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The chemicals industry produces a diverse range

of products — including pharmaceuticals, plastics,
lubricants, paints, dyes, surfactants, cleaning fluids,
advanced materials and composites — that are
essential inputs to almost every other major sector

of the economy. The most notable sectors include:
automotive, aerospace, construction, energy, food and
healthcare.

However, as the global population increases, so too
does consumer demand for these chemicals. Given
the world’s finite natural resources, as well as issues of
climate change and security of supply, the world will
need to develop new, sustainable, chemical feedstocks
in order to meet the growing demand.

This scoping study provides a summary of the
innovation landscape and some of the key innovation
challenges/opportunities associated with raw materials
(or ‘feedstocks’) for the production of chemicals now
and into the future. Raw materials covered within the
study are:

* Unconventional oil and gas (particularly shale gas)
* Carbon dioxide

*  Renewable feedstocks

*  Scarce metals and minerals

*  Renewable hydrogen

The study found that all of the raw materials outlined
above are important parts of the future mix for the

UK chemical and chemical-using industries. It also
identified a number of recommendations (refer to
Summary of recommendations) where follow-up action
is required to better understand and take advantage of
the opportunities identified.

With regard to shale gas, it is clear that if production
occurs in the UK, it will provide a secure supply of
feedstock (and energy) for the chemicals sector now
and into the future, helping to secure investment in
existing UK infrastructure and providing opportunity
for growth in the sector and its supply chains. A
number of opportunities have been identified where
chemistry-related innovation can help improve
productivity and minimise environmental risks
associated with shale gas extraction. The chemical
innovators and shale gas producers should come
together to explore and exploit these opportunities.
A more focused investigation is also required to
investigate innovation opportunities through the
chemicals supply chain that result from having access
to indigenous shale gas. This investigation should bring
together the chemistry and industrial biotechnology
communities that are investigating pathways to
exploit methane and natural gas liquids as chemical
feedstocks.

As the world continues to transition to a low carbon
economy, it is vitally important that alternative
chemical feedstocks, beyond petrochemicals, are
developed. One such alternative feedstock is carbon
dioxide. Produced as a by-product of many industrial
processes, it can be turned into chemicals, fuels and
other materials via a range of different chemical or
bio-chemical pathways. The Technology Readiness
Level (TRL) of these different pathways varies and
certainly the current lack of economic incentive for
industry to do anything with carbon dioxide is holding
back commercial exploitation. Further support is
required to help accelerate carbon dioxide utilisation
(CDU). The UK’s leading academic community, start-



ups and SMEs working in this area should come
together with carbon dioxide producers to find new
niche market opportunities where its incorporation
into chemicals/materials provides performance
improvements at lower cost and where the benefits of
utilising carbon as part of circular economy thinking
are appreciated. Opportunities for CDU should be
explored within carbon-intensive industry clusters,
particularly where there is access to excess renewable
energy that can help lower the energy demand (and
cost) to utilising carbon dioxide.

Of all the feedstock categories that are covered in

this study, renewable feedstocks have been the best
supported by the UK government, Research Councils,
academia, funders, RTOs and industry. They are
recognised as having significant potential in the UK

as it moves towards a sustainable bioeconomy of the
future. This study focuses on renewable feedstocks
that are derived from second and third generation
biomass and carbon-containing wastes, although it
still only manages to skim the surface of this broad
area. It identifies a number of different sources of
biomass and carbon-containing wastes that may
provide routes to high value chemicals in the future. It
also identifies a number of UK-based companies that
are making significant progress in this area. Further,
more detailed consultation is required to understand
which combination of biomass/carbon-containing-
waste feedstocks, conversion technologies and market
opportunities will be the most commercially attractive
for the UK in the future.

Scarce metals and materials are another very
important area when considering the supply of
inorganic chemical feedstocks for the future.
Important research has already been undertaken
through projects like the Critical Raw Materials
Innovation Network (CRM_Innonet), which identified
14 critical raw materials (CRMs) for Europe’s energy,
transport, ICT and electronics industry supply chains.
This study summarises some of the challenges and
opportunities for the chemicals sector, particularly

in substituting precious metals for catalysis, as well
as opportunities for chemistry-related innovation to
assist in minimising or substituting scarce metals and
minerals in other sectors. There continues to be an
important role for organisations like the Knowledge
Transfer Network (KTN) in helping businesses and
government understand the supply chain risks
associated with CRMs and how these can be mitigated
through innovation. Collaborative innovation that
addresses the issue of CRM substitution in the
chemicals sector (for catalysis) and in other sectors will
continue to be important for the future.

An additional feedstock for the future that has been
identified through this study is renewable hydrogen.
This is hydrogen that has been produced via the
electrolysis of water, utilising energy from a renewable
energy source. The commercial interest in developing
renewable hydrogen as a chemical feedstock will be
strongly linked to the development of infrastructure
to support a ‘hydrogen economy’. Further exploratory
work is also required to understand the range of
chemicals that could be commercially viable based on
a renewable hydrogen feedstock.



The following recommendations are aimed at
stimulating and supporting innovation and growth

in the chemical and chemistry-using industries and
throughout the wider supply chains. The Knowledge
Transfer Network (KTN) will continue to work with
industry and other key stakeholders to ensure the UK
benefits from these opportunities.

* Shale gas producers should come together with
the chemistry community to exploit opportunities
to further improve the productivity of shale
gas extraction and minimise any associated
environmental risks. Given that the challenges of
conventional and unconventional extraction are
often the same and the conventional extraction
industry is facing mounting cost pressures, this
activity could be broadened to cover innovations
for conventional oil and gas extraction.

* A more detailed investigation should be
undertaken to consider the innovation
opportunities that might result through the supply
chain as a result of having access to indigenous
shale gas. This investigation should bring together
the chemistry and industrial biotechnology
communities that are investigating pathways
to exploit methane and natural gas liquids as
chemical feedstocks.

*  Further support is required to help accelerate
carbon dioxide utilisation (CDU) innovation. The
UK'’s leading academic community, start-ups,
SMEs and industry clusters should come together
to explore the near- and mid-term market
opportunities for CDU.

Further investigation is required to identify which
combination of biomass/carbon-containing-waste
feedstocks, conversion technologies and market
opportunities will provide UK businesses and the
UK with a competitive advantage in the years to
come.

There continues to be an important role for
industry support organisations such as KTN

to work across sectors, helping businesses
understand the risks posed to supply chains
through scarce metals and minerals and how,
through innovation, these risks can be mitigated.

Collaborative R&D between industry and
academia that is focused on helping to minimise
or substitute the use of scarce metals in catalysis
continues to be important.

The potential challenges and opportunities of
renewable hydrogen, including water splitting and
beyond green ammonia as a product, should be
investigated further. UK companies innovating in
this area would benefit from continued support.



The aim of the scoping study was to conduct a six-
month desktop review of ‘raw materials of the 21st
century’, which is one of the key strategic topic areas
of the 2013 report ‘A strategy for Innovation in the UK
chemistry-using industries’ (referred to hereafter as the
‘CGP Innovation Strategy’).

The objectives of the study were to:

* Determine the relevance of the ‘raw materials of
the 21st century’ area and whether it is aligned
with current industry needs.

* Identify the innovation challenges and
opportunities in this area and any strategic
support required to help the UK exploit these
opportunities.

The raw materials that are the subject of this study
include:

* Unconventional oil and gas (particularly shale gas)
*  Renewable feedstocks

* Carbon dioxide

* Scarce metals and minerals

* Renewable hydrogen

This study has primarily focused on raw materials

for producing chemical feedstocks, rather than
feedstocks for energy (fuels). Note that the terms ‘raw
materials’ and ‘feedstock’ will be used interchangeably
throughout this report.

The following activities were conducted as part of this

study:

* Stage 1 — Internal consultation with KTN’s
Knowledge Transfer Managers, who have
expertise in a broad range of areas. Also, a desktop
review of reports and other media to assess the
innovation landscape and identify innovation
challenges/opportunities.

* Stage 2 — Consultation with key external
stakeholders.

In undertaking these activities, the following high-
level key questions were used to help guide the study:

1.  What activity has there been in the past three
years?

2. What has changed (politically, socially,
environmentally) since the production of the CGP
Innovation Strategy, published June 2013?

3.  What are the key innovation challenges in each
area?

4. How close is the technology to be being
commercially ready (i.e. what is the technology
readiness level (TRL))?

All key reference documents reviewed as part of this
study are summarised in Appendix A.



The UK chemicals industry (including pharmaceuticals)
provides products and services for almost every

other industry sector in the economy, employing
more than 150,000 people directly in highly skilled
jobs and contributing £60m of added value every
single working day (over £15 billion per year) to the
UK'’s gross domestic product. The industry is the UK’s
largest manufacturing export sector, with exports of
nearly £50bn each year.

Similar to many other parts of the UK manufacturing
sector, the UK chemicals industry has encountered
many challenges in recent years, with parts of its
domestic supply chain relocating to more economically
attractive locations and overseas markets providing
new competition from a lower cost base.

In 2013, the Chemistry Growth Strategy Group (CGSG)
developed a Strategy for Delivering Chemistry-Fuelled
Growth of the UK Economy (referred to hereafter as
‘the CGSG Strategy’). This strategy set a vision for
growing the chemicals industry, setting the target of
the UK chemicals industry increasing its gross value
added (GVA) contribution to the UK economy by 50%
by 2030 — from £195bn to £300bn. Importantly, it
also identified three critical priorities that are needed
to achieve this vision:

1. Securing competitive UK energy and feedstock
supplies.

Accelerating innovation.
Rebuilding UK chemistry supply chains.

At the same time, the former Chemistry Innovation
Knowledge Transfer Network (CIKTN) — now part

of KTN — together with the Centre for Process
Innovation (CPI), developed the CGP Innovation
Strategy. This strategy was adopted by the CGSG,

and subsequently the Chemistry Growth Partnership
(CGP), as the basis for its strategy for accelerating
innovation. The CGP Innovation Strategy identified
the following innovation opportunities across the UK's
key manufacturing sectors:

1. Aerospace — lightweight materials and
formulated products for lower cost and reduced
environmental impact.

2. Automotive — low carbon vehicles with improved
driver experience.

3. Construction — sustainable, low carbon buildings
delivered through the whole supply chain.

4. Energy generation and supply — delivering
secure, economical, sustainable energy.

5. Life sciences — personalised treatments requiring
niche, high-value products with improved delivery.

6. Food — food for the world: nutritional, pleasurable
and sustainable.

7. Home and personal care — delivering desired
functionality to a demanding consumer base using
natural ingredients and clever formulation.

8. Chemicals manufacturing — manufacturing
chemicals more competitively and sustainably
from a variety of feedstocks.

The CGP Innovation Strategy also used this sector
information to define three key areas where public
intervention should help accelerate innovation:

* Raw materials for the 21st century — the raw
material used as input materials for the production
of energy, chemicals, components and structures.

*  Smart manufacturing processes — the processes
used in the manufacture of chemicals.

* Design for functionality — the efficient design
and manufacture of chemical entities, materials
and systems that offer desired functionality.



This study focuses on the first of these areas: raw
materials for the 21st century (referred to hereafter
as ‘raw materials’). Within this area, the following

innovation topics are identified:

TOPIC

Renewable feedstocks

Unconventional oil
and gas

Scarce metals and
materials

SUB-TOPIC

Sources of renewable feedstocks to feed chemical production.

All renewable materials including biobased raw materials, recycled materials
and waste materials.

Identifying, sourcing, converting and using these materials.

Oil and gas from shale deposits and from depleted and hard-to-access
conventional fields.

Enabling extraction operations of oil and gas in a safe and sustainable way.
Use of these feedstocks in chemical manufacture.

Materials that are economically important and at high risk of supply

disruption: scarce metals and minerals, heavy rare-earth elements, platinum
group metals.

Materials used in chemical processing such as catalysis.

Materials used in products with growing markets, for example in LCD displays
and in energy-efficient lighting.

Devising technologies and approaches to reduce usage and for recovery and
recycling.

Identifying technologies and approaches to reduce usage and for recovery
and recycling.

Identifying technologies and approaches for substitution with sustainable
alternatives.

Securing, extracting and refining additional supplies with minimal
environmental impact.



Before exploring chemical feedstocks of the future,

it is worth taking some time to introduce the
conventional feedstocks that have been used to make
chemicals for centuries.

The vast majority (90%) of organic chemicals

made around the world today are derived from
petrochemicals (i.e. chemicals from petroleum or
natural gas), while the rest are derived from coal (in
the case of syngas) and, as will be explored in this
report, other renewable feedstocks.

PLANT LOCATION OPERATED BY
Crangemouth Ineos Olefins
Mossmorran ExxonMobil / Shell
Wilton Sabic UK

The three major groups of chemicals that are derived
from petrochemicals can be categorised as follows:

»  Aromatics (unsaturated cyclic hydrocarbons
containing one or more rings) — includes benzene,
toluene, and xylene isomers.

»  Olefins (unsaturated aliphatic hydrocarbons)
— includes ethylene, propylene, butadiene,
butylenes.

* Synthesis gas (or ‘syngas’) - a mixture of carbon
monoxide, hydrogen and often carbon dioxide.

Aromatics and olefins are produced from petroleum in
oil refineries by a process known as catalytic cracking.
Olefins can also be produced in gas processing plants
via steam cracking of natural gas liquids (like ethane
or propane), while aromatics can be produced via the
catalytic cracking of naphtha.

In the UK, there are three major cracking plants
(refer to Table 2-1) that play a vitally important role
in the domestic chemicals supply chain and broader
economy.

CAPACITY KT ETHYLENE/YEAR (2014)
700

770
865
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It is not surprising that there are clusters of Having these crackers in the UK provides the country
downstream chemicals companies co-located in with tremendous domestic capability to make a
areas surrounding these crackers as they provide range of important basic chemicals that are critical
the feedstock for many of the other chemical feedstocks to many other processes and products in
manufacturing plants in the local area. sectors such as automotive, health care, etc.

Figure 2-1 summarises the key chemical products from
petroleum oil refineries and gas processing plants.

Gas processing Oil refinery

plant
(e.g. shale gas)

Non-fuel v v

feedstocks | products Petrol Other fuels
(5.2%) (43.0%) (48.5%)

Ben'ze;e .' "

Toluene Xylene(s)

Methane and other
gaseous hydrocarbons

Platform _[ Emigas

molecules .' ‘
Primary Ammonia,  Poly(ethylene) Poly(propylene)  Synthetic Polystyrene  Polyurethanes  Poly(ethylene
d Formaldehyde PE PP rubber PS PU terephthalate)
products resins PET

Figure 2-1: Chemical products from oil refineries and gas processing plants
(Source: Int. ]. Mol. Sci. 2015, 16 by James H Clark et al)
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The primary products from petrochemicals will be
used to produce speciality chemicals, fine chemicals
and pharmaceuticals, which go on to be made into
plastics (packaging, furniture, etc.), advanced materials
and composites, paints, dyes, surfactants, cleaning
fluids, medicines, etc.

One of the most important ‘platform molecules’ is
syngas. The products of syngas are very important,
for instance, hydrogen can be used in other industrial
processes (e.g. in ammonia production) or for storage
as part of powering a hydrogen energy economy.
Alternatively, coal-derived syngas can be converted
into transportation fuels (e.g. gasoline and diesel) via
the Fischer-Tropsch process or into methanol.

All of these potential conversions are shown in Figure
2-2.

Fuel Cells

Acatic Acid

Methanol

Formaldehyde

Iron
Reduction

Methyl Acetate Polyolefins

Figure 2-2: Products from syngas (Source: CleanCoalSyngas website)



As the global population increases so too does
consumer need and demand for chemical products.
Taking into consideration the world’s finite natural
resources — as well issues of security of supply and the
impacts of climate change — new chemical feedstocks
and novel chemical and bio-chemical pathways will
need to be adopted to meet this growing demand.

Certainly with regard to climate change, it is worth
pointing out that global leaders met in December
2015 for the annual climate change summit in Paris
(COP21) with the outcome being a deal that agreed

to attempt to limit the rise in global temperatures to
less than 2°C. This monumental meeting also led to
leaders agreeing to “peak greenhouse gas emissions

as soon as possible and achieve a balance between
sources and sinks of greenhouse gases in the second
half of this century”. What is not yet clear is how
governments will respond to this task. Will it be
through a direct carbon pricing mechanism or through
indirect measures or new regulation? We don’t know.
Either way, it will be essential that the UK economy is
decarbonised, and quickly. That will mean producing
as little carbon as possible and, where it is produced,
as much of it as possible must be kept in a closed-loop
system or at least stored/ sequestered. On that basis,
utilising carbon dioxide as well as renewable and waste
feedstocks will be critical in helping to meet any future
greenhouse gas abatement targets.

However, in the search for new chemicals feedstocks,
it is important that the innovation challenges and
opportunities of the current chemicals sector that
utilise petrochemicals are not overlooked. Indeed the
vast majority of investment in the chemicals sector is
based on petrochemicals and without doubt the world
will need to rely on this feedstock — at least in the
foreseeable future.

With this in mind, there are three key points that
should be considered when thinking about innovation
challenges/opportunities associated with chemical
feedstocks:

New feedstocks should make full use of

the existing infrastructure associated with
conventional feedstocks where possible

(including plant technology, storage and transport
infrastructure) to minimise capital expenditure and
reduce time-to-market.

2. Two of the biggest challenges facing the UK
chemicals sector that use conventional feedstocks
are the security of supply of feedstock and the
cost of energy. As such, innovations that can
assist in meeting these challenges will be critically
important for the survival and growth of this
industry in the UK.

3. Itis critically important for the on-going
sustainability of the UK chemicals sector that it
decarbonises its operations (including energy
supply, feedstock utilisation and manufacturing
processes) as far as possible. The rapid
development and deployment of scaleable low
carbon technologies (e.g. carbon capture and
storage or industrial heat recovery) are therefore
of great importance for the survival of the
industry.

Hopefully this brief introduction to conventional
chemical feedstocks, processes and products has
been helpful in setting the scene for the challenges
and opportunities associated with introducing ‘new’
feedstocks.



‘Conventional oil and gas’ is a term used to

describe crude oil, natural gas and its condensates.
‘Unconventional oil and gas’ is essentially the same —
the ‘unconventional’ part simply refers to the methods
that are used to extract the resources, as well as the
types of rock from which the oil and gas are produced.

This study will concentrate on the innovation
challenges and opportunities associated with
unconventional gas or, more specifically, shale gas —
as significant reserves of this have been discovered
and are expected to be exploitable in the UK in the
near future.

So what is shale gas? It is simply natural gas that is
trapped within shale deposits. The gas is extracted by
drilling a well down into the shale deposit, then using a
well-stimulation technique called ‘hydraulic fracturing’
(often just referred to as ‘fracking’), which involves the
application of a high-pressure liquid (fracking fluid) to
fracture the rock (shale) to release the trapped gas. A

diagram showing the fracking process and well design
is provided in Appendix B.

The shale deposits will include natural gas, which

is used in the chemicals industry as a feedstock

for hydrogen production, hydrocracking,
hydrodesulphurisation, ammonia production, and

to produce methanol and its derivatives, e.g. MTBE,
formaldehyde, and acetic acid. Importantly, it is also
hoped the shale gas deposits in the UK include a
significant proportion of natural gas liquids (NGLs)
such as ethane, propane and butane, which are
valuable petrochemical feedstocks. A detailed map of
the diverse range of products and value chain of just
ethane is provided in Figure 3-1.

It should be noted that while the chemicals derived
from shale gas are incredibly valuable, the world will
continue to need aromatics that are not found in shale
gas and are traditionally derived from oil refining (refer
back to Figure 2-1).
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Low Density Polyethylene
— (LDPE) and Linear Low
Denasity Polysthylene
High Density
. Polyethylene (HDPE)
Ethylene Dichloride Vinyl Chloride
: Opportunity for up to i - - - ol Liners. B
i 60% raw material cost  } e
i advantage as a result of
' wet shale gas basins i
‘ Ethylene Oxide Ethylene Glycol
\j A\ Downstream
i opportunity for
i 60% raw material
Ethane Ethylens Fibers i cost advantage
i “should” translate
i through entire
i value chain. But
Polyester Resin i will it be realized?
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Ethylbenzene Styrene Polystyrene
- — L | Resins
Styrene Acry-
Linear Alcohols —| lenitrile Resins
Styrene
— Butadiene
Rubber
Vinyl Acetate
Styrens
.| Butadiene
Latex
Misc. Chemicals Misc.

Figure 3-1: Shale gas through the ethane value chain into manufactured products
(Source: Shale gas reshaping the US chemicals industry, PWC, 2012)



There are two distinct areas of innovation related to
shale gas that have been investigated in this study:

1. The chemistry-related innovation challenges and
opportunities associated with the extraction and
production of shale gas.

2. Theinnovation challenges and opportunities for
the chemistry-using industries and its supply
chains associated with having access to a new,
indigenous supply of shale gas as a chemical
feedstock.

There is an abundance of shale at depth in the UK.
For instance, a 2013 study of the Bowland deposit by
the British Geological Survey (BCS) suggested there
are 1300 trillion cubic feet of gas in place. This is
equivalent to 40 years of current UK requirements.
However, what is not totally clear is how much of this
shale gas is economically recoverable.

Of course drilling companies, supported by industry,
have been keen to explore the UK’s shale gas deposits
for a number of years but have been held back due to
public concern and lack of strong policy support from
government.

This shifted somewhat in 2015 with the Conservative
government demonstrating support for the safe
exploitation of shale gas by awarding (through the Oil
and Gas Authority) a raft of licences to explore parts
of mainland UK for deposits. Some of the companies
that received licenses include Cuadrilla and INEOS.
This shift in government policy has the potential to
accelerate the timeline for shale gas exploitation in
the UK, although many local authorities remain against
development due to the high level of public concern
that exists.

The UK is not the only country to look to exploit
shale gas. For instance, Australia has significant
unconventional gas deposits in Queensland that it
has been developing for a number of years, with
further deposits in Victoria and New South Wales

to be explored. However, by far the best example
of a country that has seen significant growth in its
chemicals industry and broader economy through the
exploitation of its shale gas reserves is the US.

Price Water House Coopers (PwC) suggested that
by 2025, shale gas could add more than one million
workers to the US manufacturing industry and allow
US manufacturers to lower their raw materials and
energy costs by as much as $11.6bn annually. For US
chemical companies, the impact of shale gas has
been to decrease the costs of both raw materials
and energy, with the price of natural gas declining
from $12.50/MBTU in 2008 to approx. $3.00/MBTU
in 2012. This has led to an investment of $15bn in
ethylene production, increasing capacity by 33%.

Companies like INEOS in the UK have turned to

the US in recent years for their feedstock supply

in light of dwindling reserves from the North Sea.

In 2014, it built a brand new tank and terminal at

its Grangemouth site. This tank is designed to hold
60,000 cubic metres of ethane, making it the biggest
ethane tank in Europe. With a displacement volume
of 108,372 cubic metres, it is large enough for 560
double-decker buses to fit inside.

However, it is not all rosy for unconventional oil and
gas producers in the US and elsewhere. The recent
crash in world oil and gas prices makes the economic
case for exploiting these harder and more expensive-
to-reach unconventional gas deposits much weaker.

Nevertheless, if shale gas is economically recoverable
in the UK it would certainly go a long way to helping to
secure the supply of feedstock and energy, which is a
key goal of the chemicals industry.



Innovate UK

In recent years, any UK company with a project that
can demonstrate it is addressing the energy ‘trilemma’
(reducing emissions, improving security of supply, and
reducing cost) has been able to access funding support
through the Innovate UK Energy Catalyst programme.
This programme, which continues to be supported by
Innovate UK today, is very broad in that it supports
early-stage concept R&D, through to pre-commercial
validation.

More specific funding was also available in early

2015 from Innovate UK through their competition
‘Developing technologies for the safe and responsible
extraction of shale gas The £2m funding for this
programme was awarded to 19 projects exploring

a range of innovative approaches to the safe and
responsible extraction of shale gas.

Examples of UK SMEs that were funded through this
competition and that have a strong focus on chemistry
include the following:

* Advanced Defence Materials Ltd (Warwickshire):
new, wear-resistant titanium-based components
for shale gas wells that are much less susceptible
to corrosion.

* Aquaology Environment Ltd (Bristol): adapting
electrochemical wastewater treatment to the
shale gas industry.

* Cambridge Carbon Capture Ltd: gas-scrubbing
technologies that lead to the removal of carbon
dioxide and hydrogen sulphide from shale gas.

* Keronite Ltd (Haverhill): developing a new
‘photocatalyst’ technology for safe water
treatment.

Oil and Gas Innovation Centre (OGIC)

In terms of other support for the exploitation of shale
gas, there are specialist centres like the Oil and Gas
Innovation Centre (OGIC). OCIC works together with
universities and businesses in the oil and gas sector to
accelerate innovation through collaborative R&D. It is
one of eight different Innovation Centres launched by
the Scottish Funding Council.

Industry Technology Facilitator (ITF)

The Industry Technology Facilitator (ITF) is a

global not-for-profit organisation that works with

its members in the oil and gas sector to identify
technology needs, foster innovation and facilitate

the development and implementation of new
technologies. It has facilitated the launch of more than
200 projects from early-stage concepts through to
field trials and commercialisation.

The key innovation challenges associated with
production of shale gas where chemistry innovation
can play a key role that have been identified through
this study are summarised below.

Well integrity

Innovations that continue to improve the integrity

of the well during operation and at the end of its
lifetime (once ‘plugged and abandoned’) would be
valuable. This is also relevant for conventional oil and
gas extraction where there is a particular need for
materials that can be used to plug and abandon deep-
sea wells.

Innovations could include new polymers, additives or
other materials. Additives for cement are particularly
important. The cement is used in well casings to

help prevent leaks at the top of the well — but also
between the well wall and pipe. It is also used as a
cap to plug the well at the end of its lifetime. These
cements and materials must be able to cope with the
acidic subsurface conditions and be environmentally
friendly. One particular area of innovation that is
attracting interest is self-healing cement.
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New fracking fluids

Figure 3-2 below shows the breakdown, by volume, of
the components of fracking fluid. It is apparent that
less than 1% of the fluid is a mixture of chemicals, with
the rest being made up of water and sand.

Additives
0.17%

a. Scale inhibitor
b. Acid
M c. Biocide
d. Friction reducer
! e. Surfacant

Figure 3-2: Typical composition of a fracturing fluid by volume

(Source: Shale gas extraction in the UK: a review of hydraulic fracturing, June 2012)

Despite the relatively small volume, the chemicals all
play an important role in the process of stimulating
the shale, keeping the drill lubricated, extracting the
gas and carrying the rock to surface. A more detailed
breakdown of the chemicals used in the extraction
process, and why they are important, is provided in
Appendix B.

Consequently the development of new,
environmentally benign fracking chemicals that can
cope with the significant pressures and temperature
involved in shale gas extraction will be valued by the
industry.

The same is also true of drilling fluids (referred to as
‘drilling mud’). These fluids are used whilst drilling the
well to keep the drill bit cool, stop nearby water/fluids
coming into the well and to transport debris to the
surface.

Proppants are another group of chemicals that play
an important role in the extraction process and where
there is opportunity for new, more environmentally
benign alternatives to impact the market. Proppants
are materials that are sent down with the fracking
fluid to hold open the fractures that have been made.
Proppants are used in conventional wells too.

Another area of opportunity is in designing systems to
recover the fluids more easily. In the US approximately
only 10% of these fluids are recovered.




Enhanced Oil Recovery (EOR)

There are three stages to conventional oil and gas
production. Firstly, there is primary production
where the gas exits the well under its own pressure
so no support is required. Then there is secondary
production, which occurs when gas/oil flow rates
have dropped to a level where a water injector can
be used to restore pressure and help drive out more
gas from the well. A third option is to then employ
EOR techniques to extract more product. Oil and gas
companies do not always progress through all these
stages because of the cost, so it depends on the
economics of the process at each specific location.

The three main types of EOR process are summarised:

* Thermal recovery involves the introduction of
heat such as the injection of steam to lower the
viscosity or thin the heavy viscous oil and improve
its ability to flow through the reservoir.

* Gas injection, which uses gases such as natural
gas, nitrogen or supercritical carbon dioxide
(scCO.) that expand in a reservoir to push
additional oil to a production wellbore, or other
gases that dissolve in the oil to lower its viscosity
and improve its flow rate. CO; as a gas for EOR
is nascent but very interesting because if the
CO; can be trapped underground in the reservoir
then not only can it be used to increase well
production, it can also be utilised as a means
of storing CO- and therefore offsetting carbon
emissions.

*  Chemical injection involves the use of polymers
to increase the effectiveness of waterfloods, or
surfactants to help lower the surface tension,
which often prevents oil droplets from moving
through a reservoir.

The EOR process is more applicable to conventional oil
and gas production but given there are opportunities
for chemistry innovation to improve the productivity
of EOR through better gas injection and chemical
injection processes, it is worth including.

Produced water

Novel methods to separate water from the sand of
the produced water will be beneficial. Separating low
concentration contaminants (mercury, etc. on ppm
scale) that are retrieved with the sand and water is
another potential opportunity for innovation. The
water produced is extremely saline, so if the minerals
in this solution can be captured in an economically
viable manner then this would be advantageous.

Depending on the local geology, some wells will have a
particular problem of lots of loose and unconsolidated
sand. In other local areas, there may be huge amounts
of water in the reservoir. So another challenge for the
chemistry community is to find a way to extract the
gas and oil from the well, without removing the water
and sand.

Another challenge for conventional oil and gas
extraction is flow assurance. This is the process of
maintaining the flow along the pipeline. The pipeline
runs along the seabed so depending on the depth

of water the temperature and pressure can cause
problems. Asphaltene in particular is an issue for flow
assurance. This is becoming a more pressing issue as
the industry moves into deeper water or arctic regions
of the world.



Owing to the scope of this task and the relative short
period of this study, it has not been possible to identify
clear innovation opportunities through the supply
chain from having access to an indigenous supply of
shale gas.

Certainly having access to indigenous shale gas will

go a long way to providing a secure feedstock for the
chemicals industry now and into the future. It is likely
to help secure investment in existing UK infrastructure
(crackers and plants) and lead to growth in the

sector to help meet growing global demand for their
products. However, what is less clear is exactly where
the innovation opportunities lie from having access to
indigenous shale gas.

A further more detailed, cross-cutting review that
involves the chemistry and industrial biotechnology
communities who are working across the C1, C2 and
C3 feedstock supply chain (including downstream
users) would be helpful to further investigate potential
opportunities.

A number of innovation challenges and opportunities
where chemistry-related innovation can help play a
key role in making the extraction and production of
shale gas more productive and sustainable have been
identified.

Support for innovation in this area within the UK
comes from groups like OGIC, which offers a
dedicated facility in the UK for companies looking

to engage with this sector and innovate. Following
conversations with them, it is clear that there are a
number of interesting projects underway that are
looking to address the challenges mentioned, showing
evidence that the UK is already innovating in this
space. Innovate UK has provided support in the past,
running a competition in 2014 called Developing
technologies for safe and responsible exploitation of
shale gas.

The shale gas and UK-based
chemistry sector should come together to explore
and exploit innovation opportunities to improve
the productivity and minimise the environmental
risk of shale gas extraction. Given the challenges
of conventional and unconventional extraction are
often the same and the conventional extraction
industry is facing mounting cost pressures, this
activity could be broadened to cover innovations for
conventional oil and gas extraction.

With regard to the innovation challenges and
opportunities through the supply chain associated
with having access to a new indigenous supply of
shale gas, further work is needed to explore this. It
is certainly clear that shale gas production in the UK
would help keep and generate jobs, hopefully leading
to investment in the chemicals sector and its supply
chains. However, more detailed consultation with
the research base and industry that is involved in

the conversion of methane and NGLs is required to
understand the challenges and opportunities in more
detail.

More detailed investigation
is required to explore the possible innovation
opportunities through the supply chain if the UK has
access to indigenous shale gas. This investigation
should bring together the chemistry and industrial
biotechnology communities that are investigating
pathways to exploit methane and NGLs as chemical
feedstocks.
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4.0 Carbon dioxide utilisation

This study is interested in anthropogenic CO.. That is
CO, that has been produced as a by-product (‘waste’)
of industrial processes or as a consequence of burning
fuels. This study is primarily focused on the capture
and utilisation of CO, (referred to hereafter as ‘carbon
dioxide utilisation’ (CDU) and sometimes referred to
by others as ‘carbon capture and utilisation’ (CCU))

to produce higher value products, primarily chemical
feedstocks but also synthetic fuels and building
products.

The capture of CO; for the sole purpose of
permanently storing it underground in geological
formations — referred to as ‘carbon capture and
storage’ (CCS) — is not a focus of this study, although
as capturing CO, is a necessary step before it can be
utilised, CCS and CDU are inextricably linked.

Once captured, there are a variety of pathways to use
CO; ‘as-is’ or alternatively convert it to a higher value
chemical (refer to Figure 4-1). A more detailed diagram
showing the chemical products from CO, is provided
in Appendix C.
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For instance, CO, can be used, without any further
conversion, by the beverage industry to make
carbonated drinks. Alternatively, if pressurised to a
supercritical state, CO, becomes a tuneable solvent,
which can be used for separations or extractions,
reaction chemistry or (as mentioned in Section 3) to
improve the productivity of oil and gas wells in the
EOR process. However, given significant amounts of
energy are required to capture and compress CO,, the
CO: needs to be adding significant value in its current
state before it is economical. Hence the attraction of
utilising the CO- for higher value products such as
chemicals, fuels or materials and the reason it is the
focus of this study.

As CO: is a greenhouse gas, one of the key drivers

for its valorisation is to help reduce greenhouse gas
emissions. For instance, if the CO, that has been
utilised is taken from an industrial process where the
CO- would otherwise have been vented to atmosphere
but instead is permanently sequestered inside another
product, then the emissions from that industrial
process have been offset. Additionally, if CO- can be
utilised in a chemical product where that chemical
would otherwise have been produced via a virgin
petrochemical feedstock, then (dependent on a full
lifecycle assessment) further carbon emissions have
been avoided.

It is therefore clear that CDU and CCS have an
important role in helping to decarbonise industry.
Indeed, the Department of Energy and Climate
Change (DECC) recently recognised this, with CCS
(and CDU to a lesser extent) featuring in their
Industrial Decarbonisation and Energy Efficiency
Roadmaps to 2050 covering the UK's eight most
energy-intensive industries.

In their report, they suggest that CCS would be the
single largest contributor to decarbonisation, with a
total emission reduction potential of 23m tonnes of
CO; per annum in 2050 (37% of the total combined
reduction under their ‘Max Tech’ scenario). They also
suggest it is a key decarbonisation technology in four
sectors: cement (at 62% of the ‘Max Tech’ scenario),
chemicals (43%), iron and steel (45%) and oil refining
(56%).

Specifically with regard to CDU, DECC states that,
“although CDU could offer the potential for more
commercially viable decarbonisation, it is currently

an area of academic research and that the current
industry view is that CDU will not be possible at
sufficient scale to make a significant contribution to
sectors such as refining, chemicals, cement and iron and
steel.” However, it also states, “further research and
development could, however, change this balance.”

The view of DECC is countered by the EU Smart CO,
Transformation (SCOT) project group (discussed
later), which suggests in its Vision for Smart CO>
Transformation in Europe that by 2030 CDU
technologies will enable the world to:

*  Buy a mattress from major European retailers,
made with foam that uses recycled CO..

*  Construct a truly carbon-negative house from
mineralised wastes and CO, capturing cements.

*  Fill a long-distance freight truck with CO,-derived
synthetic fuel.

* Travel on a plane powered by a percentage of
CO--derived aviation fuel.

* Eat foods produced with fertilisers derived from
CO..

* Live on anisland that has a self-sufficient,
sustainable agricultural industry powered
by renewable energy, green urea and synthetic
tractor fuels all made from CO,.

It should be noted that there are already a number
of commercial scale CDU processes that exist today.
For instance, urea is made from ammonia and CO,
on a scale of 8om tonnes per annum (Mt/a). Salicylic
acid, which is used to make aspirin, is produced from
phenol and CO; at a relatively small scale of 0.025
Mt/a. However, these examples are for lower value
chemicals and/or small markets.

The SCOT project has been looking across the three
major utilisation pathways to assess where the
different CDU technologies stand in regard to their
current TRL. From Figure 4-2 it is clear that the TRL
of most technologies is very broad-ranging but with
some mineralisation technologies reaching TRL 8-9.

Certainly, Europe has seen significant commercial
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Figure 4-2: TRLs for each different CDU technology across the three major CDU pathways: mineralisation (light blue), chemical
products (dark blue) and synthetic fuels (red). (Source: SCOT — Vision for Smart CO2 Transformation in Europe, 2015)

interest in CDU, with a particular focus on polymers.
As part of their Dream Production project, Covestro
(part of the Bayer group) is investing €15m in the
construction of a 5,000 ton capacity plant for
producing CO,-based polyols (which are intermediates
in the production of polyurethanes) at its Dormagen
site. The technology has been developed by Covestro
in collaboration with the CAT Catalytic Center in
Aachen, which helped develop a suitable catalyst for
the process. Construction of the plant started in 2015.

In the UK, Econic Technologies is a prime example of
a start-up that is making progress towards commercial
applications of CDU. In 2016, it announced an
additional £5million investment to expand it’s facilities
and accelerate commercialisation of its catalyst
technology for transforming CO. into polyurethanes
and other polymers. This latest round of investment is
complemented by a further £2M of funding recently
awarded under the H2020 SME Instrument.

Mineralisation and accelerated carbonation using

CO: is another route that has attracted interest and

is currently the CDU technology that is the most
advanced. This technology involves reacting the
captured CO, with minerals (calcium or magnesium
silicates) to form (Ca or Mg) carbonates. This is a
high-volume sequestration process with relatively low
value products but has the advantage over traditional
CCS (i.e. sequestration in geological formations), in
that mineralisation products can be utilised in the built
environment as cement and aggregates rather than
the CO, just being stored underground.

UK start-up Carbon8 has been leading in this area,
producing a high quality aggregate product using its
Accelerated Carbonation Technology (ACT).
Elsewhere in the UK, CCm Research is developing a
fertiliser product in a process which utilises CO,. R&D
is currently being undertaken at its pilot plant co-
located at Viridor's Energy Recovery Facility, in Ardley.
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By combining ammonia-coated waste fibres from the
Viridor site with CO, from Viridor's exhaust gas, CCm
is able to produce a low-carbon fertiliser. Fertiliser
produced via CCm’s methods produces only 15% of the
CO- compared with conventional fertiliser production
methods.
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There are a number of organisations in the UK and
overseas (particularly in the US where the aim has
mainly been to make biofuels from algae) that have
invested significantly in algal technologies. However,
despite this significant investment, there are still no
examples of using algae technologies to make fuels or
chemicals on a commercial scale as yet.

Harvesting »

CO; can be also be transformed 