for some applications,
CCU could be an alternative to CCS for the reduction of anthropogenic CO2 emissions. CO2 can be
converted into commodity chemicals and polymers, fuels and solid carbonates.
We need to change the way that we think of carbon dioxide as an unwanted waste product and instead
start to think of it as the most basic building block that we can use to make compounds that we rely
on every day—Kendra Kuhl at Lawrence Berkeley National Laboratory.

1.2

What is the role of CCU in mitigating climate change and how can it
be justified?

Carbon capture and utilisation has started to attract attention because it can turn waste CO2 into
products. Nevertheless, the current global demand for fuel, solid carbonates and other relevant
chemicals does not have the capacity to sequester enough emitted CO2 to meet international
reduction targets significantly.
For some sectors and applications, CCU could be the best option in the coming decades, for example,
for aviation fuel. In Figure 1, a schematic of a general CCU system for producing fuels is compared with
a reference system without CCU.
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Figure 1 Carbon reduction potential of a CCU system for producing fuel compared to the reference system. (Source SAPEA
report 2018) 2

For a CCU system for fuel production, the theoretical maximum for emission reduction is 50%
compared to the current fossil fuel chain reference. The actual reduction is lower because CO2
emissions related to capturing CO2 and converting CO2 to fuels must be taken into account. Besides,
for large scale CCU fuel production, a large amount of renewable power and considerable sources of
captured CO2 are required. Neither of these is immediately available today, although the situation
could change in the future.
One more interesting perspective for evaluating the potential of CCU technology is considering the
scale at which the CCU technology could be deployed over conventional technology by 2030 and 2050.
This has been reported recently, for instance with a highly optimistic scenario indicating that an
estimated 1.34 Gt CO2 could be utilised by 2030.3,4 Still, this is only around 3% of total estimated global
emissions and many of the products (e.g. synthetic natural gas and synthetic liquid fuels) would soon
release CO2 back to the atmosphere. Therefore, the potential of CCU to achieve a large net reduction
of CO2 emissions appears to be limited.
However, there are other aspects to be considered:
-

CCS is an important technology option to decarbonize energy-intensive industries. In countries
with a CO2 emissions tax, CCS can help reduce the costs for emitters. In some cases though,
there is no suitable geological storage local available and CCU routes such as mineralization
could potentially play that role. Alternatively, if part of the captured CO2 can be converted to
a high-value product, this could increase the profitability of a CCUS solution. Therefore, there
is a growing interest in developing routes to high value products based on captured CO2.5

-

CCU is also promising when the CO2-derived product can reasonably displace the incumbent
product. That is, deliver the same service at the same price and not result in an increase in the
emission of CO2 associated with delivering that service. The driver should be feedstock
substitution and materials production at a lower cost and with lower fossil carbon intensity.
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The primary driver should not be locking up CO2, which is not possible at the required
magnitude without geological storage.5,6

1.3

Task 1.2 objectives

The main objective of the current task is to develop a strategy to include potential extensions of the
sustainable carbon cycle. Based on sustainable development criteria, a realistic view on CCU and CCS
should be developed by an assessment of the synergy potential throughout Europe and beyond and
for ECCSEL. The value, compatibility and potential implications of extending ECCSEL's scope to include
CCUS will be assessed. For that purpose, the work has been divided in two deliverables (D1.3 and
D1.4).
The deliverable “D1.3 Global CCU infrastructure and market assessment” is presented in this paper
and it aims to:
-

perform a high-level mapping of the current CCU products and technologies;

-

propose a set of sustainable development criteria for assessing relevant CCU systems;

-

briefly present a list of commercial operations as examples of CCU technologies that have
reached the market.

Deliverable “D1.4 Synergy potential of CO2 utilisation and alignment strategy for CCUS” will be
available in June 2021.

1.4

Outline of the report

This report presents an overview of CCU products and processes. The CCU systems are evaluated
based on sustainable development criteria.
Section 2 provides an introduction and approach to assessing the sustainability of CCU systems.
Section 3 presents different pathways of utilising CO2. This section serves as a guide for the list of CCU
options in Appendix 1. The reader is introduced to each CCU product and CCU process. The list is quite
extensive but not exhaustive. This section is divided into commodity chemicals and polymers, fuels
and solid carbonates.
Section 4 provides an analysis of the CCU systems. First, a comparison of different CCU products and
processes with the sustainability criteria described in Section 2.1 is presented. Finally, examples of
CCU systems with a high sustainability potential are listed.
Section 5 briefly outlines a few case studies, examples of mature CCU technologies which have been
demonstrated at an industrially-relevant scale and are being commercialized.
Table in Appendix 1 provides an extensive list of CCU process to convert CO2 into fuels, chemicals and
solid carbonates.
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2

BACKGROUND AND APPROACH

2.1

Sustainability of CCU systems

To have sustainable impact, the net greenhouse gas emissions from CCU systems must, as a minimum,
be significantly lower compared to alternative value chains, whether these are based on conventional
or other novel feasible technology substitutes. Applying this criterion should consider all the processes
involved, as well as emissions from the use of the product itself. A life cycle assessment (LCA) type of
approach is recommended. For example, for CCU, the emission sources to be taken into account could
include the production of feedstock, the production of energy, such as electricity, heat or hydrogen,
the CO2 capture process, hydrogen production, CCU conversion, the product's transportation and its
consumption, disposal and/or reuse. It should be noted that to achieve a significant net CO2 emissions
reduction, deploying energy-intensive CCU systems requires abundant sources of low-carbon energy.
The CCU system may also require other resources such as materials, chemicals, fuels, water that can
generate environmental impacts across the supply chain. The feedstock and their environmental
impact must be considered in the evaluation to ensure that the whole chain is fully sustainable and it
is not achieved at the expense of other environmental issues.
As CCU technologies are often novel, technology maturity and economies of scale need to be
considered when evaluating the long-term potential of CCU.

Climate change
mitigation
potential

Energy required

Economic
benefits

Other
environmental
issues

Maturity of the
technology

Figure 2 Method to analyse the sustainability of the CCU system.

The following section discusses how these aspects should be considered to help identify the most
sustainable CCU systems.

2.1.1

Climate change mitigation potential

CCU products have different lifetimes and capacities to store CO2, which are essential for determining
climate change mitigation potential. However, comparing the actual carbon mitigation of CCU systems
and comparing it to a relevant reference system (with no utilisation, see Figure 1) can be very difficult
and out of this report's scope.
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Origin of CO2 or Carbon Dioxide Removal (CDR) options
Concentrated point sources of carbon dioxide are currently found in, e.g., the power, chemicals,
cement and steel industrial sectors and biological fermentation processes such as biogas facilities. All
existing sources can be used for the capture of CO2 as long as the CCU chain is environmentally
reasonable7. Producing fuels from fossil power plant emissions is probably not worthwhile for
example, as there are more cost-efficient ways of reducing CO2 emissions.
Innovations that could be of long-term importance include CO2 capture from the atmosphere (direct
air capture, DAC). DAC generates a concentrated stream of CO2. Compared with traditional CO2
capture, i.e., concentrated point sources based on fossil fuels, DAC is an example of a technology with
the potential to reduce the CO2 content of the atmosphere if captured CO2 is stored long-term. In
many of the pathways IPCC identified to stay below 1.5 °C 8, Carbon Dioxide Removal (CDR) will be
needed, even more so if the world is slow to reduce its emissions. However, this technology requires
a greater energy input than capture from concentrated point sources. Hence, to ensure the
sustainability of DAC, a low-carbon electricity supply is required, increasing the cost of DAC compared
to capture from concentrated point sources, with costs ranging from 200-1000 $/ton of CO2 and 4060 $/ton of CO2, respectively.2 Future DAC price estimates are in the range 60-250 $/ton of CO2 due
to technology developments and possibly economic of scale.9 If CDR will be deployed widely in the
future for CCS, one should also expect some reduction in cost due to economy of scale.
Another CDR option is CO2 capture from biomass. Biomass binds carbon from the atmosphere as it
grows. However, biomass production implies land or waterway use and, in some areas, water
consumption and the use of fertilisers need to be assessed to ensure sustainability.2 CO2 capture from
biomass, if the sustainability is assured, is one of the most promising options for CDR. However, the
supply of sustainably produced biomass is limited.
Although the source of CO2 is an essential factor in deciding whether a whole chain is sustainable or
not, this factor will not be analysed. The main focus of the report is to compare the CCU systems,
independent of the CO2 origin.

Figure 3 Options for CCU. Fuel production from CCU systems using renewable sources (biomass on the right and DAC on
the left). (Source: Novel carbon capture and utilisation technologies, 2018) 2
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Sequestration time (product lifetime)
Sequestration time of the CO2 in the product has a large impact on climate change potential: in
principle, the less time CO2 is retained in the product, the smaller the impact on climate change
mitigation will be.

Estimated CO2 use
This is the amount of CO2 used per year to produce a specific product, accounting for CO2 that is bound
into the final product. If there are multiple routes to making a product, it may be that some routes
utilise more CO2 than others. We must note that the estimated CO2 utilisation quantified in Appendix
1 assumes that the current market demand is entirely met by 100% CO2-based products. This is for
illustration purposes and would most likely not be the case in practice.

CO2 abatement potential(CAP)
CO2 abatement potential(CAP) is the potential for a certain CCU system to reduce the net emissions
of CO2 for the entire process.
𝑁𝑒𝑡 𝐶𝑂2 𝑎𝑣𝑜𝑖𝑑𝑒𝑑 = 𝐶𝑂2 (𝑖𝑛) − [𝐶𝑂2 (𝑜𝑢𝑡) + 𝐶𝑂2 (𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡)]𝑝𝑟𝑜𝑐𝑒𝑠𝑠
In this equation, 𝐶𝑂2 (𝑖𝑛) is the inlet flow rate that enters the process, 𝐶𝑂2 (𝑜𝑢𝑡) is the outlet flow
and 𝐶𝑂2 (𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡) correspond to the CO2 emissions due to consumption of utilities, including CO2
emissions due to the feedstock's production or energy consumption. In this report, feedstocks that
can lead to additional CO2 emissions will be highlighted.

2.1.2

Energy

Technologies that convert CO2 into solid carbonates, fuels and other chemicals typically require energy
input in the form of either heat or electricity to power the conversion process or to produce hydrogen.
The sustainability of the CCU system depends on its energy consumption and the environmental
footprint of the energy mix.7 It should be noted that energy production will always have an
environmental impact and even excess local energy can often be used in alternative industrial
processes. Therefore, it is important to compare the energy consumption of the CCU process
compared with alternative routes leading to products for similar applications. To enable a consistent
approach to assess the energy requirements, we have considered several factors that can reflect the
total energy used in the process in a first approximation.
𝐸𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = Δ𝐻𝑟 + 𝐸𝑇,𝑃 Process + 𝐸𝐻2 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝐸𝐶𝑂2 𝑃𝑢𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛
•

How much heat is absorbed or released as a reaction takes place is referred to as the enthalpy of
the reaction (ΔHr). This value is the difference between the heat of formation of the product(s)
and that of the reactant(s). A positive enthalpy difference (ΔHr) implies that the reaction is
endothermic, which means that heat must be supplied to the reaction; a negative enthalpy means
that heat will be released by the reaction.10
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•

The temperature and pressure requirements of the process (𝐸𝑇,𝑃 Process) also need to be taken
into account. Even if Δ𝐻𝑟 is negative, an additional energy 𝐸𝑇,𝑃 Process may be needed to be
supplied to reach the required process temperature and pressure.10

•

Many of the CO2 utilisation pathways require H2 to produce fuels, polymers and other chemicals.
To produce hydrogen, large amounts of energy are required (𝐸𝐻2 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ). Even if hydrogen can
be supplied from excess renewable energy, we should expect that hydrogen production has
environmental and economic impacts. Thus, the amount of H2 needed per tonne of product is
included in the evaluation. Generally speaking, the more H2 is required in the reaction, the lower
the sustainability potential of a CCU system.

•

For several CCU systems, CO2 can be used directly from flue gases without further treatment. In
other CCU systems, pure CO2 is required. Separating CO2 from other components to required
purity levels could be energy intensive 𝐸𝐶𝑂2 𝑃𝑢𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 .

2.1.3

Economic benefits

Economics are an important aspect for CCU technologies and include cost items such as CO2 capture,
transport and conversion, hydrogen production etc.; steps which typically also require energy input.
Additionally, the costs of other feedstocks as well as capital costs must be taken into account. To be
economically viable, the total costs must be offset by the revenue generated from selling the products,
possibly supplemented by government incentives. For a CCU technology to have a significant impact
on mitigating climate change, the product must have potential for a significant (future) market size
and a sufficiently high market price.

2.1.4

Other negative impacts

The sustainability of CCU systems also depends on other impacts they generate while removing CO2
from the atmosphere. The use of specific chemicals in the CCU process can cause health and
environment issues, such as human toxicity, ecotoxicity, depletion of natural resources,
eutrophication, or other issues. The use of land or water consumption can also generate negative
environmental impacts.
For these reasons, there is also a risk of not having societal support for some CCU-based solutions.
Beside the possible issues listed above, public perception could be negatively affected by associating
CO2 utilization (and CCUS in general) with the fossil fuels industry.

2.1.5

Maturity of the process

The selection of a particular CCU product and route must take into consideration that the CCU
technology is ready to contribute to the reduction of CO2 emissions. However, the TRL (Technology
Readiness Level) will not be considered in the selection process. ECCSELERATE is a research
infrastructure and their focus is not only on technologies with high TRLs.
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The TRLs applied in this study range from basic, applied research and proof of concept (TRL 1-3)
laboratory testing, prototyping and piloting (TRL 6-7), final development, full-scale deployment and
market introduction (TRL 8-9).

2.2

Data collected in Appendix 1

Data concerning the enthalpy, temperature/pressure, hydrogen required, estimated CO2 utilisation,
TRL, market value/size originate from the CarbonNext10–14 and CEMCAP projects.15 Information on
how each of these parameters have been obtained for each CCU option is explained in the following
document.11,14,15 In the current report, data have been compiled and reformatted, with additional CCU
options and corresponding references. Data concerning CO2 purification and CO2 lifetime have been
obtained by means of literature review. Data concerning environmental issues have been adapted
from the CarbonNext report and other articles.

2.3

Selection

The data provided for different factors have been categorized to compare the potential of different
products and processes. A colour code has been assigned to each category for easy visual comparison
between processes: orange for low, yellow for medium and green for high potential to contribute to
CO2 emission reduction in a sustainable manner. The thresholds for categories for each factor are
provided in Table 1. TRL will not be considered in the selection process, see section 2.1.5.
Table 1. List of indicators used to select the CCU products and processes with the highest potential to reduce CO 2 emissions
in a sustainable manner. The thresholds have been taken and adapted from the CarbonNext project 11
Parameter for selection

Low

Medium

High

Medium

Highly Endothermic
>100 kJ/mol

Endothermicity

Temperature

<250oC

50-250oC

<50oC

Pressure

>30 bar

6-30 bar

1-5 bar

H2 needed [t H2/t product]

>0.25 t/t

>0 t/t

=0

CO2 Purification

Required

Lifetime

<10 years

10-100 years

>100 years

<1 Mt/yr

1-10 Mt/yr

>10 Mt/yr

Enthalpy (ΔH)

Exothermic

<100 kJ/mol

Energy required

Climate change
mitigation

Estimated
utilisation

EU

CO2

potential
CO2 abatement potential

Not required

Feedstock can
generate additional
CO2 emissions

www.eccsel.org | Page 14

HORIZON
2020

Economic
benefits

EU 28 Market size

<1 Mt/yr.

1-10 Mt/yr

>10 Mt/yr

Estimated market value

<1 €b/yr

1-10 €b/yr

>10 €b/yr

1-3

4-6

7-9

Yes

-

No

Technology Readiness Level (TRL)
Other negative impact
(related to feedstock or other aspects)

3

EXPLORING CCUS TECHNOLOGIES

In this section, different CO2 utilisation pathways are described. There are several applications for
which CO2 can be used directly, such as in beverages, in greenhouses, enhanced oil recovery, or as a
solvent or refrigerant. Several applications result in CO2 being directly emitted during its use and
therefore have limited potential for emissions reduction. Alternatively, CO2 can be converted to a
broad range of carbon-containing chemicals through (electro)chemical conversion, biological
conversion and mineralization.

Figure 4 CO2 Utilisation pathways including products and applications

3.1

Direct utilisation of CO2

Several industries utilise CO2 directly, i.e., without any conversion. For example, in the food and drinks
industry, CO2 is commonly used as a carbonating agent, preservative, packaging gas and refrigerant.
CO2 is a hydrophobic solvent that can replace organic solvents in several applications, e.g.,
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supercritical carbon dioxide is used for the decaffeination process.16 Carbon dioxide is also used in fire
extinguishers, inflating life rafts and life jackets, blasting coal, foaming rubber and plastics, promoting
the growth of plants in greenhouses immobilizing animals before slaughter and for enhanced oil
recovery (EOR). Although direct utilisation options are often not considered long-term sequestration
of CO2, they could reduce anthropogenic global climate change.5 For instance, HFCs, the currentlydominant (“third-generation”) refrigerants, have a 100-year global warming potential, a factor 700 to
15 000 higher than CO2.
It has also been argued that CO2-based EOR could be adapted to result in net storage of CO2, i.e. higher
than the release of CO2 during the use of the oil-derived products.17 For this application, using CO2
captured as a by-product from other processes (or directly from the atmosphere) is preferred over
the use of CO2 from geological sources.
The use of captured CO2 for EOR could be a very promising direct utilisation case. Oil’s share in the
global energy mix peaked in the early 90’s and steadily declined to less than 35% today. Although
demand was heavily impacted in 2020 due to the global COVID-19 pandemic, and we may have already
witnessed peak oil use, oil remains the largest source of energy today and will continue to have an
important role in the energy mix for decades to come. Fuels and products derived from crude oil are
inherently unsustainable and their use is a major contributor to the increasing concentration of CO2
in our atmosphere.
While there is an imperative to stabilize the concentration of CO2 in the atmosphere, it would seem
reasonable to implement carbon-offsetting solutions. The use of one barrel of crude oil results in
roughly 0.43 ton CO2 emissions. If comparable amounts are sequestered in the oil reservoir, the oil
that’s produced can be considered low-carbon. Using DAC, produced oil could even be fully carbonneutral or carbon-negative, as illustrated below in Figure 5. This approach might outcompete
alternative approaches such as the production of synthetic fuels that replace fossil fuels.
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Figure 5 Simplified chart illustrating the potential to reduce oil related CO2 emissions through the use of advanced EOR
(Source: Benson and Deutch, 2018, Advancing Enhanced Oil Recovery as a Sequestration Asset, Joule)17

Various types of enhanced oil recovery (EOR) technologies are already commercially deployed at large
scale to increase the recovery factor of crude oil from existing reservoirs. Depending on the project
context and technology used, EOR can also have environmental benefits by extending field and asset
lifetime and reducing the number of exploration & production developments. However, it should be
noted that EOR technology could also play a role in prolonging the reliance on fossil fuels.
Using CO2 for EOR is well-known, commercially available and widely used technology, currently using
about 65 Mton/year CO2. For this application, high-purity CO2 sources at a cost of ~30$-40$ per ton
are attractive. These costs are comparable to the cost of capturing CO2 from industrial processes such
as SMRs that produce hydrogen for refineries, or for the synthesis of ammonia and methanol.
Sourcing CO2 is a major cost for EOR projects, so its use is currently minimized. This can be adjusted
through various mechanisms and incentives however. Furthermore, there is ample potential to
sequester CO2 in depleted oil fields, estimated at 1,000 Gt of CO2, although only a part of this
theoretical capacity will be feasible from a techno-economic perspective.
This option could be relevant in the context of ECSSEL, since significant modifications to existing CO2based EOR are needed, such that the CO2 retention in the reservoir is increased by a factor of 2-3
compared to current retention values. This requires coordinated R&D efforts, in collaboration with
the oil and gas sector and existing ECCEL infrastructure could play a key enabling role if there is political
traction and the option is deemed acceptable by society/NGOs.
The capture of CO2 will, in most cases, use similar technologies to CCS and other CCU technologies and
hence do not need to be covered here. CCU will also use similar technologies to CCS for transport,
although the scale may be different. The actual direct use of CO2 probably also does not qualify as new
facilities for ECCSEL since most of the technologies are established. However, existing ECCSEL facilities
may respond to knowledge needs for direct use of CO2, for instance, regarding thermodynamics of
CO2 for EOR or refrigeration applications, or storage infrastructure for EOR.
Direct use of CO2 will not be further discussed in the current deliverable, but if owners want to
introduce new facilities or services to be applied for such applications, they should be evaluated using
the same sustainability criteria (see Section 2.1) as other technologies described below.

3.2

CO2 converted to commodity chemicals and polymers

The various commodity chemicals and polymers that can be produced from CO2 are listed below.
Carbon-based chemistry is vast and the possibilities are nearly endless, so this list is nowhere near
exhaustive. It is merely intended to give an impression of how many utilisation options are available
and to briefly outline some of the most promising routes.
These chemicals are used directly in a very broad variety of ways, or act as intermediates for other
products (e.g. as building blocks for polymers).
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3.2.1

Products

Alcohols
Alcohols are a wide class of chemical compounds with various applications. Several alcohols which are
of industrial relevance can be produced starting from CO2, most notably methanol and ethanol.
Methanol (CH3OH) is the simplest of the alcohols and predominantly used as a precursor for the
production of other commodity chemicals such as formaldehyde and acetic acid, as well as a variety
of specialized chemicals for instance used for manufacturing plastics and binding materials.
Ethanol (C2H5OH) is a widely used alcohol, either directly or via chemical synthesis to produce other
compounds. Ethanol can be used directly as low carbon fuel, added to gasoline (5-10% without engine
modifications, or more than half using fuel-flexible engines, for example, Brazil with E85 blends), or
converted further to jet fuel and diesel. It can also be dehydrated to produce olefins (ethylene) and
subsequent conversion to polymers or other higher-value hydrocarbons11.
Aldehydes
Formaldehyde is primarily used in resins, plastic and paint, so if synthesized from CO2, it would offer
the ability to sequester large quantities of CO2 into products with a long lifespan.
Amides
Urea, C(O)(NH2)2, is the most important nitrogen fertiliser globally. This is a very well established
market, using commercially viable technology to produce the annual global supply. 18 Urea is also an
intermediate in organic syntheses such as melamine and urea resins, which are used as adhesives and
bonding agents. Urea is one of the products that does not need a catalyst.19
The market is saturated, however, the CO2 currently used to produce urea is fossil-based as it is
captured from conventional H2 production processes (SMR/ATR technology when starting from
natural gas or gasification for coal-based ammonia). If green ammonia from electrolysis gradually
replaces brown ammonia in the existing fertiliser market, there will be space to introduce CO2 from
other sources, for instance from direct air capture.
Carboxylic acids
Formic acid (H-COOH), the simplest of the carboxylic acids, is used in processing textiles and leather
and it is also used as a preservative and antibacterial agent.
Acetic acid (CH3-COOH) is widely used within the chemicals industry. The largest single use of acetic
acid is in vinyl acetate production, which can then be polymerized to several different polymers, which
are the common components in paint and adhesives.
Butyric acid (C3H7-COOH) is a common industrial chemical that is commercially produced by
hydroformylation from propane and syngas.
Oxalic acid is the simplest dicarboxylic acid with a chemical formula of HOOC-COOH. It is used for
fixing dyes to fabrics, and as a bleaching or cleaning agent. The conventional way to produce oxalic
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acid involves nitric acid, which is harmful to the environment. Alternatively, oxalic acid can be
produced electrochemically by reacting CO2 and water, but this technology is still at the low TRL (lab)
scale.
Benzoic acids are a widely used class of chemicals, of which p-hydroxybenzoic acid is produced
commercially by the Kolbe Schmitt reaction, which utilises CO2 during production. Esters of phydroxybenzoic acid (parabens) are used as preservatives in cosmetics and pharmaceuticals.11
Terephthalic acid (TPA) has a very large market volume exceeding 10 million tons per annum in the
U.S. alone, due to its use as a monomer for polyester fibres and polyethylene terephthalate (PET) resin
production. 20
Salicylic acid, the precursor to aspirin, is one of the products already manufactured by utilising CO2
during production by the Kolbe-Schmitt reaction, and has done so since the late nineteenth century.
This process is exothermic and, like the reaction leading to the production of urea, it can proceed
without the need for a catalyst.19
Aromatic hydrocarbons
Benzene, toluene and xylene (BTX) are important compounds for the production of synthetic fibres,
resins, detergents, as well as polymers such as polystyrene, polyurethane and polyesters.11
Olefins and Aromatics
Ethylene and propylene are the two most important intermediate chemicals for producing other
more complex chemicals and polymers like PET, polyurethanes, PVC, polystyrene, polyacrylates,
PMMA, carbon fibres, polycarbonates and epoxy resin.21 These products and BTX are based currently
on naphtha as feedstock, so a more sustainable route is to use CO2-derived methanol as a precursor
through Methanol-to-Olefins or Methanol to Aromatics.
Epoxides
Ethylene oxide and propylene oxide have a large market as monomers for polymers such as
polycarbonates. One of its primary uses is in the production of ethylene/propylene glycol.11
Polyols
Typical examples of polyols are ethylene glycol and propylene glycol. These chemicals are produced
on a large scale primarily to manufacture polymers such us polyesters and PET used for plastic bottles.
Ethylene and propylene glycol are conventionally synthesized from ethylene and propylene oxide.11
However, electrochemical reduction from CO2 to polyols is possible.22
Carbonates (inorganic)
Inorganic carbonates are salts of the carbonate ion CO32− with various metal ions. These compounds
are widely used in industry, such as in iron smelting, as a raw material for Portland cement and lime
manufacture, in the composition of ceramic glazes, and more.
Sodium carbonate (Na2CO3, “soda ash”) and potassium carbonate (K2CO3, “potash”) have been used
since antiquity for cleaning and preservation, as well as for the manufacture of glass. Sodium
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bicarbonate (NaHCO3, “baking soda”) is used as a baking powder for cooking, mild disinfectant and
other uses.
Ground calcium carbonate (CaCO3, GCC) and precipitated calcium carbonate (CaCO3, PCC) are
feedstocks to produce paper, adhesives and sealants, construction materials, food and
pharmaceutical products, glass and ceramics, paint and surface coatings, and as filler materials for
plastics and composites, rubber and elastomers.
Cyclic and linear carbonates
The market is growing for carbonates because of the increasing popularity of lithium-ion batteries,
where they can be used as the electrolyte solvent. However, the route to produce these chemicals is
an issue. Linear carbonates like DMC (dimethyl carbonate) are still primarily made from phosgene or
from methanol. Both routes have environmental problems. DMC can also be used as a reagent for the
methylation process, a common process that transfers a methyl group to another compound. Cyclic
and linear carbonates are also considered green solvent for many applications such as paint since they
are biodegradable and have low ecotoxicity. Cyclic carbonates can be readily obtained from epoxides;
however, epoxides production is energy-intensive and hardly considered environmentally friendly.
One research target to produce carbonates is not only to find new catalysts but to find better and
faster catalysts. Another research target is to find a catalyst that can be active at lower temperatures,
compatible with the temperature range of the catalytic membrane reactor.23
Polycarbonates (P.C.): glass replacement
Aliphatic polycarbonates (APC) refer to polycarbonates with an absence of aromatic groups between
the carbonate linking. APCs are transparent and have good impact resistance so could replace many
other petrochemical-derived polymers. However, they exhibit low melting points and high
susceptibility to hydrolysis. For this reason, the APCs were not pursued commercially and their
applications are limited.
PPC refers to poly (propylene carbonate), which is the most widely produced polycarbonate.
Carbamates (inorganic)
Ammonium carbamate is an inorganic compound use as an intermediate in the production of urea.
Carbamates (organic)
Methyl carbamate is used primarily as a reactive intermediate in the textile and polymer industries,
and in pharmaceutical and insecticide manufacture.11
Dicarbamates
A simple example is the ethane diol dicarbamate. The potential market of the dicarbamates is large
as it relates to the substitution of di-isocyanates currently used in the manufacturing of
polyurethanes11.
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Poly-carbamates
Polyurethane is used to manufacture high resilience foam seating, rigid foam insulation panels,
microcellular foam seals, durable tires, etc. The market is vast, with polyurethanes in primary plus
plate and sheet form.11
Novel materials
Carbon fibres, carbon nanotubes and carbon-based nanoparticles. Many of the conversion
technologies are very early in development. However, the market potential may be quite large in the
future. 24
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3.2.2

Processes

Carbon dioxide is a very stable molecule and, accordingly, energy must generally be supplied to drive
CO2 conversion to the desired product. High temperatures, extremely reactive reagents, or electricity
may be exploited to carry out carbon dioxide reactions.
Thermochemical conversion and hydrogenation of CO 2
Because the CO2 is a very stable molecule, in a low energy state, the conversion of CO2 into products
requires energy input. Thermochemical conversion uses heat, pressure and/or reactive chemicals to
convert CO2 into useful products. Heterogeneous catalysts are often used to speed up the process
and/or lower the required reaction temperature.
Carbon dioxide reduction is a chemical reaction in which the oxidation number of carbon decreases
as it gains electrons. In the case of hydrogenation for example, H2 is the chemical partner donating
the required electrons. The amount of energy required for the CO2 transformations is determined by
the extent of the reduction. This is shown in Figure 6, in which different categories of molecules that
can be produced from CO2 are ordered according to the energy input required:

Figure 6 Energy required for CO2 conversion is equivalent to oxidation reduction. Source: Quadrelli et al.25

Thermochemical conversion routes open the door to a very broad range of CO2 utilisation pathways
since this category includes, for instance, syngas production and the Sabatier reaction to produce
methane.
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As stated earlier, however, it is essential to carefully evaluate how meaningful possible CCU routes are
in terms of reducing overall emissions, by taking into account the energy input required and
determining the net reduction potential based on the source of CO2 and final use of the product.
The reaction scheme below illustrates some of the reaction pathways through which CO2 can be
thermochemically converted to useful chemicals:

Figure 7 Thermochemical reaction pathways through which CO2 can be converted into chemicals and polymers.26

Starting from the lower left corner and proceeding clockwise, the reactions indicated are:
•

Direct carboxylation of alcohols to produce aliphatic or aromatic carboxylic acids or
carbonates

•

Direct formation of urea from NH3 and gaseous CO2, via ammonium carbamate

•

The Sabatier reaction to produce synthetic methane from CO2 and hydrogen

•

Two reaction routes to produce syngas (a mixture of CO and H2) starting from CO2:

•

o

Reverse water-gas shift, using H2 as co-reactant and producing water as by-product

o

Dry reforming of methane with CO2, which also produces water as by-product

After obtaining syngas, the following additional routes are available:
o

Methanol synthesis, possibly followed by dehydration to DME

o

Fischer-Tropsch to produce a broad range of primarily straight chain alkanes

o

Lastly, olefins can be produced either from methanol (MTO route), from DME, or via
a modified version of the Fischer-Tropsch process with higher selectivity for olefins
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a. Direct carboxylation of alcohols
CO2 reacts with two equivalents of alcohol to produce water and a linear carbonate. In the case of
methanol, dimethyl carbonate (DMC) is produced:

The two most studied catalytic systems for this reaction are tin oxides and ceria-zirconia oxides. This
is an interesting utilisation pathway because DMC has multiple uses as an electrolyte, fuel additive
and non-toxic reagent. However, this reaction is equilibrium limited and very low conversion is
achieved even at high pressure. The yield can be significantly improved by in-situ water removal and
progress has been made in this field, but the technology is currently in the lab phase.27
Phenol can react with CO2 to form salicylic acid (the Kolbe-Schmitt reaction):

Direct carboxylation using CO2 in fact encompasses a broader category of reactions, as CO2 can also
directly react with other molecules such as epoxides and diols. These are well known production
routes for cyclic carbonates and highly relevant industrially for the production of polycarbonates:23

b. Formation of urea
Urea is a widely used nitrogen-release fertiliser. It can be used directly as a water solution or in
mixtures such as UAN (urea ammonium nitrate). To synthesize urea, NH3 and CO2 react at high
pressure forming ammonium carbamate, which is then dehydrated to form urea and water.
For urea production, NH3 and CO2 are partially converted into carbamate, then the unreacted CO2 and
NH3 are removed using CO2 as a stripping agent. The conversion to ammonium carbamate is a fast
exothermic reaction and takes place at a pressure of 120–250 bar:
2 NH3 + CO2 ⇌ H2N-COONH4

(ΔH= -117kJ/mol at 110 atm and 160°C)

This is followed by a second reaction that involves the dehydration of ammonium carbamate to
produce urea. The second reaction is comparatively slow and endothermic.
H2N-COONH4 ⇌ (NH2)2CO + H2O

(ΔH= +15.5 kJ/mol at 160-180°C)
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While a very important pathway for the fertiliser sector, converting CO2 to urea is not particularly
interesting from an emissions reduction perspective, because urea is readily decomposed in the soil
and releases the CO2 back to the atmosphere.
Urea has several other applications in the food, feed and cosmetics industries, which might be
attractive outlets for CO2, albeit at far smaller scale than the fertiliser market. An additional possibility
for CO2 utilisation via urea is through the production of melamine:

Melamine is an organic chemical with a wide range of uses. For instance, combined with formaldehyde
(which can also be produced from CO2), it forms durable melamine resins used laminating and
adhesive applications. The global market for melamine is in the order of 1 million tons per annum.
c. Sabatier reaction
Carbon oxides can be readily hydrogenated using common Ni-based catalysts (Sabatier reaction, or
methanation) to form methane:
CO2 + 4H2  CH4 + 2H2O

ΔH0 = -165 kJ/mol CO2

This reaction is typically used in ammonia synthesis, where oxygen needs to be removed from the feed
gas to prevent catalyst poisoning. However, it does not seem attractive for converting CO2 to fuels or
chemicals due to the large consumption of H2.
Four molecules of diatomic hydrogen are needed per molecule of CO2. When using green H2, the total
energy input is in the order of 400 kWh (1440 MJ) per kmol CO2 converted, with today's electrolyser
efficiency of roughly 50 kWh/kg H2. The energy content of the CH4 produced is approximately
803 MJ/kmol, so the conversion efficiency is ~56%, not taking into account potential losses of
hydrogen in the process.
The reaction is highly exothermic, so roughly 11% of the H2 energy input could, in principle, be
recovered through heat integration.
d. Syngas production
There are two primary pathways for converting CO2 to syngas.
Reverse water-gas shift (RWGS):
CO2 + H2  CO + H2O (g)

ΔH0 = 41.2 kJ/mol CO2

This reaction is catalysed by e.g. Cu/ZnO/Al2O3 and is commonly used to produce additional hydrogen
from CO downstream of steam methane reformers. While straightforward in principle, this route has
the disadvantage of using a hydrogen molecule for every molecule of CO2 reduced to CO. When using
green H2, the corresponding energy required will be in the order of 100 kWh (360 MJ) per kmol CO2
converted, in addition to the heat of reaction.
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Dry reforming (DR) of methane:
CO2 + CH4  2CO + 2H2

ΔH0 = 247.3 kJ/mol CO2

In terms of atom efficiency, dry reforming is very appealing since no hydrogen is needed in the CO2
reduction step. From a CCU perspective, dry reforming has the disadvantage of requiring methane as
a co-reactant, unless it can be obtained from non-fossil sources such as biogas.
Dry reforming also poses two main challenges: it requires very high operating temperatures (900–
1000C) and coke formation occurs due to methane cracking and CO disproportionation, causing
catalyst deactivation. Typically, steam still needs to be added to prevent this and a possible
compromise is to introduce additional CO2 in steam methane reforming processes.
A commercial example of this concept is the ReShift™ technology of Haldor Topsøe. Part of the CO2
removed from syngas upstream of the water-gas shift reaction step is preheated and mixed with the
hot effluent from the SMR. The reduction of CO2 to CO takes place in an additional reactor, called the
Adiabatic POst Converter (APOC). By adding CO2 to the hot effluent of the reformer, carbon formation
issues are avoided, allowing the unit to operate with low steam-to-carbon ratios.

Figure 8 HyCO plant layout with SMR and ReShiftTM. Source: White paper HALDOR TOPSØE. 28

e. Methanol/DME synthesis
Methanol is an important commodity chemical and can also be used broadly as a fuel, but in the
context of CCU for emissions mitigation, methanol could be very interesting because it opens the door
for polymers via the methanol-to-olefins route.
Conventional methanol production relies on converting either natural gas or coal to syngas, followed
my methanol synthesis in multi-tubular reactors, as shown in Figure 9. From syngas, the methanol
production reaction is straightforward:
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CO + 2H2  CH3OH

ΔH0 = -90.6 kJ/mol CO

Since three molecules of green hydrogen (including the reverse WGS reaction but not considering
production losses) would be consumed to convert one molecule of CO2 to methanol, the power-toMeOH efficiency with current electrolysis technology is in the order of 50-55% on low heating value
(LHV) basis, excluding also the energy consumed to capture and condition the CO2 feedstock.

Figure 9 Diagram of methanol synthesis reactors. Source: Air Liquide technology brochure 29

DME is often a by-product of methanol production and can be readily produced by dehydrating
methanol. The same type of catalysts as those used for (R)WGS reactions can be used. In the presence
of acid sites (e.g. zeolites) DME is readily formed from methanol:
2CH3OH  CH3OCH3 + H2O

ΔH0 = -23.4 kJ/mol CH3OH
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Electrochemical conversion of CO 2
Electrochemical conversion routes use electrical energy to reduce CO2 and convert it into various
useful molecules. Electrochemical reduction of carbon dioxide can be used to produce chemicals and
fuels, converting CO2 to organic products such as carbon monoxide, formic acid, ethylene and
methane. The process is usually described as:
CO2 + H2O + Energy  CXHXOz+ O2
This process requires the use of electrocatalysts, a specific form of catalysts that function at electrode
surfaces to reduce the activation energy of their specific reaction and increase selectivity towards the
desired product. The electrode surface itself can act as a catalyst as well. CO2 can be converted into a
range of different reaction products and having a selective catalyst is essential to maximize conversion
to the product for a specific application. Electrocatalysts are also selected in such a way as to minimize
the extent of the hydrogen evolution reaction, which competes with carbon dioxide reduction.30
The conversion of carbon dioxide into carbon monoxide and formic acid are easily obtainable using
Sn, In, Au, Ag-based catalyst with high Faradaic efficiency (see Figure 11). In contrast, producing
ethylene, ethanol, or other longer chain molecules is more complex because the catalyst has to
increase its selectivity and this is reflected in low Faradaic efficiency (Figure 11). Increasing the catalyst
selectivity will avoid various reactions from CO2 that results in unwanted by-product formation.30,31 A
review of the current progress in electrocchemical reduction of CO2 to fuels is presented in Liu et al.
2020.32

Figure 10 Simplified scheme of electrochemical reduction of CO2 to chemical and fuels.
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Figure 11. CO2 reduction Faradaic efficiencies classified by year for a) C1 products and b) C2-C3 products. Reprinted with
permission from the authors of reference 31. Copyright (2020) American Chemical Society.

Status of technological development
The potential of electrochemical conversion depends on the value of the products obtained relative
to the required investment in equipment and the overall energy cost, taking downstream processing
into account.
This area of CCU is particularly appealing to countries with high alternative energy capacities such us
hydro-electric power33 and has, for instance, been highlighted by Det Norske Veritas as a viable
strategy for Norway in a recent policy report34.
Electro-reduction has technological challenges that have prevented its commercialization
deployment. In the last decades, very significant breakthroughs have been achieved and the
technology is approaching demonstration phase.35
Advantages:
-

The process can be conducted at room temperature and ambient pressure in an aqueous
solution. However, increasing the partial pressure CO2 helps to increase the rate of
production. 36

-

The source of electricity used to drive the process can be tailored to avoid generating new
CO2. Such sources include solar, wind, hydro-electric and geothermal energy.36

-

The electrochemical reaction systems are compact, modular, on‐demand and easy for scale‐
up applications. 36

Challenges:
-

Identifying and producing catalysts that exhibit high selectivity, efficiency and
stability/reliability has been one of the main bottlenecks in the development of
CO2 electroconversion.37

www.eccsel.org | Page 29

HORIZON
2020

-

To create more complex molecules, significant breakthroughs are needed in catalysis. 30

-

Tools are needed for probing and understanding reaction mechanisms at the surface of
electrocatalysts.37

-

An integrated approach would reduce cost and energy requirements by combining capture,
conversion, product separation and reagent recycling. 37

-

Electrolyser designs are required that scale to the megawatt or gigawatt range. 37

-

An understanding of transport and interfacial processes for mass, energy and charge is
needed.37

Gas fermentation of CO 2
Gas fermentation is a process in which microorganisms can be used as a biocatalyst to convert gaseous
feedstock such as CO2 and CO/syngas, into chemicals and fuels such as ethanol, butanol, acetate,
butyrate and methane38. Jet fuel can be obtained then through the alcohol-to-jet (AtJ) process.39
Hydrogen (H2) generated by electrochemical water-splitting can be utilised in co-fermentation with
CO2.

Figure 12. Gas fermentation process.

There are several microorganisms that can be used in this process. Mesophilic bacteria, such as
Clostridium autoethanogenum, Clostridium ljungdahlii are used to produce acetate, ethanol, butyrate,
or butanol. A complete list of these microorganisms and products are given in the following articles.
38,39

Advantages:
-

Moderate operating temperatures (30-65°C) and at ambient pressure.39

-

The biocatalysts are less susceptible to poisoning by sulphur, chlorine, and tars than inorganic
catalyst, which reduces the gas pre-treatment costs. 39
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-

It less sensitive to the ratio CO:H2 compared to Fischer-Tropsch Process(FT). 39

-

Low catalyst operating costs enabled by self-maintenance and self-replication.

-

Higher efficiency compared to FT process in the production of ethanol.40

Challenges:
-

The low water solubility of gaseous CO2 results in low mass transfer rates and therefore low
productivity. An alternative is to use CO2-derived methanol/formic acid (liquid) as source of
CO2 as it is highly soluble in water.

-

The need for a source of H2 (or equivalent reducing agent).

3.2.3

Potential of commodity chemicals and polymers

Climate change imposes an urgent need to decarbonize our energy use, but carbon itself is an essential
building block for the chemical industry. CO2 can be an alternative source of carbon when processed
via innovative CO2 conversion technologies that enable carbon recycling from industrial flue gases or
the introduction of carbon captured from the atmosphere into industrial value chains. Innovative
CO2 conversion technologies can reduce the use of fossil carbon and dependency on import. The
environmental impact is determined by how much CO2 is used and, importantly, by the net reduction
in CO2 emissions achieved by replacing existing fossil feedstocks by this alternative feedstock.
A promising new possibility for storing CO2 is by producing polymers which can 'trap' carbon for an
extended period of time, particularly by increasing and improving reuse and recycling rates. Using
CO2 to manufacture polymer-plastics benefits the environment in two ways: firstly, CO2 is directly
incorporated into polymers and partially substitutes oil as a raw material. Secondly, the amount of
emitted CO2 during the manufacturing process is reduced by optimised, more environmentallyfriendly processes compared to established processes.41
Methanol is an important commodity because it opens the door to polymers via the metal-to olefins
route. The most commercially advanced pathway to produce methanol is by direct hydrogenation of
CO2. However, the largest green methanol production plant, operated by CRI in Iceland, is still more
than a hundred times smaller in capacity compared to existing conventional plants. Thus, the
technology requires further scale-up.
Low cost renewable electricity and significant cost reduction along the value chain are needed to make
CO2-derived chemical manufacture competitive.
Advantages:
-

The wide range of performance and functionality suitable for numerous applications.6

-

Polymers which are obtained from CO2-derived monomers can be manufactured using
existing infrastructure for petrochemical-based polymers.

Challenges:
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-

3.3

Converting CO2 into chemicals requires energy in the form of electricity, heat, light, or high
energy starting materials (e.g., epoxides, hydrogen). Furthermore, catalysts are often needed
to overcome high kinetics barriers, e.g., in polymerisation reactions.

CO2 converted to fuels

CO2 is a direct product of coal and hydrocarbon fuel combustion and conversion processes are not
perfect. By definition then, more energy is required as input to convert CO2 via processes that result
in synthetic fuels, than the heat of combustion of the fuels that are produced. In terms of energy, the
amount of energy required to produce the fuels is higher than the recoverable energy (EROEI<1).
The energy penalty can be justified if net CO2 reductions are achieved and few or no economically
viable alternatives are currently available, for instance in the case of long-distance shipping or
aviation. Additionally, synthetic fuels from CO2 could act as energy vectors or energy stores, using
renewable energy sources at off-peak times with temporarily stored or locally available CO2.33

3.3.1

Products

Methanol is the simplest of the alcohols, it is easy to store and handle and has the advantage of clean
combustion. However, it has a relatively low energy density (compared to hydrocarbons), it is volatile
and highly flammable, and is hazardous to human health.
Its synthesis requires three equivalents of hydrogen per molecule of CO2, two being incorporated into
the product with the third being consumed in the by-product, water.33
Ethanol is a widely used alcohol, either directly or via chemical synthesis to produce other compounds.
Ethanol can be used directly as low carbon fuel, added to gasoline (5-10% without engine
modifications, or more than half using fuel-flexible engines, for example, Brazil with E85 blends), or
converted further to jet fuel and diesel. It can also be dehydrated to produce olefins (ethylene) and
subsequent conversion to polymers or other higher-value hydrocarbons11.
DME (Dimethyl ether) is a gas a in normal conditions and can be liquified at around 0.6 MPa. It is easy
to manufacture and it can be used as a diesel substitute because it has a better cetane number (better
quality and performance).42 The physical properties of DME are similar to Liquified Petroleum Gas
(LPG); thus, DME can be stored and distributed using existing LPG infrastructure. Another small-scale
but important use is as a replacement for chlorofluorocarbon propellants in aerosol canisters.11 DME
decomposes in the troposphere and does not affect the greenhouse effect and the ozone layer.
Diesel and gasoline are the most important fuels for the road transport sector. Much more diesel is
sold than gasoline in the E.U., largely due to consumption by vans, buses, trucks, heavy-duty vehicles
and inland shipping.
In principle, the use of gasoline could be almost entirely phased out through the combined use of
biofuels, battery-electric vehicles and fuel-cell electric vehicles. However, the use of diesel is likely to
continue for a long time for applications that require long-distance haulage or heavy-duty engines.
Diesel-type fuels would also be a suitable replacement for the heavy fuels currently used for marine
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shipping. Together with biodiesel, synthetic diesel could play a role in reducing emissions from these
applications.
Kerosene fuel is the third most important transportation fuel. It is a middle-distillate product primarily
used for commercial and military aviation in various jet fuel blends. Kerosene will be very difficult to
replace with hydrogen or electricity specially for long haul aircraft due to its high energy density and
because aircraft fuel tanks and fuel supply systems, jet engines and the entire refuelling infrastructure
at airports are all currently designed around the use of existing jet fuels. There are several initiatives
however to introduce electric planes and H2-fuelled planes for short-haul flights, which could help
decrease the need for using liquid aviation fuels.
Formic acid is a valuable product that can store hydrogen in a more manageable liquid form. It
requires a single equivalent of hydrogen per mole of CO2, without the formation of by-products, so it
is highly atom efficient. Subsequent decomposition of formic acid releases the hydrogen when
required but also re-releases the CO2.33 The current market for formic acid is small, but it can also be
used as a fermentation feedstock, which significantly expands its possible use.
Methane can be produced from H2 and CO2, but synthetic natural gas is currently much more
expensive than biomethane (from biogas plants).42
Synthetic methane is produced using the Sabatier process, in which only half of the H2 input is
incorporated in methane and the other half reacts with oxygen to form water. The energy content of
the synthetic methane is roughly 83% (on LHV basis) of the energy content of the H2 input, although
some of the energy can be recovered in the form of heat from the synthesis reaction.

3.3.2

Processes

The routes to produce fuels are, in most cases, the same as the ones described in the section 3.3.

3.3.3

Potential of fuels

CO2-derived synthetic fuels have become increasingly targeted for CCU because of difficult to abate
transport sectors such as aviation, shipping and heavy road transport / heavy machinery, for which
there are currently few alternatives to hydrocarbon fuels. Battery electric powertrains are not an
option currently because of the relatively low energy density of batteries compared to hydrocarbon
fuels.42,43 Besides, most of the CO2-derived fuels can use existing infrastructure, which is typically
easier and cheaper than transporting and storing electricity and hydrogen. CO2-derived fuels are
currently not competitive with fossil fuels, nor with many other alternative carriers, such us direct use
of electricity and hydrogen.44 Their main disadvantage is the high cost of production42 as currently the
cost of producing CO2-derived fuels is several times higher than the market price of existing fossil fuels.
Electricity costs are the main factor, accounting for 40-70% of the production cost. CO2-derived fuels
can be produced competitively in locations where low-cost renewable electricity and CO2 are
abundant and where importing fossil fuels is expensive or strong legislation favours green
alternatives.44
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One good example is Iceland, where methanol has been commercially produced since 2012 by Carbon
Recycling International. The plant uses CO2 captured from a nearby geothermal power plant and the
required hydrogen is produced by electrolysis using green electricity.45 Sunfire and Audi in Germany
have been operating a pilot plant in Dresden since 2014. The required CO2 is (at least partly) supplied
via direct air capture, using the technology of project partner Climeworks.46,47 A commercial-scale
plant based on the same technology is planned for 2020 48. But in Germany's case, the electricity used
for CCU still has a very high cost and there isn't enough surplus renewable electricity available.
Therefore, policies decreasing the electricity cost for CCU purposes and discouraging fossil fuel would
be needed for CO2-derived fuels to become competitive with fossil fuel alternatives.
CO2-derived fuels can also be produced by gas fermentation, for example using technology developed
by LanzaTech. They have commercialized a process for ethanol production by fermentation of
industrial off-gases in a continuous bio-reactor. After operating several pilot- and demo-scale plants,
the company commissioned its first commercial-scale plant in Caofeidian, China in 2018. This plant
has a capacity for about 60 million litres of ethanol per year from steel mill flue gases. The company
plans to have three similar plants in operation by 2020. 49
Advantages:
-

The fuel market is large enough to store up 1Gt CO2/yr (including the conversion of CO2 to
methanol and methane)

-

Production of CO2-derived fuel reduces exploration costs and produces a refined rather than
a crude product.

Challenges:
-

High cost of electricity to produce hydrogen / considerable quantities of hydrogen required.
33

-

The energy required to produce e-fuels is significantly higher than the recoverable energy. 33

-

Selectivity to produce a single fraction of commercially valuable fuels such as kerosene or
diesel still remains poor. 33

-

Extensive fuel testing and warranties are needed before they can be compatible with
existing infrastructure.

3.4

CO2 converted to solid carbonates

3.4.1

Products

Depending on the input material, a range of products can be obtained through mineral carbonation
and provide an alternative to conventional processes.
Aggregates for building:
They include aggregate for concrete, ground calcium carbonate (GCC) and precipitated calcium
carbonate (PCC). GCC and PCC are feedstocks to produce paper, adhesives and sealants, construction
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materials, food and pharmaceutical products, glass and ceramics, paint and surface coatings, and as
filler materials for plastics and composites, rubber and elastomers.
CO2-cured concrete: Concrete curing refers to a series of processes that occur when water, cement
and aggregates are mixed. During these processes, cement is converted into a binding material, which
gives the material its strength. By injecting CO2 as part of the concrete curing process, water is replaced
by CO2 to produce calcium carbonate. The ‘carbonate concrete’ could be used for the same
applications as conventional concrete44. Several articles reported that the concrete made by curing
with CO2 has better performance characteristics than traditional curing methods. 50 However, the
performance of carbonate concrete over long periods is still under evaluation.
Novel cement: Some researchers and a small number of companies are looking to develop cement
which uses CO2 as an ingredient. Two novel types of cement are:
-

Mg cement: CO2 is used in the production of cement, which reacts with magnesium minerals.
The process is at an earlier stage of development than CO2 cured concrete. A possible
advantage of the novel cement is that it can use low-grade CO2 or flue gas. A key constraint
for the novel cement is the low abundance of precursor for MgO production.

-

Fortera cement (reactive calcium carbonate (RCC)). A novel cement that is morphologically
similar to GCC and PCC, but it has unique properties such as reactive material, water-activated
binding, spherical particles 51

3.4.2

Processes

Process for conversion of CO 2 and natural minerals into building aggregates
CO2 can be used to produce carbonates through the carbon mineralisation process, in which CO2 reacts
with a Ca, Mg, Fe oxide bearing phase (MOx) and forms the corresponding solid carbonate (MCO3).
The most abundant materials that react with CO2 to form solid carbonates are silicate rocks. The
process is slow so a lot of research has focused on accelerating the process. The technology is in early
development.
Process for conversion of CO 2 and waste into building aggregates.
A wide range of industrial waste such as steel slags, cement kiln dust and fly ash contains alkaline
metals available in our environment. The use of these industrial wastes is interesting because CO2
emissions are produced in the same industries, so transport of CO2 is not needed. The carbonation of
alkaline industrial waste can lead to attractive products like aggregates for concrete.
Many alkaline wastes require pre-treatment (high pressure and temperature) to accelerate the
carbonation process by increasing the material's surface area or extracting the reactive metal ion from
the mineral using chemicals.44

www.eccsel.org | Page 35

HORIZON
2020

Figure 13 Simplified scheme of the conversion of CO2 and waste into aggregates. (Adapted from IEA report) 44

Advantages:
-

Low-cost waste streams or relatively inexpensive minerals can be used as feedstock

-

CO2 can remain bound to the material for long periods (>100 years) or permanently.

Challenges:
-

The availability of sufficient waste materials is possibly the most important long-term
constraint, resulting from the decline in the steel and coal-based power plants in Europe. 52
Process for CO 2 -cured concrete

Figure 14 Simplified scheme of the CO2-cured concrete process.( Adapted from IEA report) 44.

3.4.3

Potential of solid carbonates

The conversion of CO2 into solid carbonates primarily enables the permanent storage of CO2 and
provides products that can be used in different applications.
Converting CO2 into solid carbonates is thermodynamically favoured over CO2 gas. The process is
generally performed at moderate temperatures and pressure. In some cases, the energy input for
the whole process is limited to the energy required for capturing, transporting and conditioning the
CO2.52
Solid carbonates have a large market and CO2 uptake volumes. A market assessment for 2030 shows
that solid carbonates could reach annual revenues of $1 trillion and the potential to consume 3-6 Gt
of global CO2 emissions by 2030.37
According to the ICEF 2017 report, the conversion of CO2 to aggregates requires direct incentives to
be economically viable. The methods by which CO2 can be turned into useful aggregate are wellestablished but the costs exceed the cost of conventional aggregates like gravel or even crushed
stone.24 However, using waste material and CO2 to produce valuable aggregates has great potential
because it improves the properties of alkaline waste materials and construction materials. Such waste
materials are frequently disposed of in landfills or simply stockpiled on-site and can present an
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environmental hazard. Thus, carbonating with CO2 offers an opportunity to treat wastes and create
various useful materials that can be used by the construction industry. 44
Novel cement and CO2-cured concrete are also very attractive options. However, the cement and
concrete market is a well-established market that will be difficult to penetrate with new products
(novel cement, CO2-cured concrete). A critical need in this area is for demonstration projects that
create large volumes of alternatives materials. This area also needs initiatives from industries and
governments.24
Advantages:
-

The overall reaction is exothermic.

-

CO2 can remain bound to the material for long periods (>100 years) or permanently.

-

Carbonation of waste streams has the advantage of treating (hazardous) waste streams.52

-

Many carbonation processes can tolerate CO2 at a wide range of purity levels (e.g., 10-90%),
although 50-60% is considered to be ideal. However, the lower the purity level, the slower the
carbonation reaction. 52

Challenges:

4

-

Low reactions rates. To increase the rates, material pre-treatment and enhanced operating
conditions may be necessary, increasing energy-intensiveness and cost.37

-

For novel cement or concrete, the key issue is meeting and guaranteeing product performance
over time. To ensure new materials are safe to use for infrastructure or building applications,
extensive standard test methods are required.

-

The building sector is conservative and often demands a long-term (up to 15 years) track
record before adopting novel products. Investing in trials that demonstrate the long-term
durability of products will facilitate this.52

ANALYSIS AND SELECTION OF CCU SYSTEMS

In this section, the environmental potential of different CCU pathways will be summarized and
discussed. We will first compare different products and processes using the sustainability criteria
described in Section 2.1, including the energy required for the process, time of sequestration,
economic benefits and future development of the market, other environmental issues and technology
maturity. Finally, CCU systems with high sustainability potential are listed.

4.1

The energy required for CO2 conversion

The overall energy requirements of a CCU conversion chain is influenced by several factors, such as
the enthalpy of the reactions (ΔHr) in the chain (a negative enthalpy indicates that heat is released
and a positive enthalpy indicates that heat is needed for the reaction), as well as reaction conditions
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(pressure, temperature), the use of hydrogen for conversion and the energy required to produce the
feedstock.
For technologies that convert CO2 into solid carbonates (aggregates for building, concrete and
cement), small amounts of energy input are required, because the chemical reaction that transforms
CO2 into carbonates is exothermic. Solid carbonate production also doesn’t require hydrogen and the
temperature and pressure of such processes are generally low.
Technologies that convert CO2 into fuels, polymers and other chemicals typically require energy input
in the form of either heat, pressure, or electricity to power the process, (Appendix 1). In addition,
hydrogen is needed for several routes:
1. CO2 and hydrogen can be converted into methanol and synthetic transportation fuels such as
gasoline, kerosene and diesel (power-to-fuels)
2. CO2 and hydrogen can react to produce synthetic methane, which can be injected into existing
gas grids (power-to-gas).
3. CO2 and hydrogen can also be converted to various chemicals, as well as polymers (power-tochemicals).
For CCU pathways to be sustainable, the hydrogen required for these reactions also needs to be
produced in a sustainable way, for example, from renewable sources (via electrolysis), biomass
gasification, or natural gas/biogas reforming with CCS. When green hydrogen is used, it often
represents the largest cost item and energy consumption for the overall process.

4.2

Climate change mitigation

An important point that must be considered in the evaluation of CCU technologies is the duration of
the period for which the CO2 is bound in the product and hence prevented from being emitted to the
atmosphere. It is well-accepted that in order to mitigate the effects of anthropogenic CO2 emissions,
it is necessary to permanently sequester produced CO2 that exceeds the earth's carbon cycle.44
o

Some chemicals and fuels such as urea or methanol store CO2 only until they are used; once
urea is applied as fertilizer or methanol is used as a fuel, the CO2 is released to the atmosphere,
corresponding to a storage duration of perhaps six months. Short-term CO2 utilization of this
nature still holds the theoretical potential to reduce total emissions by up to roughly 50 %, but
it would need to be combined with other measures to achieve carbon neutrality.5

o

The conversion of CO2 into polymers might store the CO2 for several decades, perhaps as much
as 50 years or more, depending on the development of reuse/recycle policies and
technologies5. In addition, chemicals like epoxides, olefins and methanol can be used as
feedstock for polymer production. In that case, these chemicals can store CO2 for several
decades.

o

Aggregates for building, concrete, novel cement, carbon fibres and graphene can permanently
store the CO2.
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There are a few chemicals that are currently produced in part from CO2. These include urea and
salicylic acid with a CO2 utilisation of about 200 Mt/yr worldwide2. For these products, the markets
and technologies are mature. It is hence not expected that market growth for these specific chemicals
would enable greater CO2 utilisation.

Figure 15 Time sequestration vs. Estimated EU CO2 utilisation

The annual production of methanol and ethanol in Europe, two of the most commercialised chemicals,
could consume ~20 Mt/yr of CO2. Global production is several times larger, but would still only amount
to 0.4% of the roughly 39 Gt/yr of anthropogenic CO2 emitted globally. Also, to significantly contribute
to reducing emissions, methanol and ethanol should ideally be used as feedstocks for polymer
production, and subsequently these polymers should be recycled instead of being incinerated at the
end of their useful lifespan.
The current annual consumption of aggregates for buildings and concrete could probably consume
around 1 Gt CO2 per year in Europe. This is 2% of the roughly 39 Gt/yr CO2 currently emitted globally.
Although this seems more promising, we should note that this estimate assumes that 100% of
aggregate production would use CO2 as a feedstock, which is nearly impossible in practice. Currently,
Carbon8 sequesters only 0.1Mt/yr CO2 by producing CO2-based aggregates50. Nevertheless, CO2-based
aggregates for construction and concrete show great potential to increase their market size and
therefore to reduce CO2 emissions due to their long lifetimes/long-term sequestration.
For fuels, estimated CO2 consumption in Europe is also very high. Since fuels release CO2 when they
are combusted, the overall potential for reducing CO2 emissions will be relatively low unless biogenic
sources of carbon or direct air capture are used.
Hence, it is concluded that utilisation of CO2 for the production of solid carbonates (aggregates for
building, concrete, cement) and polymers have the potential to mitigate climate change.
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4.3

Economic benefits and future development of the market

The European market size and value for several products with potential relevance for CCU are listed
in Appendix 1. The product with the highest utilisation market potential, ca. 750 Mt/yr at a value of
40 billion €/yr, is for the concrete industry. Aggregates for construction market are around 1 Gt/yr,
with a value of 7.5 billion €/yr; see Appendix 1.
Currently, Carbon8 produces 0.2 Mt/yr of carbonate aggregates.50 Annual production of CCUaggregates is forecasted to grow between 1 Gt (pessimistic) and 10.5 Gt (best case) by 2030 50, while
CCU-concrete is forecast to grow between 6.5 (pessimistic) and 16.5 (best case) Gt.50 It is hence
estimated that the annual revenue of the global combined markets of CO2-concrete and -aggregates
could hit between 165 billion and 550 trillion dollars by 2030 (see Figure 16) 50. This is only a tenuous
estimate, but still, if CCU technologies could potentially develop into a 150 billion dollars-plus business
that cuts global emissions by 2 percent, then more attention for developing these technologies is
justified.

Figure 16 European market size of different products

Methanol also has a large European market size of around 7-10 Mt/yr. Currently, the company Carbon
Recycling International (Methanol plant in Iceland) produce 5 kt/yr.53 By 2030, the CCU methanol
market for fuels and feedstock to chemicals is expected to grow to between 5.3 Mt/yr (pessimistic) to
43 Mt/yr (best case)50, with annual revenues between 1 billion to 12 billion dollars by 2030. (see Figure
17).
Although the European market size for polycarbonates and polyols is small, the market price is very
high for both polymers (see Figure 16). The global market size of polycarbonate and polyols is around
6 Mt/yr and 10 Mt/yr.15 By 2030, the CCU polyols and polycarbonates market size is forecasted to
grow from 0.4 Mt/yr (pessimistic) to 6.8 Mt/yr (best case)50, with annual revenue of around 2 billion
to 25 billion dollars by 2030 (see Figure 17).
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Figure 17 Potential increase in financial returns due to implementation of strategic actions. Source ICEF 2016. 50

4.4

Other environmental issues

CO2 capture from biomass can imply some sustainability issues due to land-use changes, monoculture
approach/loss of biodiversity, water consumption and the use of fertilisers. Similarly, Direct Air
Capture also requires large areas that could have other purposes.
Certain feedstocks, such as ammonia, sulphuric acid and aziridine, are needed to produce specific CCU
products like urea, salicylic acid, or polyurethane (co-polymerization of CO2 with 2-methylaziridine).
See more in Appendix 1. These are toxic chemicals for humans and the environment and their use
could reduce the overall sustainability potential of a given chain. These are preliminary considerations
and a lifecycle assessment methodology should be used on a case by case basis.

4.5

Maturity of CCU technologies

Figure 18 shows the technology readiness level (TRL) for commonly studied CCU products, with the most

advanced route currently available. Except for electrochemical conversion, most of the processes have
a high TRL. Appendix 1 shows that a list of companies for CCU products on the commercialization
stage. Next, a summary of the most advanced CCU products is given:
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-

CO2-derived urea and salicylic acid are currently commercialised. In these products, the
market and technology are mature.

-

For CO2 cured concrete and building aggregates, there is a high number of companies, with
many near commercialisation. Two significant factors are the low energy required for the
production and high CO2-cured concrete performance compared to the conventional
concrete. 50

-

For olefins (propylene and ethylene), the TRL of the MTO process is high (8-9), however this
technology is primarily used in China starting from coal-based methanol. Similarly, the DME
production from methanol as a feedstock has a high TRL12. Thus the main development
requirement lies in the alternative production of low-carbon methanol.11

-

For polymers, Covestro and Novomer have successfully moved from lab and pilot to
commercialisation stage. Several production routes, such as polyols and polycarbonates, have
already been commercialised for high-value products in niche markets. However, there is a
lack of new initiatives, most likely due to the current relatively high cost of polymer made
from CO2.50

-

In the case of fuels, the focus of development has been on integrating renewable energy and
captured CO2 . Carbon Recycling International has implemented industrial-scale plants for
producing methanol and other low-carbon fuels in Iceland, Germany and China with
considerable success.54 On the other hand, LanzaTech, with ethanol and jet fuel production
by gas fermentation, has commissioned its first commercial-scale plant in China in 2018 and
plans to have three similar plants in operation by 2020. 49
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Figure 18. Visualization of the TRL status of different CCU products and processes.

4.6

Selection of CCU products and processes

This section evaluates the CCU products and processes according to sustainability criteria set out in
Section 2.1.
After the previous analysis and supported by the table in Appendix 1, we have selected several
candidate CCU products and processes that potentially can contribute to CO2 emission reduction in a
sustainable manner. It should be emphasized, however, that this list of candidate could change
following further analysis or technology developments. The sustainability of new CCU technologies to
be included in ECCSEL should be evaluated on a case-by-case basis.
CCU systems and products that are promising due to their potential for large scale impact and their
sustainability include:
-

Building aggregates, CO2 cured concrete. The two solid materials described previously have
great market potential; they have a high TRL and can play a role in the CO2 emission reduction
since they can permanently store CO2.

-

Methanol via dry reformed CH4 and CO2. Methanol has a high potential as a building block and
energy storage liquid fuel. While it is relatively energy-intensive to produce from CO2,
methanol is promising because of its versatility and the fact that it can also be used as a fuel
for hard-to-decarbonize transport (e.g., long-distance shipping). By producing methanol from
CO2 rather than fossil fuel, it becomes possible to synthesize polymers and other carbon-
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containing chemicals in a sustainable pathway. The list of chemicals and polymers produced
by methanol is extensive and reported in several articles.55
-

Ethanol via gas fermentation is promising as a relatively low energy pathway to produce jet
fuel using CO2 captured from industrial flue gases.

-

Direct use of CO2 for enhanced EOR, adapted to increase the amount of CO2 sequestered.
According to the work of prof. Sally Benson (U.S.), this can potentially offset emissions from
the oil that is produced. 17

CCU systems that are promising because high-value products can be produced to improve the
overall business case of a combined CCS/CCU project, e.g., polycarbonates via carbonation reactions
and polyols.
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5

CASE STUDIES FOR COMMERCIALISATION

CO2 utilisation is an extremely wide field, with countless possible pathways identified, and being
researched and developed at various scales. This report is intended to provide a broad introduction
to the topic, to categorize and list (albeit not exhaustively) utilisation options and to propose an
approach for developing a shortlist of promising pathways.
With that in mind and in the context of the ECCSEL program, we feel it's important to showcase a few
examples of CO2 utilisation technologies that have already been demonstrated at an industrially
relevant scale and/or are in the process of being commercialised.

5.1

Gas fermentation – LanzaTech

In recent years, several developments have taken place to upscale microbial gaseous conversion
technologies, with support from both governments and industry. One of the leaders in this field is the
US-based company LanzaTech, which has made rapid strides in syngas fermentation and has several
demonstration plants in operation globally.49 Their core technology is based on the acetogen
Clostridium autoethanogenum.56
In China, Lanzatech has partnered with two larger Chinese steel mills to build gas fermentation
demonstration facilities. The first Demonstration unit was located at one of BaoSteel's mills near
Shanghai (operational since 2012) and the second at a Shougang steel mill near Beijing (operational
since 2013), both facilities have a 100,000 gpy pre-commercial capacity. In Europe, LanzaTech is
involved in the Steelanol project funded by the European Commission, which aims at building a
demonstration plant at the Arcelor Mittal steel mill in Ghent. This plant will convert off-gas from steel
production to ethanol using their proprietary fermentation technology.57 The process involves
compressing (waste) gas, with various H2:CO:CO2 compositions and bubbling it through a fermentation
reactor, followed by product separation and purification (Figure 19):

Figure 19. Simplified representation of the steps involved in the LanzaTech CO2 conversion process (Source: LanzaTech
presentation, given at the Nova CCU Meeting in 2016)

www.eccsel.org | Page 45

HORIZON
2020

The fermentation step is flexible in terms of gas composition, enabling CO/CO2 utilisation from a broad
range of gas streams:
•

Industrial waste gas (e.g. BOFG from steel manufacturing)

•

Refinery waste gas (e.g. PSA off-gas from a H2 production plant)

•

Biogas reforming

•

Solid waste (e.g. MSW) gasification

•

Biomass gasification

•

CO2 from a fermentation process or DAC + (green) H2

This process is very promising, due to its flexibility, broad availability of feedstock, relative simplicity
and the large existing and potential future market of ethanol. In the CCU context, two add-on steps
are particularly interesting:
1. The production of ethylene, to enable incorporation of captured CO2 into polymers with a long
lifespan (especially if they are recycled at their end-of-life):

Figure 20. Steps involved in the LanzaTech process to convert CO2 to ethylene and then P.E. (Source: 2018
LanzaTech presentation, No Carbon Left Behind: Alcohol-to-Jet)

2. The production of synthetic kerosene, through the oligomerization of ethylene to kero-range
parafins. This so-called alcohol-to-jet kerosene can be blended up to 50% in jet fuel:

Figure 21. Steps involved in the LanzaTech alcohol-to-jet process (Source: 2018 LanzaTech presentation, No
Carbon Left Behind: Alcohol-to-Jet)
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5.2

Methanol – Carbon Recycling International(CRI)

Methanol is a very promising platform chemical for CCU, as illustrated in Figure 22 below. Not only
can it be produced from a variety of carbon sources, but it can also be converted to a broad range of
chemicals and fuels, in addition to the option of using it directly as a fuel or blending it into gasoline.

Figure 22. Overview of methanol’s potential central role as a platform chemical for CCU applications (Source:
Carbon Recycle International website)58

One of the leading companies in the field of converting CO2 to methanol is Carbon Recycling
International, established in 2006 and headquartered in Reykjavik, Iceland. They have developed
technology to convert waste gas streams and/or CO2 captured from air into methanol and have
delivered pilot-scale equipment in EU Horizon 2020 projects to demonstrate their conversion
technology:
The MefCO2 pilot plant converts post-combustion capture CO2 from a power plant to methanol
The FReSMe pilot plant converts CO2 captured from a steel manufacturing plant to methanol
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Figure 23. Schematic overview of a process to convert CO2 captured from a steel manufacturing plant into
methanol (Source: Carbon Recycling International website)59

Since 2012, CRI have been operating their own demonstration scale plant – the George Olah
Renewable Methanol plant – with a production capacity of 4,000 tons per year of methanol.

Figure 24. Photo of the Georgo Olah Renewable Methanol plant in Iceland, with a production capacity of 4,000
tons per year of low-carbon methanol (Source: CRI website)59

They are in the process of developing a commercial scale plant in the Henan province of China, called
the Shunli CO2-to-methanol plant. The design capacity is 110,000 tons of methanol per year and
construction on site is expected to start in early 2021.

5.3

CO2 mineralization

One of the options for permanently storing CO2 is to convert calcium or magnesium-bearing minerals
and alkaline industrial wastes into environmentally benign, insoluble and thermodynamically stable
solid magnesium and calcium carbonates. The process is thermodynamically favoured but is kinetically
challenging in nature. Thus, most of the research in the area of carbon mineralization has been focused
on accelerating mineral dissolution and carbonation.
In order to optimize the carbon mineralization technology, various reaction parameters have been
investigated ranging from particle size, porosity, reaction temperature and CO2 pressure, solvent pH
and chemical additives (e.g., chelating agents to enhance dissolution, or catalysts such as carbonic
anhydrase to enhance CO2 hydration).60
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The main companies in this sector are Carbon 8 and CarbonCure.

5.3.1

Carbon8

Carbon8 Systems developed a process known as Accelerated Carbonation Technology (ACT), which
uses carbon dioxide (CO2) to carbonate and treat a broad range of industrial by-products and residues
(cement kiln dust, steel slag, etc). The process is a controlled, accelerated version of the naturally
occurring carbonation process, but takes 15-20 minutes instead of the decades to millennia typical of
the natural process.61 The end-up product is artificial limestone. Whilst energy is used in the process,
the amount of CO2 captured exceeds the amount generated through manufacturing, so this is an
overall carbon negative process62. The manufacture takes into account CO2 produced by processing
raw materials, energy consumption and transport. 63

In 2018, Carbon8 systems developed a modular, containerised solution - the CO2 container - that can
be deployed directly to industry and integrated. This solution eliminates the cost for transport from
the waste industry to where the aggregates are produced. 61

www.eccsel.org | Page 49

HORIZON
2020

Figure 25 This circular solution can turn thermal and industrial by-products into mineralised products for various
applications. (Source Carbon8 website)

Advantages
Carbon8 Systems' sustainable solution has several key advantages:
-

Rapid treatment where waste is generated.
Significant cost savings on landfill gate fees and taxes.
Permanent capture of CO2 meaning that reduces CO2 and associated carbon released into the
atmosphere.
Generates a sustainable substitute for aggregate or a granulated fertiliser
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Challenges
-

Business model works well in U.K. due the favourable environmental regulation, large
aggregate market.
Need to optimize CO2 uptake

-

5.3.2

CarbonCure

CarbonCure is a scale-up company (est. 2012) which has developed a "plug-in" CO2 mineralization
technology for the concrete industry, mainly targeting ready-mix producers. This technology has
already been applied at over 90 sites in the U.S. and Canada and several large buildings have been
constructed using ready-mix concrete that incorporates their technology, the largest of which is a 12storey building in Atlanta (U.S.). The CarbonCure approach is summarized in the diagram below:

Figure 26. Brief overview of the steps involved in the CarbonCure CO 2 mineralization process (Source: 2020 CarbonCure
eBook - Path to the Decarbonization of Concrete eBook)

The CO2 used in the process can come either from an industrial source or from DAC and will be
effectively sequestered in the concrete product. It can be delivered to the concrete mixing site by an
industrial gases company and can be incorporated into the mixing process.
The following hardware is required:
-

An on-site liquid CO2 storage tank

-

A flow control box, with a flexible
hose delivering CO2 directly to
the mixing truck

-

A control box linked to the site's
control system, to allow
operators central control of all
mixing steps
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Figure 27. Photo of a CarbonCure mixing box near a liquid CO 2
storage tank at a ready-mix concrete production site

As such, the requirements to add CO2 in the ready-mix concrete production process is straightforward.
The uptake of CO2 is just roughly 0.15% wt of the concrete mix. However, by introducing CO2 the
resulting concrete has a higher compressibility strength, which allows the producer to reduce the
amount of cement in the mix by roughly 5%. This allows for significant CO2 reductions to be indirectly
achieved.
In addition to this market, CarbonCure is also targeting the production of aggregates and they have
developed a novel technology to inject CO2 into reclaimed water streams from concrete production,
which also indirectly reduces emissions by recovering cement which would otherwise be discarded.
Further research/development needs:
-

Demonstration of direct CO2 capture

-

Optimisation of CO2 uptake

-

Optimisation of current aggregate product (different applications)

-

Development of new products

-

Use of different waste streams

-

Potential of construction and demolition waste

-

Mobile plant for smaller CO2 sources or waste streams
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Table 1: List of CCU process to convert CO2 to chemicals and polymers (Table adapted from CarbonNext project) 1–4

Commodity chemicals and polymers

Class

Amides

Product

Lab or pilot

Urea

Snamproget
ti Urea
technology5,
Toyo
Engineering
Corp's6

Benzene

Aromatic
hydrocarbons

Toluene

Xylene

Pathway

Overall reaction

Current/conventional
pathway - reacting
ammonia and CO2 in a 2CO2 + 2 NH3 ⇌
step reaction to produce
NH2COONH4 ⇌
ammonium carbamate
CO(NH2)2 + H2O
which then dehydrates to
urea.
CO2 methanation followed 6 CO2 + 24 H2 ⇌ 6 CH4
by CH4 dehydro+ 12 H2O ⇌ C6H6 + 9
aromatisation8
H2
Methanol to aromatics
(MTA) process developed
by Mobil involving reacting
6 CH3OH ⇌ C6H6 + 6
methanol over a zeolite
H2O + 3 H2
catalyst resulting in the
simultaneous production of
all three BTX components. 9
7 CH3OH ⇌
as above
C6H5CH3 + 7 H2O + 3
H2
8 CH3OH ⇌
as above
C6H4(CH3)2 + 8 H2O + 3
H2
Methanol and DME
produced by hydrogenation
of formate on ZnAlOx, then
converted to olefins on HZSM-5 and finally to Xylene

TRL

Climate change mitigation
potential
Estimated
CO2
EU CO2
abatement
Lifetime
utilisation potential
[Mt/yr]

Economic benefits
EU 28
market size
[Mt/yr]
2016

Est.
market
value
[€b/yr]

5

2.4

Energy required
Enthalpy
H2 needed?
Reaction Reaction
of reaction
[t H2/t
temp. pressure
(ΔHr)
product]
(oC)
(bar)
[KJ/mol]

4
9

6 months

130 Mt/yr
(global)7

2-4

23
7

7

6.8

7

4.2

Methanol

8.5

Methanol

1

2.6

-133,2

170-185

145

Ammonia

0,62

2410,1

700

1

-

0 - 0.62

-231,8

370-540

20-25

0 - 0.61

-315,6

370-540

20-25

0 - 0.60

-398,8

370-540

20-25

220

30

3.6

Methanol

Decades
(polymer)

0

0.6

1.4

Formate

1-3

10

Aldehydes

Formaldehyde

Borane reduction of CO2
catalysed by a polyhydride
ruthenium complex11
Hydrogenation to formic
acid, then reduction to
formaldehyde
Oxidation of methane with
CO2 over a catalyst

Carboxylic
acids

Acetic acid

LanzaTech in
collaboratio
n with oil
Gas fermentation of CO2
company
Petronas12

2 CO2 + 2 H2 ⇌ 2 CH2O
+ O2

1-3

1.5

1

0.3

0,067

284,9

25

1

1

0.3

0,067

284,9

25

70

0.6

0

-15,8

400

1

0.6

0,1

N/A

37

1

Decades
CO2 + H2 ⇌ HCOOH ⇌
CH2O + 0.5 O2

1-3

1.5

CO2 + CH4 ⇌ CH3COOH

3

0.9

Reaction part of a
complex metabolic
pathway, but as CO2 is
the only carbon
source:

CO2
purity

Other
environmental
issues

Methane
1

Decades
(polymer)
2-4

1.8
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Commodity chemicals and polymers

Class

Product

Lab or pilot

Pathway

Linear terminal alkenes
react with CO2 to produce
linear chain carboxylic
acids (e.g. ethylene + CO2
to produce acrylic acid)
Aromatics (e.g. benzene)
with CO2 to form benzoic
acid
Kolbe-Schmitt reaction:
carboxylation of potassium
phenoxide (K salt of
phenol), treat resulting
product with H2SO4 to
produce p-hydroxybenzoic
acid.

phydroxybenzoi
c acid

Butyric acid

Formic acid

Oxalic acid

Salicylic acid

CO2 + C2H4 ⇌
CH2CHCOOH

1-4

0.08

Ethylene

CO2 + C6H6 ⇌
C6H5COOH

1-3

0.07

Benzene

CO2 + KOH + H2O +
KOC6H5 ⇌
HOC6H4COOH + 2 KOH

Part of a complex
metabolic pathway,
Gas fermentation of CO2 by
but as CO2 is the only
the anaerobic bacterium
carbon source, then
Clostridium sp.
overall:
4 CO2 + 7 H2 ⇌
C3H7COOH + 6 OH
First -> formic acid ->
HCOOH+3CO2 + 6H2
fermentation
⇌ C3H7COOH+6OH

Butyric acid

DNV
(Norway)13,
Mantra
Energy
Alternatives
Inc.
(Vancouver)

TRL

Economic benefits
EU 28
market size
[Mt/yr]
2016

Est.
market
value
[€b/yr]

Energy required
Enthalpy
H2 needed?
Reaction Reaction
of reaction
[t H2/t
temp. pressure
(ΔHr)
product]
(oC)
(bar)
[KJ/mol]

CO2
purity

Other
environmental
issues

2 CO2 + 3 H2 ⇌
CH3COOH + 2 OH

(Malaysia)

Benzoic acid

Overall reaction

Climate change mitigation
potential
Estimated
CO2
EU CO2
abatement
Lifetime
utilisation potential
[Mt/yr]

0.2

9

0.06

0.2

1-3

0.9

0.4

1.5

0

-42,7

100

10

0.2

0

-40,5

70

57

0.2

0

0,159

125

100

37

1

1

1

-31,5

25

1

-31,5

50

100

N/A

Potassium
hydroxide,
potassium
phenoxide,
sulphuric acid

0.6

1-3

Electrochemical reduction
of CO2 14
First -> formate-> formic
acid

CO2 + H2 ⇌ HCOOH

5-6

Catalytic reduction
Electrochemical reduction
of CO2
Kolbe-Schmitt reaction:
carboxylation of sodium
phenoxide (Na salt of
phenol), treat resulting

CO2 + H2 ⇌ HCOOH
2 CO2 + H2 ⇌
HOOCCOOH
CO2 + NaOH + H2O +
NaOC6H5 ⇌
HOC6H4COOH + 2
NaOH

2-3

Decades if
polymeriz
ed

0.5

3-4

0.15

9

0.01

Formate

0.4

-

0.5
can increase
in the future

-

0.5

-

0.3

0.6

0,02

-34,7

25

1

0.04

0.1

0

?

125

100
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sulphuric acid

HORIZON
2020

Commodity chemicals and polymers

Class

Product

Lab or pilot

Pathway

Overall reaction

TRL

Climate change mitigation
potential
Estimated
CO2
EU CO2
abatement
Lifetime
utilisation potential
[Mt/yr]

1-3

Decades if
polymeriz
ed

Economic benefits
EU 28
market size
[Mt/yr]
2016

Est.
market
value
[€b/yr]

3.5
10 (US)
40 (annual)

1.6

Energy required
Enthalpy
H2 needed?
Reaction Reaction
of reaction
[t H2/t
temp. pressure
(ΔHr)
product]
(oC)
(bar)
[KJ/mol]

CO2
purity

Other
environmental
issues

product with H2SO4 to
produce salicylic acid

Terepththalic
acid (TPA)

Ethylene

Ethylene

Ethylene
Olefins

Propylene

Propylene

Epoxides

Carboxylation of aryl
boronate ester.15
Developed
by
SASOL(Sout
h Africa)2

Direct electrochemical
reduction of CO2 16
Methanol to olefins (MTO)
UOP LLC&
process (condensation of
Norsk
CO2-derived methanol to
Hydro;
DME followed by
ExxonMobil;
conversion to olefin) 17
Luigi&Statoil
Methanol to olefins (MTO)
; SYN Energy
process (methanol plus
Technology
ethylene) 17
Co. &
Methanol to olefins (MTO)
Lummus
process (condensation of
Technology.
CO2-derived methanol to
2
DME followed by
conversion to olefin) 17

Ethylene
oxide

Polyols

Carbonates
(inorganic)

2 CO2 + 6 H2 ⇌ C2H4 +
4 H2O

2-4

2 CO2 + 8 H2O ⇌ C2H4
+ 12 OH

1-3

2CH3OH ⇌ CH3OCH3 +
H2O ⇌ C2H4 + 2 H2O

8-9

-

Decades if
polymeriz
ed

8-9

1

-303,9

300-350

15-60

0

366,2

25

1

Methanol

0 - 0.57

-41,2

400-450

1

Methanol

0 - 0.19

-79,2

400-450

1

0 - 0.57

-120,4

400-450

2

0.02

85

6 CH3OH ⇌ 3 CH3OCH3
+ 3 H2O ⇌ 2 C3H6 + 6
H2O

70

0,43

76

CH3OH + C2H4 ⇌ C3H6
+ H2O

0.03

21

Methanol

2-4

0.9

Ethylene

1

0.6

0

178,0

325

24

2 CO2 + 3 H2 ⇌
HO(CH2) 2OH + O2

3-5

Decades

2.7

-

2

1

0,1

327,0

25

1

Highpurity CO2

3 CO2 + 4 H2 ⇌
HO(CH2)3OH + 2 O2

3-5

Decades

1.3

-

0.8

0,5

0,11

679,5

25

1

Highpurity CO2

4

0,4

0

-254,9

60

1

Electrochemical reduction
of CO2 18
Electrochemical reduction
of CO2

Two-step process, first
carbonation of sodium
hydroxide to sodium
carbonate, then

High
purity

24

Carbon
Clean
Solutions UK

Carbonfree
Sodium
Chemicals in
bicarbonate
San Antonio,
(baking soda)
Texas.19

-

Decades if
polymeriz
ed

C2H4 + CO2 ⇌ (CH2) 2O
+ CO

Carboxylation of olefin
(ethylene in this case)

Ethylene
glycol
Propylene
glycol
Sodium
carbonate
(Soda Ash)

Direct using modified F-T
catalysis

0

CO2 + 2 NaOH ⇌
Na2CO3 + H2O, Na2CO3
+ H2O + CO2 ⇌ 2
NaHCO3

6-8

1.9
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Commodity chemicals and polymers

Class

Product

Lab or pilot

Skyonic in
US20,21
Carbon
Clean
Solutions
Limited(CCS
L) 20

Carbonates
cyclic

Carbonation of the epoxide
ethylene oxide to ethylene
carbonate22,23

Ethylene
carbonate

Diol (ethylene glycol) and
CO224

Polycarbonat
es (aliphatic)

Dimethyl
carbonate
(DMC)
Covestro,
Novomer,
Chimei Asai
Poly(propylen a joint
e carbonate) venture of
PPC
Asahi Kasei
Chemical
and Chi Mei
Corp.

Polycarbonat
es (aromatic)

Overall reaction

TRL

CO2+ (CH2) 2O ⇌ (CH2)
2CO3

9

Economic benefits
EU 28
market size
[Mt/yr]
2016

Est.
market
value
[€b/yr]

Energy required
Enthalpy
H2 needed?
Reaction Reaction
of reaction
[t H2/t
temp. pressure
(ΔHr)
product]
(oC)
(bar)
[KJ/mol]

CO2
purity

Other
environmental
issues

bicarbonation to sodium
bicarbonate.

Ethylene
carbonate

Ethylene
carbonate
Ethylene
carbonate
Carbonates
linear

Pathway

Climate change mitigation
potential
Estimated
CO2
EU CO2
abatement
Lifetime
utilisation potential
[Mt/yr]

Monohalohydrins and CO2 1
Oxidative carboxylation of
an olefin (ethylene)23

CO2 + HO(CH2) 2OH ⇌
(CH2) 2CO3 + H2O
CO2 + ClCH2CH2OH ⇌
(CH2) 2CO3 + HCl
CO2 + C2H4 + 0.5 O2 ⇌
(CH2) 2CO3

3-5

Ethylene
oxide
Decades if
polymeriz
ed

Ethylene
glycol

Not on
Prodcom

Not on
Prodcom

4-5
1-3

Ethylene

Carboxylation of alcohols
(e.g. methanol to produce
dimethyl carbonate) 23

CO2 + 2 CH3OH ⇌
CH3OCOOCH3 + H2O

2-4

Decades if
polymeriz
ed

Carbonation of the epoxide
propylene oxide to
propylene carbonate in the
presence of a catalyst
which catalyses the
polymerisation23

CO2 + CH3CHCH2O ⇌
-(CH3C2H3O2CO)-

9

Decades

Methanol

0,7

Not on
Prodcom

Propylene
oxide
1.5

Phosgene-free production
using carbonation of
ethylene oxide

CO2 + (CH2)2O ⇌
-(CH2CH2CO3)-

6-7

Not on
Prodcom

Ammonium
carbamate

First step in the formation
of urea

CO2 + 2 NH3 ⇌
NH4(H2NCO2)

9

-

Carbamates
(organic)

Methyl
carbamate

Reaction of alcohol (in this
case methanol) with urea

CH3OH + CO(NH2) 2 ⇌
CH3COONH2 + NH3

9

0.7

Methanol,
Urea
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-144,8

190-200

80

0

-23,2

150

66

0

5,7

100

50

0

-249,8

120

50

0 - 0.18

220,7

150-170

50

0

-97,1

190-200

80

0

637,5

150-170

145

0 - 0.11

12,5

130-150

1-13

2-Chloro-ethanol

Highpurity
CO225

4

Ethylene
oxide

Carbamates
(inorganic)

0

0

1.2

3

Ammonia

HORIZON
2020

Commodity chemicals and polymers

Class

Dicarbamates

Product

Ethane-diol
dicarbamate

Lab or pilot

Pathway

Polyurethane
(PU)

Economic benefits
EU 28
market size
[Mt/yr]
2016

Est.
market
value
[€b/yr]

Energy required
Enthalpy
H2 needed?
Reaction Reaction
of reaction
[t H2/t
temp. pressure
(ΔHr)
product]
(oC)
(bar)
[KJ/mol]

Other
environmental
issues

Overall reaction

TRL

Diamine plus an alcohol
reacts with CO2 over a
basic catalyst

2 CO2 + C2H4(NH2) 2 ⇌
(CH2COONH2) 2

1-3

-

Methanol

0 - 0.05

?

?

?

Ethylene diamine,
methanol

Diamine reacts with CO2
over a basic catalyst, the
product then reacts with
an organic halide

2 CO2 + C2H4(NH2) 2 ⇌
(CH2COONH2) 2

1-3

-

Ethylene
diamine

0

?

?

?

Ethylene diamine,
organic halide

0.6

Ethylene
oxide

10

0

?

100

15-90

10

0

?

100

3-22

0.5

0

730

1

0

750

1

0

850

1

0

440

800

CO2
purity

Decades
(polymer)

Polyol + Isocyanate

Polycarbamat
e

Climate change mitigation
potential
Estimated
CO2
EU CO2
abatement
Lifetime
utilisation potential
[Mt/yr]

Carbonation of an epoxide
in the presence of a DMCcatalyst yields polyols for
PU synthesis.

CO2 + (CH2)2O ⇌
-(CH2CH2CO3)-

Co-polymerisation of CO2
with 2-methylaziridine

CO2 + C3H6NH ⇌
-(C3H6NHCOO)-

6-7

Decades
(polymer)

1-3

Decades
(polymer)

5.2

5.2

Carbon fibres
New
materials

2

Nanotubes

2

Graphene

2

Synthetic
diamonds

&

Electrocatalytic conversion
Co2 dissolved in molten
carbonates to make
nanofibres

CO2 reduction of solid CO2
at 440oC and 800 bar for 12
hrs with Na

-

0.06

22 (global
2018)26
0.02

481 t/yr
global

1-2

The market size can increase for formic acid, since it is a promising feedstock for gas fermentation.
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Aziridine

HORIZON
2020

Fuels

Class

Product

Lab/pilot/co
mmercial
company

Electrochemical
reduction16
Electrochemical
conversion using
copper nanoparticle ndoped graphene
electrode27

Ethanol
Lanzatech,
plant in
Caofeidian
(China) 201828
Carbon
Recycling
International
(CRI)
(Iceland). 30
Mitsui
Chemical Inc
(Japan)31

Methanol

Chiyoda Corp
(Japan)33

Overall reaction
TRL

Gas fermentation of
CO2 by the anaerobic
bacterium Clostridium
sp.

Butanol

Alcohols

Pathway

Gas fermentation of
CO2 by the anaerobic
bacterium Clostridium
autoethanogenum. 29

Reverse water gas shift
of CO2 and renewable
H2 to produce CO and
water, remove water,
add more H2, then use
Cu/ZnO catalysis to
produce methanol.

Reaction part of a
complex metabolic
pathway, but as CO2
is the only carbon
source, then overall:
8 CO2 + 12 H2 ⇌ 2
C4H9OH + 14 OH
2 CO2 + 9 H2 O ⇌
C2H5OH + 12 OH
2 CO2 + 9 H2 O ⇌
C2H5OH + 12 OH

Climate change
mitigation potential
Estimated
EU CO2
Lifetime
utilisation
[Mt/yr]

2-4

<6 M

1,5

1-3

<6 M

1-3

<6 M

Economic benefits
CO2
Abatement
potential

EU 28
market size
[Mt/yr]

Est.
market
value
[€b/yr]

0,65

0.4

2 CO2 + 4 H2 ⇌ 2 H2 O
+ 2 CO (+ 2 H2) ⇌
CH3OH + CO

Dry reforming of CH4
and CO2 to produce
syngas, followed by
water gas shift reaction
to adjust the CO:H2
CO2 + CH4 ⇌ 2 CO + 2
ratio, water removal,
H2 ⇌ CH3OH + CO
compression and
subsequent methanol
synthesis via Cu/ZnO
catalysis.1
CO2/steam reforming of
CH4, followed by water
CO2 + H2 O + CH4 ⇌
gas shift reaction to
2 CO + 2 H2 (+ H2 O) ⇌
adjust the CO:H2 ratio,
CH2 OH + CO
water removal,

7-9

<6 M

7-9

6-7

6-7

<6 M
as a fuel,
but
decades
as a
polymer

Enthalpy
H2 needed?
Reactio
of reaction
[tH2 / t
n temp.
(ΔHr)
product]
(oC)
[KJ/mol]

Reaction
pressure
(bar)

0,162

N/A

37

1

11,2

0

322,0

25

1

11,2

0

322,0

25

1

11,2

0,196

N/A

37

1

21,7

0,25

437,5

150-900

1-50

5,9
4 CO2 + 9 H2 ⇌ 2 C2
H5OH + 6 OH
(simplified - actual
reaction part of a
complex biochemical
pathway).

Energy required

7,832

3.4

1.4

10,8

Methane

0

118,8

650-1000

1

10,8

Methane

0

404,7

700-1000

3-25
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Fuels

Class

Product

Lab/pilot/co
mmercial
company

Pathway

TRL
compression and
subsequent methanol
synthesis via Cu/ZnO
catalysis.
Direct catalytic
hydrogenation of CO2
to formic acid
intermediate, followed
by dehydration34
Electrocatalytic
hydrogenation of CO2
to methanol (combined
with water electrolysis)
in a reverse methanol
fuel cell.34
High temperature solid
oxide cells use CO2 and
water to produce H2
and CO, followed by
compression and
subsequent catalytic
methanol synthesis.35

Ethers

Dimethyl ether

Overall reaction

Climate change
mitigation potential
Estimated
EU CO2
Lifetime
utilisation
[Mt/yr]

Economic benefits
CO2
Abatement
potential

EU 28
market size
[Mt/yr]

Est.
market
value
[€b/yr]

Energy required
Enthalpy
H2 needed?
Reactio
of reaction
[tH2 / t
n temp.
(ΔHr)
product]
(oC)
[KJ/mol]

Reaction
pressure
(bar)

CO2
purity

-

CO2 + H2 ⇌ HCOOH
HCOOH + 2 H2 ⇌
CH3OH + H2 O

1-3

10,8

0,188

-131,4

250-300

20-80

CO2 + 2 H2 O ⇌ CH3OH
+ 1.5 O2

1-3

10,8

0

154,5

50-150

1-3

CO2 + 2 H2 O ⇌ CO + 2
H2 + O2 ⇌ CH3OH

7

10,8

0

726,1

500-1000

1

Photo-electrochemical
reduction34

CO2 + 2 H2O ⇌ CH3OH
+ 1.5 O2

1-3

10,8

0

154,5

25

1

Two-step process, first
convert CO2 to CH4 via
Sabatier reaction, then
partially oxidise CH4 to
CH3OH34

1) CO2 + 4 H2 ⇌ CH4 +
2 H2 O
2) CH4 + 0.5 O2 ⇌
CH3OH

2-4

10,8

0,25

154,5

200-500

10-30

One-pot process
converts CO2 capture
from the air (DAC) into
methanol36

1)Air +KOH+ ROH=
alkyl carbonate
2) Alkyl carbonate +
3H2 ⇌ CH3OH +ROH
+KOH

1-3

10,8

140

70

Dry reforming of CH4
CO2+ CH4 ⇌ 2CO + 2H2
and CO2 to produce a
(+ 2 H2) ⇌ CH3OCH3 +
syngas, plus additional
H2O
34
H2.
Single-step process
using a bifunctional
catalyst which produces
2 CO2 + 6 H2 ⇌
methanol and causes
CH3OCH3 + 3 H2O
its dehydration in the
same reactor. 38

1-3

<6 M

Methane

0,09

-1,5

260

40

0,261

-254,5

225

40

-

4.7 b US$37
(global)
1-3

<6 M
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Fuels

Class

Product

Diesel

Lab/pilot/co
mmercial
company

Sunfire,
Nordic Blue
and
Climeworks
(Germany,
Norway)39

Gasoline

Liquid
hydrocarbon
s
Jetfuel- Kerosene
type

Pathway

TRL
Condensation then
dehydration of CO2
derived methanol in
the presence of a solid
acid catalyst
Syngas produced from
CO2 and H2 undergoes
F-T reaction at 200240°C to produce linear
waxes. Hydrocracking
converts to synthetic
diesel.
Syngas produced from
CO2 and H2 undergoes
F-T reaction at 300350°C to produce
gasoline-range
hydrocarbons.
Methanol to Gasoline
process, via DME and
olefins.40

Sunfire,
Climeworks,
Paul Wurth,
Valinor 41

Overall reaction

Syngas produced from
CO2 and H2 undergoes
F-T reaction to produce
jet-fuel.

Climate change
mitigation potential
Estimated
EU CO2
Lifetime
utilisation
[Mt/yr]

Economic benefits
CO2
Abatement
potential

EU 28
market size
[Mt/yr]

CH3OH + CH3OH ⇌
CH3OCH3 + H2O

9

<6 M

12 CO2 + 36 H2 ⇌
C12H24 + 24 H2O

7-8

<6 M

1 206

384

8 CO2 + 25 H2 ⇌ C8H18
+ 16 H2O

7-8

<6 M

451

6-8

<6 M

451

7-8

<6 M

195

8 CH3OH + H2 ⇌ C8H18
+ 8 H2O

12CO2 +37H2⇌
C12H26+ 24H20

Two-stage reaction,
Gas fermentation of
the first part of a
syngas produced from
complex biochemical
CO2 by the anaerobic
pathway which can be
bacterium Clostridium
simplified to: 4 CO2 +
autoethanogenum to
Jetfuel - kerosene
9 H2 ⇌ 2 C2H5OH + 6
LanzaTech produce ethanol. This
type (C8H18 OH.
Virgin Atlantic then undergoes
C16H34, average
The
second
step
process 42
oligomerisation and
C12H26)
synthetically converts
dehydration/hydrogena
the bioethanol to
tion to produce
suitable
hydrocarbons suitable
hydrocarbons: 6
for use as kerosine-type
C2H5OH + H2 ⇌ C12H26
aviation fuel
+ 6 H2O
Audi eGaseous
gas/Audi gMethane
CO2 methanation
CO2 + 4 H2⇌ CH4 + 2
hydrocarbon
tron facility in
45
(Sabatier
reaction)
s
H2O(g)
s
Wertle 43

Est.
market
value
[€b/yr]

Methanol

Methanol

Energy required
Enthalpy
H2 needed?
Reactio
of reaction
[tH2 / t
n temp.
(ΔHr)
product]
(oC)
[KJ/mol]

Reaction
pressure
(bar)

CO2
purity

0 - 0.35

-21

280

40

247

0,429

-2364,0

200-240

15-60

-

146

100

0,44

-1633,3

300-350

15-60

-

146

100

0.02 - 0.58

-582,9

300-400

10-20

0.44

Very pure

31
6-8

<6 M

195

8-9

<6 M

930
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193

0,329

-400.3 or 73.5

250

100-200

High
tolerance

0,5

-164,0

250-550

1-100

Very
pure CO2

Other
environmental
issues

HORIZON
2020

Fuels

Class

Product

Lab/pilot/co
mmercial
company

Pathway

Overall reaction
TRL

Climate change
mitigation potential
Estimated
EU CO2
Lifetime
utilisation
[Mt/yr]

Economic benefits
CO2
Abatement
potential

EU 28
market size
[Mt/yr]

Est.
market
value
[€b/yr]

Energy required
Enthalpy
H2 needed?
Reactio
of reaction
[tH2 / t
n temp.
(ΔHr)
product]
(oC)
[KJ/mol]

Reaction
pressure
(bar)

CO2
purity

List of
projects. 44
Electrocatalytic
reduction of CO2 over a
cobalt catalyst46

2 CO2 + 2 H2O(l) ⇌ CH4
+ CO + H21

Gas fermentation CO2
by the
methanothermobacter
47
/ Methanosarcina
barkeri

Part of a complex
metabolic pathway,
but assuming CO2 is
the only carbon
source, then overall:
CO2+4H2⇌CH4+2H2O

1-3

<6 M

1 861

193

0

1173,3

85

1-10

Very pure
CO2

4-6

<6 M

930

193

0.5

N/A

37

1

Very pure
CO2
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Solid carbonates
Climate change
mitigation potential
Class

Product

Lab or pilot

Pathway

Single-step direct
aqueous mineralisation
/carbonation of Ca/Mg
silicates (naturally
occurring as olivine and
serpentine) to Ca/Mg
carbonates.
Two-step carbon
mineralisation to
Aggregate
improve mineral
for
dissolution and
building
carbonate formation
from
Multi-step aqueous
natural
(Nottinghan
processes offer high
minerals – University process,
degree of freedom on
Ca and
The Åbo Akademi (AA)
the operations
Mg
process 48
conditions.
carbonate
Processes involving heat
s
activated/treat
serpentine, particles
when heated to
The Shell Process TRL
(>600oC) results in
Carbonates
548 , ETH Zurich TRL
formation of olivine
(mineral)
348
grains that result in an
increase of reactive
surface area for
dissolution.
Aggregate
CO2 and solid alkaline
s from
industrial waste are
Carbon 8 operate two
waste - Ca
combined through
plants in UK.
and Mg
Accelerated
(TRL 9)49
carbonate
Carbonation Technology
s
(ACT)

Overall reaction

2 CO2 + Mg2SiO4
(olivine) ⇌
2 MgCO3 + SiO2 or
3 CO2 + Mg3Si2O5(OH)4
(serpentine) ⇌ 2
MgCO3 + 2 SiO2 + 2
H2O
As above, but mineral
dissolution increased
by acidic conditions.

(Ca, Mg)SiO3(s) +
CO2(g) ⇌
(Ca, Mg)CO3 (s) +
SiO2(s)
CaO (s) + CO2 (g) →
CaCO3 (s) + H2O (l)

EU 28
market size
[Mt/yr]

Est.
market
value
[€b/yr]

H2 needed?
[tH2/t
product]

Enthalpy
of
reaction
(ΔHr)
[KJ/mol]

Other
environmental
Reaction Reaction
issues
temp. pressure CO2 purity
(oC)
(bar)

Lifetime

3-4

>100
years

411

777

7,5

0

-140,6

20

1

3-4

>100
years

411

777

7,5

0

-140,6

20

1

3

>100
years

411

777

7,5

0

3-5

>100
years

411

777

7,5

0

9 50

>100
years

341

777

7,5

0

-179,0

20-10021

1-4021

Low grade
of CO2

332

754
40

0

-179,0

20

1

Low grade
of CO2

>100
years

Solidia52

Mg cement: CO2 reacts
with Mg oxide.

>100
years

Fortera53

Fortera RCC. Calcium &
Alkalinity CaO is mixed
with kiln exhaust (CO2)

>100
years

Novel
cement

CO2
Abatement
potential

Energy required

Estimated
EU CO2
utilisation
[Mt/yr]

TRL

CO2 injected into
CaO (s) + CO2 (g) →
concrete to form
CaCO3 (s) Ca(OH)2 (s) +
calcium carbonate
CO2 (g) →
nanoparticles within the
CaCO3 (s) + H2O (l)
concrete.

CO2 cured CarbonCure (Canada)
concrete 51

Economic benefits

Concrete

20 G t/yr
(global)21

185
142
2.5 G t/yr
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185

600

Low grade
CO2 or flue
gas

0

14

0

-639,9

?

?

Low grade
CO2

HORIZON
2020

Solid carbonates
Climate change
mitigation potential
Class

Product

Lab or pilot

Pathway

Overall reaction

TRL
Lifetime

Mineral
carbonate
fertiliser

Estimated
EU CO2
utilisation
[Mt/yr]

to form calcium
carbonate
CO2 is reacted with
aqueous NH3 and
calcium nitrate to form
ammonium nitrate and
calcium carbonate,
which forms a coating
over biomass pellets for
use as fertiliser.

Economic benefits
CO2
Abatement
potential

(global)

EU 28
market size
[Mt/yr]

Est.
market
value
[€b/yr]

Energy required

H2 needed?
[tH2/t
product]

Enthalpy
of
reaction
(ΔHr)
[KJ/mol]

Other
environmental
Reaction Reaction
issues
temp. pressure CO2 purity
(oC)
(bar)

4.2 G t/yr
(global) 53

8

10

2,5

0

20

1

Cellulosic
biomass,
aqueous
ammonia
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