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4 Carbon management technologies

This chapter seeks to illustrate the importance of technological
development in carbon management. It is worth noting that while most
technologies have some relation to climate action, the perspective
presented here is much broader and consistent with the message of
avoiding ‘sustainability tunnel vision’. It will be apparent that there is very
large scope for ‘hybrid’ technologies, involving more than one type of
technology, such as a combination of bio- and nano-technologies.
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While classic biological production is indispensable for most food and feed, fibres and other complex
molecules like performance chemicals and biopharmaceuticals, the chemicals industry could concentrate
more on CO:2 as a feedstock (Carus et al., 2020), despite the thermodynamic difficulties of doing so, using
hydrogen as a supplementary reagent and energy carrier. The synthesis of simple organic chemicals and
fuels are amenable to new processes based on biotechnological (e.g., gas fermentation), new strategies
for chemical synthesis and nanotechnology. All of this would relieve pressure on land and increase
circularity, major goals for sustainability.

In the following sections, various technologies are described through their potential application and impact,
rather than the technologies per se. Table 4.1 attempts to categorise some of the technologies described,
both by the energy/land use system they affect and the SDG(s) that they address. As alluded to above,
governments tend to pick out wanted consequences, while governments must also be alert to the
unwanted.

In this description, revisiting the key value chains of bioproduction (i.e., the bioeconomy) is the start-point,
followed by the new alternatives to carbon-based products, such as recycling of carbon and direct air
capture of CO2. This also includes a description of technologies involved in hydrogen production, as
hydrogen is increasingly an essential reagent in carbon-based value chains. Finally, the development of
carbon capture and sequestration is outlined, being perceived to be essential for managing overshoot and
unavoidable emissions.

Table 4.1. Technologies described and their relation to energy/land use system and SDGs

Technology Energy/Land use system SDGs
Primary Other  Primary Other
N-fixing cereal crops ~ Agriculture Waste 2 3,6, 10,13, 14,15
Ammonia Agriculture Industry, Transport 2 7,9,12,13,15,
Sail Agriculture Forestry, Waste 2 3,10,12,13,15
Chemical recycling Waste Industry 12 6,9,11,13
Anaerobic digestion = Agriculture Power, Waste 7 11,13,15
Methanol Industry Transport 12 878,913
DAC Power Industry 13 8,912,
Wood in construction = Forestry Buildings 11 9,12,13,15
Cement/concrete Buildings Waste, Mining 11 12,13, 15
BECCS/DACCS Power Industry, Transport, Forestry, 7 8,9,12,13
Waste
Nanotechnology Industry Power, Transport, Buildings, 12 3,4,6,7,8,9,11,12, 13,15
Agriculture, Waste
Synthetic biology Industry Transport, Agriculture, Waste 12 2,3,4,6,7,8,9,11,13,14,15
Synthetic chemistry  Industry Power, Transport, Buildings, 12 3,4,6,7,8,9,11,13,14,15

Agriculture, Waste

Note: Energy/land use systems: power, industry, transport, buildings, agriculture, forestry, and waste.

SDGs goals: 1: No Poverty, 2: Zero Hunger, 3: Good Health and Well-being, 4: Quality Education, 5: Gender Equality, 6: Clean Water and
Sanitation, 7: Affordable and Clean Energy, 8: Decent Work and Economic Growth, 9: Industry, Innovation and Infrastructure, 10: Reduced
Inequality, 11: Sustainable Cities and Communities, 12: Responsible Consumption and Production, 13: Climate Action, 14: Life Below Water,
15: Life on Land, 16: Peace and Justice Strong Institutions, 17: Partnerships to achieve the Goal.

BECCS and DACSS differ in that BECCS involves providing clean energy, while DACCS is purely storage and requires clean energy.
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A fresh look at bioproduction

A fresh look at bioproduction is meant to reflect the realisation that biomass and bio-based production
cannot replace all fossil-based production in a manner that would preserve other sustainability necessities,
such as biodiversity.

Projections suggest that more than 840 million people worldwide will be undernourished by 2030. By
century end, some 10 billion people will need carbon-neutral food systems that are resilient to extreme
weather and resistant to current and emerging pathogens while respecting planetary boundaries (Fraser
and Campbell, 2019).

In fact, some of the most significant challenges in climate change relate to agriculture. Agriculture, forestry
and other land use (AFOLU) activities accounts for around 23% of total net anthropogenic emissions of
GHGs (IPCC, 2020). Environmental damage caused by the food system could increase by 50-90% by
2050 if technological change and dedicated mitigation measures are not deployed (Springmann et al.,
2018).

Attempts to improve crop yields by conventional plant breeding over the last 50 years or so have been
characterised by an improvement of about 1% per year (Foyer et al., 2017), while what is probably needed
as a year-on-year improvement to 2050 is 1.7%. One promising way to achieve such a step increase is to
improve the efficiency of photosynthesis (Kromdijk et al., 2017).

Photosynthesis is the primary determinant of crop yield (Simkin et al., 2019), but the maximum overall
photosynthetic efficiency of plants is only 3-6% of total solar radiation and in practice considerably lower.
Given the relatively slow progress in crop yield improvements, de Souza et al. (2022) described a
remarkable improvement in a bioengineered strain of soybean. In replicated field trials, they increased
photosynthetic efficiency and seed yield by up to 33% without a decrease in protein or oil content.

Biotechnologies coming of age

In the landmark OECD bioeconomy publication (OECD, 2009), biotechnology was envisioned to be the
backbone of the emerging bioeconomy. While developments in biosciences and capabilities in
bioengineering have been tremendous, biotechnology is still far from reaching its full potential as an
enabler of sustainable bio-based production. However, many examples of an increasing impact are visible.

e Breeding for climate resilience. One important area is genomic selection of crops with enhanced
ability to grow under multiple climate-related stress conditions (Budhlakoti et al., 2022). This could
be especially important in the future regarding resilience to drought and high temperatures. For
example, recently CRISPR tools have been effectively applied to elucidate drought and saline
environments tolerance mechanisms in plants (Shelake et al., 2022).

e Pest-resistant genetically engineered crops (Tabashnik and Carriére, 2017). Some plant
pathogens have already expanded their host range or distribution, at least partly as a result of
climate change (Gullino et al., 2022). It is considered that genetically engineered crops can be
critical components of an integrated pest management (IPM) plan in both developed and
developing countries (Anderson et al., 2019).

e Increased nutritional value. Paine et al. (2005) described a strategy to increase the nutritional value
of golden rice through increasing the pro-vitamin A content. Other target crops for biofortification
are among the most important globally, especially corn and wheat (Hefferon, 2015).

e The emergence of novel biomaterials based on biotechnology. Instead of trying to just produce
‘drop in’ bio-based equivalents, completely new bio-based materials with superior engineering
characteristics are possible. For example, biotechnology-based spider silk has applications in
microphones in hearing aids and cell phones, aircraft structural applications, even in high-value
cosmetics (Bell et al., 2021).
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e More versatile microbial production. Traditional fermentations based on sugars or gases are
moving from solely ethanol (as a fuel) to a wider range of chemical building blocks and higher
value-added products (e.g., Liew et al., 2022). Gas fermentation is the perfect example for this
report as using CO: rich industrial waste gases, including those originating from bioresources,
relieves pressure on crops and thus land.

Engineering biology, the missing link in biomanufacturing

Synthetic biology may be described as the application of science, technology and engineering to facilitate
and accelerate the design, manufacture of genes leading to modification of genetic materials in living
organisms. It aims to bring an engineering approach to biotechnology by design and engineering of
biologically-based parts, novel devices and systems, as well as redesigning existing, natural biological
systems. It might be regarded as a technical evolution of metabolic engineering, a technology from the
1990s, which can be described as the use of genetic engineering to modify the metabolism of an organism.
Itis fairly recently, however, that engineering/synthetic biology has been explicitly linked to climate change
e.g., Delisi (2019) and sustainable development (French, 2019).

Complexity of life forms and their cellular machinery has forced life scientists into a reductionist method of
experimentation by examining one factor at a time (OFAT). By contrast in modern manufacturing R&D,
design of experiments (DOE) is the systematic method of investigating the relationship between multiple
factors and their impact on the process simultaneously'. This is very difficult, if at all possible, to do
manually in biology. However, the biofoundry concept is allowing this method in bioengineering.

Biofoundries are highly automated facilities that comprise the extensive and coordinated use of laboratory
robots (Figure 4.1a) that are programmed to perform specific tasks according to a workflow (Kitney et al.,
2019). A hallmark of modern manufacturing is the separation of design from manufacturing. Here, the
biofoundry is the design hub, and it can be geographically separated from a biomanufacturing plant by any
distance as the design can be transferred digitally. The combination of biodesign tools (BioCAD), including
handling of “big data” and multivariate analysis, and biofoundries is rapidly producing a new type of biology
- digital biology - that could revolutionise bio-based production by being the important design link to a
number of different types of bioproduction and sectors (Figure 4.1b).

Figure 4.1. The biofoundry as the missing link in biomanufacturing

a) The Edinburgh Genome Foundry (b) The interaction of a biofoundry with other infrastructure and sectors
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Note: BRC — Biological Resource Centre; DBTL — the Design-Build-Test-Learn cycle.
Source: Figure 8(a) — Courtesy of the Edinburgh Genome Foundry, University of Edinburgh

CARBON MANAGEMENT: BIOECONOMY AND BEYOND © OECD 2023



78 |

Technologies for smart and precision agriculture

Agriculture is a sector ripe for technological change that could improve its sustainability. A few examples
are given here, with an emphasis on technologies that reduce the demand for critical resources such as
land, water and fertilizers. Several of these technologies have been scrutinised for their ability to reduce
emissions and complement conservation agriculture (Northrup et al., 2021).

Plant-based alternatives to meat and dairy. These may have the greatest sustainability impacts in
food and agriculture. A recent report? suggested that improving and scaling up the production of
meat and dairy alternatives results in three times greater GHG reductions compared with
investment in green cement technology, seven times more than green buildings and eleven times
more than zero-emission cars.

Vertical farming. Growing crops under controlled indoor conditions saves water, labour and
fertilizer, nullifies runoff, and can drastically shorten the cold chain?, all the way down to local
production in vertical city farms. Vertical farming is currently expanding rapidly, with many
investors, start-ups and established greenhouse industry companies entering the space to satisfy
the consumer demand for fresh and local food (Van Gerrewey et al., 2022). As with many of these
potentially disruptive technologies, there are concerns over the requirement for energy, which
accounts in large part for higher costs for these crops, partly responsible for several unsuccessful
initiatives (Beh and Dent, 2022).

Smart tractors and machinery. Ninety percent of all energy invested in cultivation is to repair
damage to crops and soil caused by tractors*. GPS-guided tractors ensure that all traffic follows
the same routes, maximising fuel economy and minimising crop damage. But the range of functions
is much larger than simply driving. For example, path-generating algorithms can calculate, among
others, the size of implements, coverage area patterns, and the implement turn radius (Tripathi et
al., 2022).

Precision farming. Robotics and the use of advanced sensor technology are being introduced to
optimise resource efficiency. In precision farming the field is divided into a virtual grid where water
and fertilizers can be administrated according to varying needs. Precise administration of
pesticides allows for reduced environmental burden.

Tackling food waste and food distribution challenges. Using food waste as a raw ingredient
demonstrates cascading use and circularity. Instead of throwing away 44% of all bread baked it
can be used again by, for example, fermenting it to beer, a technology already in existence through
companies such as Toast Ale®. The COz resulting from the fermentation is food-grade and is easily
collected for use in carbonated drinks.

Enzymatic upgrading of bio-residuals. Enzymes obtained from microbes are commonly known as
the key factor in modern detergents. However, enzymes are also important in improved utilisation
of biomaterials and food. In Norway, Borregaard® is developing enzymes to extract fermentable
sugars from solid wood, while several companies are enzymatically converting off-cuts and
residuals from the marine industry” or poultry® into high end products in food and feed.

The use of insect bioreactors is an example of a new type of bioproduction. Cultivating the larvae
of various insect species can very efficiently convert carbohydrate-rich residuals into protein and
fat, illustrating upcycling of biowaste from e.g., the food industry.

Anaerobic digestion. When opportunities for functional utilisation have been exhausted, anaerobic
bacterial culture can process biowaste into methane for heat and electricity, even at individual farm
scale (IEA Bioenergy, 2015; see Recycling of wet organic material.

CARBON MANAGEMENT: BIOECONOMY AND BEYOND © OECD 2023



| 79

The enigma of meat

As the global middle class increases in size, the demand for meat in the diet increases. To date, livestock
occupies almost 80% of global agricultural land, yet produces less than 20% of the calories supply (Poore
and Nemecek, 2018). Beef and mutton are the main culprits; the land area they require is up to 100 times
larger than for cereals®. To keep up with food demand, 13 billion hectares of forest area are lost each year
to agricultural uses. This has detrimental effects on regional water availability, soil fertility, biodiversity and
climate change.

While biotechnology-based and plant-based meat substitutes are slowly gaining popularity'® and there is
tentative evidence of significant improvements in sustainability compared to conventional meat'", science
advances will need to be accompanied by behavioural changes, and policy can play important roles. In the
large (1.2 million people) UNDP climate policy survey published in 2021, one of the two least popular
policies overall was plant-based diets (UNDP, 2021).

Breeding for efficiencies in the production of meat and milk, e.g., selection of traits for higher protein
content, is increasingly guided by modern methods like genomic markers or CRISPR (e.g., Singh and Ali,
2021). Genomic selection is now a de facto standard in leading dairy cattle breeding programmes (Obsteter
et al., 2021). The same development is seen in poultry, where genomic selection is used to improve feed
conversion ratio and leg strength in chicken. Aviagen (Scotland) became the first company in 2012 to
include genomic information in its poultry R&D breeding programme.

The emissions from agriculture are not simply CO: as, in fact, methane and nitrous oxide related to animal
husbandry constitute the dominant direct emissions, both of which are much more potent greenhouse
gases than COz. This is one factor that complicates the accounting of agricultural emissions. More research
is needed to elucidate how emissions of methane and nitrous oxide contribute to temperature change and
how it can be mitigated.

One strategy to reduce methane emissions would be genomic selection of cattle with lower methane
production in their gut (Lassen and Difford, 2020). Another strategy which is currently explored, is adding
chemical compounds to the feed that selectively knocks out the methanogenic bacteria present in the gut
flora. One such compound is the commercially available 3-nitrooxypropanol. A naturally occurring
alternative would be bromoform, which can be administrated by adding a small amount of certain red
seaweeds to the feed (Kinley at al., 2020). This is spurring the search for additives from a wider range of
seaweeds (Mihaila et al., 2022). The Australian company Rumin8 has ongoing trials with an additive that
consistently demonstrates more than 85% methane reduction, which equates to two tonnes of carbon
emissions removed from the air, per cow, per year'?.

Fertilizer and its alternatives

Ammonia (NHs) is the key nitrogen source in making mineral fertilizer. It contains no carbon, and yet its
production process is responsible for about 1.8% of global CO2 emissions (Figure 4.2), making it the largest
CO2z-emitting chemical industry process (IEA, ICCA, DECHEMA, 2013). The process consumes some
1.8% of global energy output each year (Royal Society Policy Briefing, 2020) and around 3-5% of global
natural gas (Licht et al., 2014). Fortunately, technological alternatives exist, and major producers of
fertilizers are currently exploring production of ammonia where natural gas is replaced with hydrogen
produced by electrolysis of water using renewable power.

Meanwhile, Australian researchers have discovered an electrochemical method for production of ammonia
from air that relies on a phosphonium cation working as catalyst at ambient temperature and pressure
(Jasi, 2022). In contrast to the conventional Haber-Bosch process, this can be miniaturised to container-
sized production units generating 1 tonne per day. Such units could be located and used on farms, thus
allowing farmers to make fertilizer on demand, an approach consistent with a small-scale distributed
manufacturing paradigm.
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It should also be noted, however, that there are large environmental problems created by the overuse of
mineral fertilizers'®, especially the eutrophication of water courses (Brownlie et al., 2022). Within the IPCC
accounting framework, emissions from the manufacture of fertilizer manufacture come under ‘energy’ and
effects related to its use, e.g., eutrophication, are not considered in this framework.

Nitrogen fixation for cereal crops would lower the need for mineral fertilizers, or in the best case nullify their
requirement. There are two basic technologies. The first is to use nitrogen-fixing engineered bacteria to
colonise roots of cereal crops — here there is one commercialised strain that has completed trials and
safety procedures (Wen et al., 2021). The second, which is still developing, aims to create novel crops that
fix their own nitrogen from the atmosphere (e.g., Rosenblueth et al., 2018).

Figure 4.2. The top GHG emissions producing chemicals
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Note: Ammonia, containing no carbon itself, is far above the other highest organic chemicals in emissions. Of all chemicals, its production also
has the highest energy demand. The figures are for 2010.
Source: Reproduced from Royal Society Policy Briefing (2020).

Soil, the forgotten resource

Long overlooked by policy makers, soil is the ultimate resource in the bioeconomy: more than 95% of all
food is derived from cropland soil and its microbes (Gore, 2013). By 2050, the world will need to produce
50-70% more food, increasingly under drought conditions (Cook et al., 2015), increased fire frequency',
and on degraded soils (Karlen and Rice, 2015). Meanwhile permafrost thaw could have disastrous
consequences by releasing vast quantities of CO2 and methane to the atmosphere (Schuur et al., 2015).

As important as it is, the ecosystem services provided by soils are grossly undervalued (Baveye et al.,
2016). Soil accounts for some 20% of natural removal of human CO2 emissions (European Commission,
2007), but it is very easily damaged, and very slow to renew. It is estimated that in the past two centuries,
soil organic carbon has decreased by 8% globally. Some 20% of the surface of the European Union is
subject to soil erosion at a rate of 10 tonnes per hectare per year, leading to a loss of productive land of 1
000 km? every year. It is hardly surprising, then, that the FAO regards soil as a finite, non-renewable
resource'®. It is currently being depleted at a faster rate than it is being formed (Handelsman, 2021).

Soil microbiomes

The true value of soil becomes obvious when seen as a biological resource, rather than a simple
geochemical entity. Soil microorganisms fix nitrogen, enabling fertilisation. As soil microorganisms are
largely responsible for cycling of soil organic carbon (SOC) and other nutrients, their irreplaceable and
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essential role in climate feedback is now recognised (Jansson and Hofmockel, 2020). If soil has been
forgotten as the ultimate resource, it is because the role of soil microbiota in forming and sustaining soils
has historically been overlooked (Coban et al., 2022). A greater association between soil microbiomes and
the UN SDGs (D’Hondt et al., 2021) would bring greater political attention to soils.

Technologies such as environmental genomics and metabolomics are now untangling the multiple roles
that soil plays by detailed examination of the complex web of life that soil hosts — now known as the soill
microbiome, comprising bacteria, archaea, viruses, fungi and protozoa. However, there is still a lack of
information with respect to the major drivers that trigger microbial community composition and function on
all scales (Nannipieri et al., 2019). To this end, the Earth Microbiome project'® has provided a number of
important but voluntary standards for the analysis of soil microbiomes. These facilitate the comparison of
data from single projects with studies by other researchers in a meta-analysis.

Carbon farming

Carbon farming constitutes agricultural techniques aiming to reduce GHG emissions by increasing the
content of carbon in soil, reaching beyond but also including traditional recycling of biomaterials through
manure and leaving straw and crop residuals on the field. While these are management practises rather
than technologies (see biochar discussed below), they improve soil health and sequester carbon in
combination with important co-benefits, including increased soil water-holding capacity, bioavailability of
nutrients, biodiversity, and resilience (Zomer et al., 2017).

The EU Farm-to-Fork strategy'” intends to reward farmers and foresters implementing carbon farming
practices. However, an obstacle to making a reward system is the realistic quantification of the impacts of
these practices, a dilemma recognised in the United States SMARTFARM case study (see Recycled and
atmospheric carbon). The conservation practices include'®:

e afforestation and reforestation that respect ecological principles favourable to biodiversity and
enhanced sustainable forest management

e ‘agroforestry’ and other forms of mixed farming combining woody vegetation (trees or shrubs) with
crop and/or animal production systems on the same land

e use of crops and conservation tillage that protect soils, reducing soil loss by erosion and enhancing
soil organic carbon on degraded arable land

e targeted conversion of cropland to fallow or of set-aside areas to permanent grassland

e restoration of peatlands and wetlands that reduces oxidation of the existing carbon stock and
increases the potential for carbon sequestration.

Biochar and CCS

The International Biochar Initiative'® defines biochar as “solid material obtained from the thermochemical
conversion of biomass in an oxygen-limited environment”. As for carbon farming discussed above, several
relevant benefits are promoted for biochar, among them improvements to soil biodiversity and soil fertility.
The carbon in biochar is purported to be stable for perhaps thousands of years, raising the concept of
pyrogenic carbon capture and storage (PyCCS) (Werner et al., 2018). Schmidt et al. (2019) demonstrated
that PyCCS can achieve carbon sequestration efficiencies of greater than 70%, a level considered to be
an important threshold to allow PyCCS to become a relevant negative emission technology.

Compostable plastics and soil amendments

Compostability of plastics becomes essential for all applications in which the materials used are highly
likely to be polluted by food residues, such as organic waste bags, food packaging, and coffee capsules.
When contaminated with food waste, recycling of plastics is not feasible (Schyns and Shaver, 2020),
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neither with methods designed for plastics, nor as biowaste; thus if these plastics are not biodegradable
the probability is high that such waste materials end up in landfills (OECD, 2022).

Two of the case studies for this report, one from Germany (see chapter 5) and one from Italy (see chapter
5) describe the development of a biodegradable and compostable plastic value chain (products such as
bags, packaging, or cutlery) together with an efficient system for biowaste collection and recycling. The
objective is to make the mixed waste suitable for organic recycling and for the creation of high-quality
compost.

Recycled and atmospheric carbon

Recycling of wet organic material

Wet organic wastes such as sewage sludge and agricultural slurries require to be dried before their use in
thermochemical processes. That drying process is very energy intensive. The anaerobic digestion of these
wet wastes obviates the need for drying, and results in a useful fuel (biogas) which can also be used as a
feedstock.

Anaerobic digestion of sewage sludge to produce biogas (a mixture comprising mainly methane and COy),
has been used for over a century in the biological treatment of wastewater. It stabilises sewage sludge by
removing pathogens and at the same time captures a substantial part of the energy in the organic material.
The biogas can subsequently be converted to electricity, which can be sufficient to power an entire
wastewater treatment plant (Schwarzenbeck et al., 2008), adding to the environmental and economic
sustainability of such plants, while decreasing grid dependence.

Anaerobic digestion is highly scalable. It has been perfected down to individual farm level (Figure 4.3),
where a variety of waste materials can be converted to biogas (e.g., sludge, grass, solid manure, chicken
manure and straw). Moreover, the effluents after anaerobic digestion are better balanced to meet crop
needs than raw manure slurries. This reduces the need for supplementary chemical nitrogen and
phosphorus fertilizers (Massé et al., 2011), while reducing GHG emissions (Siegmeier et al., 2015).

Figure 4.3. Farm-scale anaerobic digester, Jelsum, Netherlands

Note: The plant is capable of ‘gas to grid injection’, the gas is produced from 7 000 tonnes of manure and 7 000 tonnes of waste products. The
plant produces the equivalent of the natural gas for 750 households. The project was realised with a Top Sector Energy subsidy from the
Netherlands Ministry of Economic Affairs.

Source: Courtesy of HoSt, www.host.nl/en.
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There are many scales and classifications of anaerobic digestion plants, reviewed comprehensively by
O’Connor et al. (2021). They posit that small-scale anaerobic digesters (SSADs) offer potential for
expansion of the technology in Europe due to the ability to operate economically in small to medium-sized
farms with lesser available biomass quantities. National biogas subsidy schemes can strongly support the
uptake of SSADs.

Of the European Union countries, Germany in particular has oriented itself towards small-scale biogas
plants. German SSAD plant installations increased after the German government introduced an
amendment to the Renewable Energy Source Act (Erneuerbare-Energien-Gesetz)?°. This amendment
provided a special allowance for biogas plants with an installed electrical capacity up to 75 kW, greatly
improving the economics of operating such a plant. In a similar policy approach, the Flanders region of
Belgium has seen rapid uptake of SSAD plants in recent years, many of the installations having been
supported through the Flemish Climate Fund?'. The US Federal Energy Regulatory Commission Order
2222 (FERC-222222) incentivises biogas production on United States dairy farms through electricity policy
changes (Erickson et al., 2023).

The US EPA offers an Anaerobic Digestion Screening Tool?® to stakeholders such as farmers to assess
the feasibility of the technology on a case-by-case basis. Such guidance is important as scale of operation
can determine the cost of electricity generation. This is especially true when anaerobic digestion is linked
in policy via feed-in tariffs (FITs) (UK Department of Energy and Climate Change, 2016). A FIT is a national
policy mechanism that provides payments and long-term contracts to renewable electricity producers,
proportional to the amount of power generated.

Treatment and recycling of dry solid waste

The organic fraction of municipal solid waste (MSW) should ideally be biodegradable and compostable,
and there are technologies available for both domestic and industrial composting. Indeed, industrial
composting has become a widespread organic MSW treatment procedure (Siles-Castellano et al., 2021).
More challenging as a solid waste is plastic waste as the vast majority of fossil-based plastics are not
biodegradable and can remain in the environment for decades or longer. International policy interventions
to reduce plastic waste since 2005 lack robust monitoring and enforcement measures and are failing to
contain the plastics in the oceans dilemma.

Mechanical recycling of polymers

Mechanical recycling is already well established, but it is hardly adequate, as the many reports on plastic
garbage in the oceans testify (e.g., IUCN, 2021). Eriksen et al. (2023) estimate there are some 170 trillion
plastic fragments in the oceans. In the EU recycling hierarchy mechanical recycling is considered second-
best to reuse. Here, plastic products would be sorted and melted and/or remoulded into new products.
This is hampered, however, by several obstacles related to the product design. Many products are
composites containing different materials and products as well as pigments and other additives which are
hard to remove.

More advanced technologies for automated sorting and pre-processing combined with regulations
incentivising plastic products designed for recycling may improve the opportunity for cascading use.
Meanwhile, plastics are typically downcycled to less advanced products like flowerpots and construction
materials. While not optimal, its use in bricks, blocks and tiles would mitigate the negative effects of mining
(Lamba et al., 2021).

Chemical recycling of polymers and other dry waste

Chemical recycling offers different opportunities by turning plastics or dry mixed waste into a
depolymerised secondary raw material (Modesti et al., 2018), thereby closing the carbon loop and creating
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circularity (cradle-to-cradle) (Figure 4.4). There are at least three mature and industrialised chemical
recycling technologies and there are several others at lower stages of development (Solis and Silveira,
2020). They all operate at elevated temperatures, but the intermediate products and thus the following
downstream conversion methods and applications will vary.

Pyrolysis, which typically take place at 400-600°C in the absence of oxygen, converts the waste into a gas
effluent, an oil fraction and a solid carbon fraction (biochar), which can all be further processed or utilised.
The ratio between the oil and the biochar fractions depends on the temperature gradient, as fast pyrolysis
typically maximises the oil content. Gasification takes place at higher temperatures, usually close to or
above 1 000°C, in the presence of controlled amounts of oxygen. Here, some of the waste feedstock is
incinerated to maintain the high temperature (creating some CO2), while most is converted to synthesis
gas, a mixture of CO, CO2 and hydrogen, where the ratio depends on the composition of the feedstock.

These methods can be adapted to many types of feedstocks, not only plastics, but a large variety of
industrial and municipal solid wastes, the dry organic residual from anaerobic digestion or low grade
bioresources. Synthesis gas is a particularly interesting and versatile intermediate, as it can be combined
with mixtures of CO2 and hydrogen utilised in CCU or DAC, as will be described below.

To date, there are too few operations at full scale (Figure 4.5) to determine which of these technologies
has the greatest economic or environmental advantage. Indeed, this may not be clear-cut in all
circumstances as local conditions may dictate a specific technology e.g., volumes of feedstock available,
consistency of quality and supply, local policy for recycling, and gate fees?*. LCA is the tool of choice at
present for assessing the feasibility of the technology, but as in other instances, this may only be a useful
start-point.

Figure 4.4. Chemical recycling increases the circularity of plastics
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Note: While mechanical recycling is decades old, chemical recycling technology is relatively new.
Source: Adapted from https://cefic.org/a-solution-provider-for-sustainability/chemical-recycling-making-plastics-circular.
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This should point policy makers in familiar directions e.g., public research funding, R&D subsidy or other
forms of public-private partnership as de-risking instruments. In Europe, for example, there are 225 million
tonnes of municipal waste generated per year, or about half a tonne per person?® of which only about 30%
is recycled, 27% is incinerated and 24% still ends up in landfill. This includes 25.8 million tonnes of plastics
waste where only about the same fraction (30%) is being collected for mechanical recycling. (European
Commission, 2018). There is clearly a need to increase the market and profitability in recycling, whether
by mechanical or chemical processes.

Figure 4.5. Shell is building a chemical recycling plant in Singapore

Note: Slated to start production in 2023, the unit at Shell’s manufacturing site on Pulau Bukom will be the largest in Asia and Shell’s first globally,
with a capacity of 50 000 tonnes per year, equivalent to the weight of about 7.8 billion plastic bags.
Source: Courtesy of Photographic Services, Shell International Limited.

Technologies for utilisation of industry flue gases (CCU)

C1 pathways, especially methanol

As shown in Figure 4.6, a large proportion of organic (carbon-containing) chemicals are made from a small
number of platform molecules, methanol, three aromatics (xylene, toluene and benzene) and the two
olefines (ethylene and propylene). The latter can in principle be synthesised from the C1-molecule
methanol, underscoring its importance as a key intermediate. Add butadiene to this list, and these seven
molecules constitute the platform that serves more than 90% of organic chemical production, including
tens of thousands of products (Tickner et al., 2021). Furthermore, ethylene and propylene are used to
make polyethylene and polypropylene, which together make up more than 50% of all non-fibre plastics
(Geyer et al., 2017), and are in everyday use in many bulk applications around the world.
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Figure 4.6. Summary of routes to the major platform chemicals
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The production of methanol, typically from natural gas, has nearly doubled in the last decade, and demand
for methanol is going through a period of rapid expansion (SOTACARBO, 2020). Replacing fossil methanol
with a CO2-based route (CCU) could lead to a closed-carbon chemical sector, perhaps even orchestrating
a negative emissions balance, sequestering COz in long-lived plastics or construction materials (Hepburn
et al., 2019).

The main objection to using CO2 as a feedstock, however, is that its thermodynamic stability makes a
reaction with hydrogen to methanol very energy demanding, in a typical case provided by hydrogen in the
form of energy rich hydrogen gas (Hz). However, the CO2 and hydrogen feedstocks can both be generated
from either fossil or renewable resources. This flexibility of feedstock together with its general utility, makes
CO2-based methanol production an especially interesting case in carbon management.

Methanol can also be produced from biomass and has been made from domestic waste at commercial
scale my Enerkem of CanadaZ?®. It will typically go via gasification of the bioresource to create synthesis
gas (CO, CO2 and Hz2), followed by essentially the same downstream processes as used in the CCU route.
To date, the green routes to this vital platform chemical remain uncompetitive but could be competitive by
2030 given some assumptions (Schorn et al., 2021). What is clear, however, is that the main barrier to
renewable methanol uptake is not a lack of technology, but its higher cost compared to fossil fuel-based
alternatives, and the potentially limited availability of renewable energy.

Replacing fossil methanol with a renewable alternative could offer a significant reduction in CO2 emissions
in the chemical sector. Moreover, being a currently used platform chemical would allow for a simple drop
in substitution without the need for major changes in process design and retrofitting of manufacturing
infrastructure.

Outside its central importance in the chemicals industry, renewable methanol is being suggested as a
solution in another hard-to-abate sector — shipping (Andersson and Salazar, 2015). While light vehicles
are increasingly electric, replacement of fossil fuels in heavy transport such as aviation and shipping is a
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bigger challenge. Meersk, the shipping giant, recently increased its investments in renewable methanol-
fuelled container vessels?’.

C2 — C4 pathways

A direct non-fossil production of longer carbon molecules, such as the alcohols; ethanol, propanol, and
butanol (C2-C4), is typically done by microbial fermentation. However, the cost, the land, nutrients and
energy resources required to produce sugar substrates for the microbes makes this route to simple
commodity platform chemicals less attractive (Scown and Keasling, 2022). In order to avoid conflicts with
food production, so-called second-generation sugars from e.g., cellulose could be used, but this technology
is still immature and, in most cases, prohibitively expensive.

After several decades of work on (ligno)cellulosic waste as a feedstock, the technology is still unproven.
New breakthroughs in consolidated bioprocessing (CBP) research have been qualified by the potential
needing to be “improved by metabolic and process engineering for higher yields of ethanol production and
plant biomass utilization” (Maleki et al., 2021).

Another, perhaps more near-term route to C2-C4 chemicals is gas fermentation. Here, microbes use
carbon gases such as CO2 or CO as carbon source and Hz gas as hydrogen and energy source, thus
providing a biotechnological approach to utilising the same gases as described above for chemical
methanol production. Again, the main benefit is flexibility in the source of such gases and if industry flue
gases are being used, there is virtually no requirement for land.

The microbial fermentation of waste industrial gases to useful products such as ethanol (Liew et al., 2016),
acetone (Liew et al., 2022) and animal feed (Pander et al., 2020) is becoming reality. These processes
can still be improved, however, and genetic engineering and synthetic biology are capable of further
developing gas fermentation as a highly versatile manufacturing platform with great potential for scaling.

There are various ways that fermenting waste gases to products contributes to sustainability. It is one of
the emerging technologies of CCU (Zhu, 2019), effectively a value-adding strategy compared to CCS. A
cradle-to-grave LCA for the production of ethanol by gas fermentation estimated a 67% GHG reduction
using steelmaking off-gases compared to conventional fossil gasoline (Handler et al., 2016). Off-gas from
steel mills is a convenient feedstock because they comprise a high proportion of carbon monoxide (CO),
which in contrast to CO2 contains energy. If renewable hydrogen is added, the carbon efficiency of the
fermentation process increases, i.e., the amount of carbon incorporated into the ethanol product.

As already mentioned, gas fermentation can also use synthesis gas produced via gasification (Liakakou
et al., 2021) from a range of sources such as agricultural residues, forestry waste, sorted plastics or
municipal solid waste, as well as COz from any source, including direct air capture (DAC) supplemented
with hydrogen?®. When the COz2 (or part of it) originates from biogenic material or from DAC, the products
made can in principle be fully renewable.

Fossil feedstocks: electrifying the process

Figure 2.2 suggests that fossil raw materials will still be in use in the chemicals industry for decades to
come. That being the case, there is a need to abate emissions within existing oil refineries and chemical
production plants until such times as fossil replacement technologies are feasible. Steam cracking® is a
crucial process in the chemical production chain and is of one of the most energy-intensive processes in
the industry, resulting in a large source of its CO2 emissions. Typically steam cracking is done in furnaces
at around 850°C by burning fossil fuels like natural gas. If cracking can be electrified using sustainable
solar and wind power instead of fossil-based fuels, CO2 emissions can be greatly reduced.

The German Federal Ministry for Economic Affairs and Climate Action has granted EUR 14.8 million to
support the development of a novel furnace technology with BASF, SABIC and Linde at the BASF Verbund
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site at Ludwigshafen. By using electricity from renewable sources instead of natural gas, the new
technology has the potential to reduce CO2 emissions by at least 90% compared to technologies commonly
used today®. This is a world first demonstration plant for large-scale electrically heated steam cracker
furnaces.

Microbial single cell protein for food and feed

Protein is an essential component of food and feed. Microbial production of protein, so-called single cell
protein (SCP), was a full-scale industry 50 years ago but started to fail during the 1970s oil shocks
(Groenewald et al., 2014). Today, pressure on natural resources has revived interest in SCP from various
sources, e.g., first and second generation sugars. As for chemicals discussed above, gas substrates such
as methane, waste-to-syngas and off-gases (Jones et al., 2020) have all become interesting alternatives
to sugar-based fermentation. An interesting theoretical study has suggested that gas fermentation based
on energy from sun panels could increase protein yield five-fold per area, compared to sugar fermentation
and fifteen-fold compared to conventional cultivation of soya (Leger et al. 2021). New technologies such
as CRISPR have greatly increased the potential for optimising SCP production to support a rising demand
for protein associated with high land use in agriculture and low conversion efficiency of meat production.

Aquaculture is the fastest-growing food industry in the world and already produces more biomass than
either wild seafood or beef (Froehlich et al., 2018). It addresses some key issues of sustainability, but also
dilemmas. Fish farming entails significantly lower emissions than ruminant production. Also, aquaculture
takes pressure off wild fisheries, vital for the future as over one-third of global wild fisheries have been
exploited beyond sustainable limits (FAO, 2020). While the potential for further growth of aquaculture is
way above wild fisheries, such expansion will need new sources of quality protein feed with lower
environmental impacts than soybean protein (da Silva et al., 2021). Internationally, there are several
companies actively pursuing gas fermentation for the production of feed ingredients.

Technologies for capturing and use of atmospheric CO, (DAC)

In photosynthesis, plants extract and fix COz from the air by converting it to biomass with the help of sun
energy. In so-called industrial direct air capture (DAC), CO: is captured and concentrated by industrial
processes, either to be utilised (as plants do) or removed from the atmosphere by sequestration (CDR).

Currently, there are two categories of DAC furthest along in development, solid sorbents and liquid solvents
(Figure 4.7), while there are other pathways less well developed.

Liquid solvent-based DAC

In the solvent-based approach, gaseous CO: in air is absorbed into a liquid solvent, resulting in a CO2-
depleted gaseous exhaust stream and a COq-rich liquid exhaust stream. The typical solvent-based
approach requires a strong alkaline hydroxide solution to achieve adequate separation of the very dilute
COg2 in air. Subsequent anionic exchange results in precipitated calcium carbonate pellets. To complete
the cycle, high temperature is used to recover CO2 from the precipitated calcium carbonate and recycling
the alkaline reagents. The need to funnel large volumes of air past the absorbing solvent, as well as the
regeneration process, drives high energy requirement.

In 2015, Carbon Engineering®', a Canadian company, started operating a pilot plant in Squamish, British
Columbia. The pilot captures roughly 1 tonne of atmospheric CO2 per day. Recently, the investment
decision was made to construct the world’s first megatonnes DAC facility in Texas in partnership with
Occidental 1PointFive and a second plant is undergoing front-end planning and engineering®?. This
progress is stimulated by the extensive support programme of the Federal US Inflation Reduction Act. In
both Norway and the United Kingdom, a similar DAC facility is being considered, where the CO: is intended
partly for sequestration and partly for use in the production of aviation fuel.
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Solid sorbent-based DAC

Solid sorbents have the benefit of the CO2-reactive compound (typically amines) being chemically bound
to a solid framework of the air contactor. The desorption and regeneration of the sorbent takes place at a
much lower temperature compared to the carbonate-based method described for Carbon Engineering.
Moreover, with an operating temperature of 100-120°C, this process may benefit from co-locating with
industry offering surplus of heat or the use of geothermal energy exemplified by the Climeworks34
demonstration plant in Iceland (4 kilotonnes per year). This potential energy and cost benefit is possibly
countered by a presumed higher CAPEX upon scaling. Interestingly, also Climeworks is engaged in a
project in Norway aiming to use DAC for production of aviation fuel.

Figure 4.7. DAC processes combined with CCS and/or CCU
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Note: Both Carbon Engineering and Climeworks have CCU projects to produce synthetic fuels. For example, Norsk e-fuel is developing a hybrid
technology with Climeworks to take captured CO2 and make a drop-in aviation fuel.
Source: Diagramme from Ozkan et al. (2022).

Carbon sequestration for compensation and removal

Sequestration in building materials

Solid wood construction

The new European Forest Strategy®® of 2021 foresee that forestry could “...contribute to achieving the
EU’s biodiversity objectives as well as greenhouse gas emission reduction target of at least 55% by 2030
and climate neutrality by 2050.” There are several ways for forestry to contribute, and one is through
increased use of wood and timber in construction to reduce the reliance on concrete. Carbon is
sequestered in buildings in this way for many decades or even centuries, and when designed for
disassembly and reuse, can be an extremely low-emissions and resilient building material. Skullestad et
al. (2016) used LCA to compare timber with concrete and steel as high-rise construction materials with
regard to climate change mitigation potential. Timber materials had a significantly lower primary CO:
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footprint, and if 90% of timber production residues and timber material waste were incinerated with heat
recovery to replace natural gas, a timber structural system can be emissions negative.

Mass timber is a transformative technology made by affixing or gluing together many pieces of wood
veneers, flakes or dimension lumber to form larger, stronger pieces of building materials such as solid
wood panels, columns or beams that are often used for load-bearing walls, floors and roof construction.
There are several types of engineered mass timber products, which are typically categorised by the types
of wood products involved and the way they are bound together. The most commonly used types of
engineered mass timber products include cross laminated timber (CLT), i.e., large panels of lumber laid
flat and combined with alternating direction of the wood fibres. CTL can then be subdivided into nail
laminated timber (NLT) and glue laminated timber (GLT) (Figure 4.8).

Figure 4.8. Brock Commons timber-framed high-rise building, Canada

An 18-storey wood hybrid building, University of British Columbia

Note: See Canada 1: Embedding carbon in the build environment.
Source: Courtesy of Natural Resources Canada https://natural-resources.canada.ca/home

Engineered mass timber products are engineered for high strength ratings like concrete and steel but are
significantly lighter in weight. Prefabrication means that on-site building construction is significantly faster.
Moreover, they can be designed specifically for fire resistance, are energy efficient as the low thermal
conductivity of wood provides natural insulation that reduces heat loss, and they are well suited to
earthquake prone regions due to their durability (Zanuttini and Negro, 2021). Given these functional
advantages, combined with the climate benefits, mass timber buildings are slowly being accepted as a
sustainable alternative to concrete and steel construction materials (Cabral and Blanchet, 2021).

Injecting CO; in cement

Portland cement is the most used human-made material (Monteiro et al., 2017). The cement industry has
the highest carbon intensity of any industry per unit of revenue and is responsible for approximately 7% of
anthropogenic emissions. Unfortunately, concrete is essential also for future construction, and as already
discussed, emissions are unavoidable, calling for CCS or other carbon management strategies.

Interestingly, Miller et al (2021) pointed out that cementitious products can absorb and incorporate large
amounts of CO2 from many possible sources, thus combining CCU and CCS. Captured CO2 can be reacted
with activated minerals or industrial wastes to form stable carbonate minerals. Recent evidence suggests
that these minerals create valorisation in their own right, but there is also large potential for their use as
supplementary cementitious materials (SCM). Cement replacement such as SCM is the most credible
application as others do not match the scale of emissions from cement production and offers several
advantages over simple CCS (Skocek et al., 2020). When CO: is injected into wet concrete, nano-scale
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calcium carbonate is formed in the concrete as it dries. As well as lowering the carbon footprint, this
approach also results in stronger concrete material, which reduces consumption of cement in concrete
making. Therefore, the cost of the CO2-containing concrete is cheaper than conventional concrete, which
lowers the need for public market incentives.

Geological storage

Sequestering CO2 in deep geological reservoirs is seen as a potential mitigation strategy to reduce
anthropogenic CO:2 emissions to the atmosphere, and among the most promising of these reservoirs are
depleted offshore oil and gas reservoirs (IPCC, 2005). A geological CCS map of the Norwegian part of the
North Sea suggests a total storage potential of 70 gigatonnes in this area alone®¢. As of September 2022,
the total global capacity of CCS projects in development was 244 million tonnes per annum of COz, an
increase of 44% over the previous 12 months®’

The IEA has argued consistently that there is no alternative to CCS as the solutions for tackling emissions
from heavy industry sectors are often extremely difficult or expensive, hence CCS is an important part of
carbon management. However, the Institute for Energy Economics and Financial Analysis (IEEFA)
(Robertson and Mousavian, 2022) argue that CCS is a 50 years-old technology and even today the number
of success stories is outweighed by failures or underperformance. Clearly there is still work to be done.

While CCS certainly still face challenges, the combination of strengthened climate goals and public
programmes, an improved investment environment and new business models have set the stage for
greater success in coming years. For more than a decade the number of new projects was low and not
encouraging, but 2021 saw a revival (Figure 4.9).

Figure 4.9. Global pipeline of commercial CCUS facilities operating and in development, 2010-2021
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Source: IEA, Global pipeline of commercial CCUS facilities operating and in development, 2010-2021, IEA, Paris www.iea.org/data-and-
statistics/charts/global-pipeline-of-commercial-ccus-facilities-operating-and-in-development-2010-2021

One of the reasons for this improvement has been policy measures and government initiatives. In the
United States the expansion of the 45Q tax credit in 2022, providing a credit of USD 85 per tonne of CO2
from industrial and power facilities that is permanently stored, was a major catalyst for new investment
plans. Supported by NOK 18 billion from the government, the Norwegian “Long Ship Project”® aims to
establish the first complete value chain for carbon capture from industry point sources, transporting the
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CO2to a centralised hub and storing it permanent below the North Sea. In Australia, AUD 250 million in
funding has been announced for CCUS hubs alongside the inclusion of CCUS under the Emissions
Reduction Fund®® (with associated credits valued at around AUD 20 per tonne of CO2). The US Inflation
Reduction Act of 2022 increased the range of measures available for CCS through 45Q (Box 4.1).

Box 4.1. The US Inflation Reduction Act and DAC

The Inflation Reduction Act of 2022 (IRA) included an historic investment of USD 369 billion in climate
and energy funding, as well as important enhancements to the Internal Revenue Service section 45Q
on carbon capture and storage. The basis was that global CCS capacity needs to scale from today’s
40 million tonnes per year to multiple gigatonnes per year by 2050, and this law includes provisions that
enhance the financial viability of CCS projects in the United States.

The specific 45Q enhancements contained in the IRA include:

e Extending the start of construction date from January 2026 to January 2033
e Lowering the threshold for captured qualified CO2
o Direct Air Capture — 1 000 tonnes
o Electricity generating facility — 18 750 tonnes (based on certain design criteria)
o Any other industrial facility — 12 500 metric tonnes
e Increasing the credit amounts
o Point source capture and storage from industrial and power facilities - USD 85 per tonne
o Carbon capture and utilisation including enhanced oil recovery - USD 60 per tonne
o Direct Air Capture
- Capture and storage of carbon — USD 180 per tonne
— Capture and utilisation of carbon — USD 130 per tonne

Source: https://daccoalition.org/what-the-inflation-reduction-act-means-for-direct-air-capture/

Capture in sediments (between strata)

One of the anxieties around CCS in engineered underground repositories is the potential for escape if the
reservoir is not properly sealed. For offshore sites, the impact of any leakage of stored CO:2 into the marine
environment is not well known or understood. Leakage of CO2 from CCS reservoirs in shallow waters might
reduce biodiversity and might also disrupt ecological functions (Lichtschlag et al., 2021).

Injecting COz2 into deep-sea sediments, however, may provide permanent geological storage with fewer
worries (Eccles and Pratson, 2012). At the high pressures and low temperatures common in deep-sea
sediments, COz resides in its liquid phase and can be denser than the overlying pore fluid, making the
injected CO2 gravitationally stable (House et al., 2006). This has been carried out safely in Norway for at
least 20 years*C.

Mineralisation

The earlier mentioned anxiety around CO:2 leakage from underground and sub-sea reservoirs is negated
in the case of mineralisation*!. This is a natural process that can be reproduced artificially. It results in CO2
being converted to solid carbonates, which then cannot re-enter the atmosphere. Mineralisation can be
carried out at the surface using already mined rocks, or in deep underground formations, both with different
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costs. In Iceland the Swiss company Climeworks is storing DAC-derived CO2 as calcite or other carbonate
minerals in relatively freshly formed basaltic rocks (Sneebjornsdottir and Gislason, 2016).

BECCS and DACCS

Biomass fixes CO:2 from the atmosphere during growth and when this biomass is used for energy purposes,
as in combustion, it is released again as concentrated COz:. If such biogenic CO:is captured and stored
by geological sequestration or, in the case of biochar formation, applied to land to condition soil, CO:2 is
removed from the atmospheric cycle. This process is generally referred to as bioenergy with carbon
capture and storage (BECCS) or more generally carbon dioxide removal (CDR), involving negative
emissions technologies (National Academies of Sciences, Engineering, and Medicine, 2019). Policy would
have to drive BECCS with afforestation, in order to make the case for BECCS being truly carbon-negative
stronger.

Presumably, due to the need for sustainable procurement of biomass, BECCS deployment is not always
treated and/or rewarded in policy and regulations in the same way as emissions sequestered from fossil
fuels. For example, at the time of writing, biogenic emissions under Canada’s Output-Based Pricing
System (OPBS)*? are exempted from the price on carbon given their carbon neutrality. However,
sequestration of these emissions do not generate credits under Canada’s OBPS like sequestration of
emissions from fossil fuels. While it does not prohibit BECCS deployment, it does not incentivise the
deployment of net-negative technology that could be used to rapidly reduce emissions in heavy emitting
sectors. Therefore, treatment of biogenic emissions and net-negative technology will be an important policy
and regulatory conversation for carbon management.

Another route to carbon dioxide removal is industrial capturing and concentrating CO2 from ambient air
(DAC), as described in Technologies for capturing and use of atmospheric CO2 (DAC). From the scenarios
in the fifth assessment report of the IPCC (IPCC, 2014) with a chance of more than 66% to reach the 2°C
target, the majority considers directly removing CO2 from ambient air. However, to have any impact, DAC
technologies have to be scaled up rapidly. At the time of writing there are 19 plants in operation worldwide,
but capturing only about 10 000 tonnes per year, a minute fraction of what is required on the trajectory to
net-zero carbon by 2050.

Further technological enablers in carbon-based value chains

Nanotechnology: potential across many CCU areas

Nanotechnology is expected to have a significant impact in all existing industrial sectors, and to harbour
the ability to enable the creation of entirely new sectors (OECD, 2017). The main hurdle to achieving
commercial-scale production has been insufficient understanding of physical and chemical processes at
the nanometre scale, and the inability to control production parameters at that scale, although progress is
being made. In this regard, publicly funded cleanroom and nanofabrication infrastructure allows public
sector scientists and companies to work together (Figure 4.10).

CARBON MANAGEMENT: BIOECONOMY AND BEYOND © OECD 2023



94 |

Figure 4.10. The cleanroom at the LIT Open Innovation Centre (OIC), Austria

Funded by the Austrian Federal Ministry of Education, Science & Research (BMBWF), the Johannes Keppler
University (JKU) and the state of Upper Austria.

Note: The LIT OIC is a collaborative platform where cross-disciplinary academic/scientists and faculty members work alongside company
representatives to not only share their expertise and resources, but also create successful synergies. The centre follows a visionary and holistic
technological approach with a focus on Responsible Technology. It offers a cleanroom®® and nanofabrication infrastructure which is open for
CCUS related projects and activities. The Johannes Keppler University is collaborating in two CCU projects:
1. COZ2EXIDE (H2020): CO2-based electrosynthesis of ethylene oxide. Objective: The establishment of an electrochemical process for
the production of ethylene from CO2, water and renewable energy44.
2. ENZYMBIOKAT - Enzymatic bioelectrocatalysis for CO2 reduction. Objective: Conversion of renewable energy (solar and wind) into
chemical fuels*®.
Source: Photograph courtesy LIT Open Innovation Centre, Austria.

Nanomaterials can be designed to improve the energy efficiency and selectivity of CO2 conversion to fuels
and other products, thereby having potential roles in CCU*. One reason is that, as catalysis is very
common in industries, nanocatalysis may be used to improve production and energy efficiencies within
existing industrial infrastructure. Another is that new nanocatalysts may be deployed that directly convert
emissions into useful products and fuels (Mishra et al., 2020).

Dry reforming of methane with CO: creates a mixture of hydrogen and carbon monoxide (CO) - synthesis
gas, or syngas - which can be converted into liquid fuels. It has been a problematic reaction, but a process
has been developed using highly stable nanoparticles to overcome operational instabilities (Song et al.,
2020). The nanocatalyst is made from inexpensive and abundant materials. Its novelty is that it initiates
and speeds up the rate of reaction that converts CO2 and methane into hydrogen gas.

In another example, In203 nanoparticles have been demonstrated to selectively catalyse CO:2
hydrogenation to green methanol with high stability (Frei et al., 2019). For the reasons detailed in previous
sections, methanol is a versatile target for CCU for its roles in chemistry and also as a fuel. Although this
and other metal nanocatalysts show promise in the hydrogenation of CO2 to methanol, many barriers still
need to be overcome to reach commercialisation (Zheng et al, 2020).

Nanotechnologies have other applications in climate mitigation more generally. Lightweight
nanocomposites for materials in transportation save on fuel consumption or improve other properties that
lead to higher process efficiency (Graziano et al., 2020). Nano-based lubricants in engines can significantly
decrease fuel consumption by reducing friction (Mousavi et al., 2020). Nanocoatings on, say, the surface
of aircraft reduce drag and thus reduce fuel consumption*’. Cerium oxide nanoparticles as fuel additives
aid more complete combustion in engines (Mei et al., 2016). Nanomaterials can help make lighter, stiffer
wind turbines (Mishnaevsky Jr et al., 2017). Other applications include photovoltaic technology for solar
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cells (ElI Chaar et al., 2011); hydrogen and fuel cells and the hydrogen economy (Sahaym and Norton,
2008); batteries and super-capacitors for energy storage (Gogotsi and Penner, 2018); improved insulation
for houses and offices (de Guinoa et al., 2017).

At the cutting edge of nanotechnology/hybrid technologies are nanocell hybrids, which are formed by
hybridising abiotic materials with living cells to perform a range of sustainability-driven functions: clean
energy, green chemical catalysis, environmental remediation. Nanocell hybrids is a new field that is truly
cross-cutting and convergent, encompassing as it does nanotechnology, physics, chemistry, biology,
materials science and engineering (Geng et al., 2022).

Nanotechnology in plant agriculture — opportunities and challenges

As an illustration of the general-purpose nature of nanotechnology, Figure 4.11 shows some of the
potential applications of nanotechnology in plant agriculture. The authors (Hofmann et al., 2020) assessed
that smart delivery of pesticides or nutrients (fertilizers) packaged into nano-carriers are the most mature
applications and with the largest potential impact. There are data gaps to be filled, however, to accurately
weigh up their risks and benefits. Critical assessment of the market potential and scalability is needed for
successful deployment.

Regulation and safety remain critical policy issues and barriers. The engagement of international
organisations is required to encourage standardised approaches to nanomaterial regulation. Another
barrier is that, unlike other industries for instance pharmaceuticals and automotive, the agricultural industry
lacks a unified voice and the resources to develop academic—industry collaborations. And, of course, public
acceptance will require engagement of all stakeholders - government regulators, researchers,
manufacturers, farmers, consumers and retailers.

Figure 4.11. Nanotechnologies and nanomaterials have applications at many stages in agriculture
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determined based on expert judgment of the potential magnitude of the impacts that each technology may provide to improve agricultural
sustainability. Colours indicate the level of opportunity as high (green), medium (yellow) or low (blue). Nc = nano-carrier.

Source: Hofmann et al. (2020)
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Automated synthetic chemistry

Compared to the other general-purpose technologies described (synthetic biology/engineering biology,
nanotechnology), this is perhaps the least developed. But when perfected, it could herald a “new wave of
innovation in biology and materials sciences by greatly facilitating access to known and novel molecules”
(Collins et al., 2020). Automated chemical synthesis gets likened to the revolution in genome sequencing,
but the main reason that it lags behind biology is that the number of combinations of atoms, particularly in
organic molecules, is astronomical, and the technology to build any arbitrary chemical molecule does not
yet exist (Sanderson, 2019). While the achievements of modern chemistry are most impressive, current
approaches to design and synthesis are still slow and inefficient, with poor reproducibility and scalability,
and they make limited use of prior knowledge.

A highly relevant example is a project in automated synthesis to find catalysts that can help to extract
hydrogen from water more efficiently. It has taken 20 years of photocatalysis to reach a 1% efficiency in
using light to produce hydrogen from water. The goal of the automated synthesis project is to find a material
with 5% efficiency, which may mean screening several hundreds of thousands of different molecules. A
robotic platform has been built at the University of Liverpool, UK to tackle the task. The ideal automated
synthesis platform would be able to plan its own synthetic routes and to execute them, incorporating scale-
up to production goals (Coley et al., 2019).

Hydrogen as enabler in carbon-based value chains

In biology, the carbon cycle is the redox process in which carbon oscillates between being bound primarily
to oxygen and primarily to hydrogen. Generally, this cycle is driven by sun energy through photosynthesis,
whereby atmospheric CO2 and hydrogen, typically from water, is converted into hydrocarbons. Hence, to
reduce the pressure on nature by utilising CO2 from industry emissions (CCU) or industrially captured
atmospheric CO2 (DAC), hydrogen is a necessary component.

The energy needed to make hydrocarbons is reflected in the fact that the chemical industry is very energy
demanding. In a fossil economy, the hydrogen is provided by already existing hydrocarbons such as natural
gas or crude oil. To make green alternatives, hydrogen is usually provided as Hz gas, which is a sufficiently
energy rich form of hydrogen to react with CO2. However, consistent with common practice, the following
discussion refers to Hz simply as hydrogen.

Hence, hydrogen is an essential resource in many carbon-based value chains, not only in CCU and DAC
alluded to above, but in a wide spectrum of processes for recycling, upgrading, or converting organic
(carbon-based) compounds and materials. This section describes technologies and policies related to
hydrogen primarily with reference to manufacturing of carbon products, without downplaying the
importance of hydrogen itself as an energy carrier in the energy sector. Hydrogen will also have indirect
effects on other value chains, for instance replacing coal as reducing agent in the steel industry or replacing
natural gas in the manufacturing of fertilizers.

Production of hydrogen

Figure 4.12 provides an overview of the various production routes to hydrogen, which in industry jargon
have been denoted by colours depending on the energy source used. The two most discussed low-
emission alternatives are green hydrogen produced from renewable power and blue hydrogen made from
natural gas with sequestration of the fossil carbon (CCS). Turquoise hydrogen is a third alternative based
on natural gas, where the fossil carbon content is captured on the form of solid carbon (carbon black).
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Figure 4.12. The hydrogen economy ‘colours’
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Note: United States is moving toward clean hydrogen criteria with well-defined LCA targets versus hydrogen defined by colour.
Source: Adapted from World Energy Council (2021).

Green hydrogen

The generation of green hydrogen is achieved by electrolysis of water powered by renewable energy rather
than production from natural gas. Electrolysers consist of an anode and a cathode separated by an
electrolyte, much like a fuel cell. Different electrolysers function in different ways, depending on the type
of electrolyte material involved and the ionic species it conducts:

e Polymer electrolyte membrane (PEM). In this case the electrolyte is a solid speciality plastic
material. The special property of this membrane is that it allows passage of protons but not gases
such as hydrogen or oxygen, preventing the product gases from mixing.

e Alkaline electrolysers. These have been available for many years. Hydroxyl ions (OH-) pass
through the electrolyte from the cathode to the anode with hydrogen being generated at the
cathode. Research is investigating the use of solid alkaline exchange membranes (AEM).

e Solid oxide electrolysers. These use a solid ceramic material as the electrolyte that selectively
conducts negatively charged oxygen ions (O?) from the cathode to the anode, leaving the produced
Hz at the cathode.

Hydrogen production via electrolysis using renewable (biomass, wind, solar, hydro, geothermal) or nuclear
energy options result in virtually zero GHG emissions but the production cost needs to be decreased
significantly to be competitive with more mature pathways based on fossil hydrocarbons*® (grey hydrogen).

Sustainable production of hydrocarbons and derived materials would require emission-free hydrogen.
Hence a fundamental consideration for CCU is the hydrogen source and its carbon footprint. If water
electrolysis is fuelled only by fossil energy (yellow hydrogen), then it is in fact likely to have an overall
carbon footprint larger than conventional grey hydrogen. As most countries still use some fossil resources
in their electricity production, the grid power could not be considered fully emission free. Green hydrogen
would in such cases either need direct connection to, for instance, a wind park or certification of the
sustainability benefits by a third-party LCA.
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Blue hydrogen

In principle, the production process for blue hydrogen can be identical to hydrogen produced from natural
gas by dry or steam reforming (grey hydrogen), but with the additional step that virtually all the fossil carbon
is captured and permanently sequestered. There are also processes in development where the reforming
step and the CO: capture is fully integrated (Andresen et al., 2014). In practice, however, the complete
CCS process is not 100%. Although the carbon footprint may potentially be lower than 1 kg CO-ze per kg
hydrogen produced (DNV, 2021), blue hydrogen is classified as “low-emission hydrogen” in the EU
nomenclature, in contrast to green hydrogen which can be “renewable” provided that the electrical power
is fully renewable.

Blue hydrogen depends on access to natural gas, as well as opportunities for CO2 sequestering. The US
Inflation Reduction Act offers public support for building CCS sites linked to natural gas wells and tax
incentives for use of blue hydrogen. In Norway there are plans for blue hydrogen production at the current
oil and gas refinery at Mongstad, which is only 40 kilometres from the Norther Lights CCS hub. However,
hydrogen is difficult to transport over long distances, hence for central European markets it might be better
to transport natural gas from the North Sea in existing pipelines, extract the hydrogen close to its use, and
then transport the COz2 back for storage, rather than transporting the final hydrogen product to the market.

National hydrogen strategies

Given the general utility and importance of hydrogen in a net-zero scenario, many countries have
developed a dedicated hydrogen strategy. Table 4.2 provides an overview of several OECD member

states that have already a national strategy in place, while others are in the process of doing so.

Table 4.2. National hydrogen strategies of selected OECD countries

Country and
year

Source

Policy implications

Australia, 2019

Canada, 2020

Chile, 2020

France, 2020

Germany, 2020

Hungary, 2021

ltaly, 2021

Japan, 2017

Korea, 2019

www.industry.gov.au/data-and-
publications/australias-national-
hydrogen-strategy
www.nrcan.gc.ca/climate-
change/canadas-green-future/the-
hydrogen-strateqy/23080
https://energia.gob.cl/sites/default/files/
national_green_hydrogen_strategy -
chile.pdf
www.economie.gouv.fr/presentation-
strategie-nationale-developpement-
hydrogene-decarbone-france
www.bmwi.de/Redaktion/EN/Publikatio
nen/Energie/the-national-hydrogen-
strategy.html
https://cdn.kormany.hu/uploads/docume
nt/a/a2/a2b/a2b2b7ed5179b17694659b
8f050ba9648e75a0bf.pdf
www.mise.gov.it/images/stories/docum
enti/Strategia_Nazionale_ldrogeno_Lin
ee_quida_preliminari_nov20.pdf

www.meti.go.jp/english/press/2017/122
6_003.html

www.korea.kr/special/policyCurationVie
w.do?news|d=148857966#L4

Rapid scale-up strategy; Identifies 57 joint actions, Capacity building;
‘Responsive’ regulation; Industrial feedstock; Heating; Heavy transport;
Lon-term governance structures; Safety

New Hz supply, distribution infrastructure; Drive investment through
regulation; Key enabler for net-zero emissions, 2050; Engage
indigenous communities; Create 250 000 jobs; Energy resilience
Emissions reduction; Greening industry; Local jobs; Public-private
partnerships; Create electrolysis sector; Energy exports; Competitive
production; 6 priority applications; Standards, safety; Governance

R&D&I; Scale-up barriers; Electrolyser sector; Heavy transport; Skills;
Energy security; Local; Regional; 11 key markets; Clean mobility; Jobs;
Deployment; Decarbonise; Defossilise; Europe; Infrastructure

Market creation; Technology rollout; Offshore and onshore; Security;
Alternative energy; Chemicals, steel sectors; transport infrastructure;
Skilled labour; International markets; Create National Hydrogen Council

Action plan; Target system; Decentralised; Industry decarbonisation;
Electrolyser capacity building; Green transport; Electricity infrastructure;
Regulation, International cooperation, R&D&I, Skills, education;
Electrolyser capacity; Green Hz; 10 000 jobs; Transport; Chemicals;
Market costs; Emissions; Regulation; Standards; Investments;
Refineries, Ammonia, Iron/steel, Hz corridors; Infrastructure; R&l

Cost-competitive with fossil; Energy security; Emissions reduction; Heat;
Power; Industry processes; Transport; Safety, Supply chains; Pipelines
technology; Standards; International cooperation; Public support

Scale-up; Vehicles; Power; Heating; Imports; Economic growth; Safety;
Regulation; R&D; Standards; Market; Financing and investments;
Competitiveness; Energy security; Roadmap; Infrastructure

CARBON MANAGEMENT: BIOECONOMY AND BEYOND © OECD 2023


http://www.industry.gov.au/data-and-publications/australias-national-hydrogen-strategy
http://www.industry.gov.au/data-and-publications/australias-national-hydrogen-strategy
http://www.industry.gov.au/data-and-publications/australias-national-hydrogen-strategy
http://www.nrcan.gc.ca/climate-change/canadas-green-future/the-hydrogen-strategy/23080
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Netherlands, 2020

Norway, 2020

United States

European Union,
2020

www.government.nl/documents/publicat
ions/2020/04/06/government-strateqy-
on-hydrogen
www.regjeringen.no/contentassets/8ffd
54808d7e42e8bce81340b13b6b7d/hydr
ogenstrategien-engelsk.pdf
www.hydrogen.energy.gov/clean-
hydrogen-strategy-roadmap.html

https://ec.europa.eu/energy/sites/ener/fi
les/hydrogen_strategy.pdf

National Climate Agreement; Clean Hz; Job creation; Scale-up; Cost
reduction; PPP; Global market; Air quality; Supply chain; Clusters;
Regulation; Safety; R&D&I; Regional; International strategy

Value creation; CO2 tax; Demonstration; Piloting; Value chain; CCS;
Electrolysis; Competitive; Safety; Standards; Zero Emissions Fund;
Maritime; Public procurement; International collaboration; ETS
Scale-up; Safe storage; Levelised cost; Permitting; Decarbonisation;
Supply chain resilience; Codes; Standards; Jobs; Training; Private
investment; Chemicals; Steelmaking; Transport; Electricity; RDD&D;
Holistic; Justice; Regional hubs; Electolysers, Regulation

Emissions reduction; Air quality; Achieve Green Deal; Decarbonise;
Deployment, Investment; Electrolysers; Lead markets; PPPs; Market;

Carbon capture; Investment; Clean Hydrogen Alliance; Roadmap 2050;

Note: The selected policy implications for each country are not exhaustive. They demonstrate the range of policy issues at stake and highlight
commonalities and differences.

One of the general observations from the national strategies is that many envisage multiple roles for
hydrogen, although the timescales for deployment vary (Table 4.3). A quite common objective is to provide
the means to reach national climate obligations, for instance low-emission solutions in the transport sector.
This may include using hydrogen directly in a fuel cell or indirectly by CCU-based production of so-called
synthetic fuels for heavy vehicles, aviation or the maritime sector. Other aspects may be related to
sustainability goals in specific domestic industry sectors, such as steel, cement, ammonia, or organic

chemicals.

Table 4.3. Sectors prioritised in national hydrogen strategies in selected OECD member states

Sector Priority in National Hydrogen Strategy
Australia Canada Chile France =~ Germany Hungary Japan Korea  Netherlands Norway  European
Union

Heating Immediate ~ Immediate = Immediate Lower Lower = Immediate =~ Immediate Lower Immediate Lower Lower
Industry:
Iron/steel Longterm = Immediate N/A  Immediate = Immediate =~ Long term Lower Lower Immediate Lower  Longterm
Chemical Immediate | Immediate = Immediate = Immediate = Immediate = Immediate Lower N/A Immediate ~ Immediate = Immediate
feedstock
Refining N/A  Immediate = Immediate = Immediate = Immediate = Immediate Lower N/A Immediate Lower = Immediate
Other (e.g. N/A  Immediate N/A  Immediate Lower Long N/A N/A Lower N/A N/A
cement) term
Power Lower Lower N/A N/A N/A Lower = Immediate = Immediate Lower N/A Lower
generation
Transport:
Light Lower = Immediate = Long term Lower Lower = Longterm = Immediate = Immediate Immediate Lower Lower
vehicles
Medium, Immediate | Immediate  Immediate = Immediate = Immediate = Immediate = Longterm = Immediate Immediate Lower = Immediate
heavy
Buses Immediate | Immediate = Immediate = Immediate = Immediate = Immediate = Longterm = Immediate Immediate Lower = Immediate
Rail Lower = Long term N/A  Immediate = Immediate Lower Lower Lower Immediate N/A Immediate
Marine Longterm = Longterm = Longterm Lower  Longterm Lower Lower Lower Lower = Immediate = Long term
Aviation Lower = Longterm = Longterm  Immediate = Longterm N/A Lower N/A Lower Lower  Long term

Note: N/A = not applicable

Source: Adapted from World Energy Council (2021)
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Hydrogen policies for chemicals, materials, and fuels

The policy analysis provided in Table 4.3 shows the importance of hydrogen in manufacturing of chemicals.
Saygin and Gielen (2021) argued that green hydrogen is essential for the chemicals industry to reach 2050
targets. On the basis of this analysis, chemical feedstock is jointly the top sector where ‘immediate’ action
is needed.

While the technology for both green and blue hydrogen already exist, the current global production is still
low, about 3 megatonnes of blue and only 260 kilotonnes of green hydrogen® of a total demand of 15
megatonnes. As alluded to, the current costs of both green and blue hydrogen are considerably higher
than for traditional ‘grey’ hydrogen. Cost-competitiveness is a major issue today and for some time into the
future. Driving down costs will require a range of supply- and demand-side instruments. On the demand-
side, markets need to be incentivised and developed. That will require standards and robust regulation
and governance. Green procurement is another market-based mechanism of interest.

Electrolysis makes it feasible for multiple countries to produce their own hydrogen. It is inevitable, however,
that some countries will have national advantages, although the success formula can be complex.
Countries in the Middle East may for instance benefit from an ample supply of relatively cheap sun energy
but will also need stoichiometric amounts of pure freshwater not so easily available.

Apart from the cost, the availability of electricity for green hydrogen production will have to compete with
alternative use of the renewable power. If a country has a plan to build economic growth around CCU and
does not have the renewable energy capacity, the cost of infrastructure for hydrogen import must be
included, which can be considerable. Gas-for-Climate (2021) is an informative document describing
hydrogen infrastructure and financing plans in various European countries.

As synthetic chemicals and fuels require large investments, a clear regulatory framework is essential,
particularly with respect to demand-side measures. This is illustrated by the efforts to stimulate sustainable
aviation fuel (SAF) in Europe. As part of their “Fit For 55” programme, the European Commission has
announced ambitious blending mandates, rising from 2% SAF in 2025 to 20% in 2035 and 70% in 2050%°
(Refuel EU). Of this there is a proposed sub-mandate of synthetic SAF (35% in 2050), which would depend
on hydrogen. However, to qualify as synthetic SAF, only green hydrogen made from fully renewable energy
would be allowed®".

Korea acts as an exemplar of policy to develop a hydrogen ecosystem. For Korea, the ambitions are large
and a little different from other countries in the emphasis on transportation and power generation (Box 4.2).
It also illustrates the need to align demand side ambitions with realistic supply side opportunities.

Box 4.2. Korea’s hydrogen economy policy

For much of this century so far Korea has been investing in hydrogen through both the public and private
sectors, resulting in a maturing industry targeting mobility and power generation in near term. This has
been achieved by a policy mix designed to attract many companies that have formed the Korean
hydrogen ecosystem. It is estimated that there are almost 400 companies in the Korean hydrogen
industry.

Korea’s hydrogen policy portfolio

Master Plan for an Environmentally Friendly Hydrogen Economy—Visions (2005)
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This set targets of 3% for the share of hydrogen in final energy, supply of two million hydrogen vehicles
(8% of all vehicles), and 6.8% for the share of fuel cells for power generation in total power demand.
Korea proved ahead of its time, and the plan never met its targets, one reason being a lack of
international interest.

Strategic Investment Direction for Innovative Growth (2018)

The Korean government selected the hydrogen economy as one of three major strategic investment
areas.

Hydrogen Economy Activation Roadmap (2019)

During 2018 a national committee prepared a roadmap, which was launched in 2019, establishing three
main policy directions to realise the hydrogen economy:

1. Create an industrial ecosystem around hydrogen vehicles and fuel cells.

2. Build a production capacity of 5 million tonnes hydrogen by 2040.

3. To prepare and implement safety management standards for hydrogen.

Act on Hydrogen Economy Development and Hydrogen Safety Management

The Hydrogen Act makes provisions for hydrogen equipment safety requirements, certification
processes and the roles and responsibilities of various government agencies. The controlling body is
the Hydrogen Economy Committee chaired by the Prime Minister and with ministers from eight
ministries.

Green New Deal (2020)

Out of the KRW 74 trillion (USD 56 billion) of total capital investment under the Green New Deal, the
largest portion, KRW 20 trillion, is to be used for green mobility, particularly hydrogen projects.

Source: Department of International Trade (UK) (2021); Youngok et al. (2022)
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