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Executive Summary

Importance and current stateof engineered GGRs

Greenhouse gas removal (GGR) technologies are deemed essential by the UK Government to achieve
t he Unedilsn and long-term decarbonisation targets. Modelling for the Net Zero Strategy suggests
that by 2050, between 75 and 81 MtCO./year of negative emissions from engineered GGRs might be required
to meet the UK's 2050 net zero target'. However, to date there are no large-scale active and operational
engineered GGR projects within the UK.

Bioenergy with carbon capture and storage (BECCS) and direct air carbon capture and storage
(DACCS) are two of the most promising engineered GGR approaches for deployment over the next
decade, with numerous other innovative GGR technologies at earlier research and development stages.
Despite their relative importance for decarbonising economies, engineered GGRs have not been deployed at
commercial scales, with extremely few exceptions.

So far, the major barriers to large-scale rollout of GGRs have been their relatively high and uncertain
costs, as well as lack of a substantial negative emissions (NE) market. In the absence of government
support to bridge the gap between technology demonstration and commercialisation, these issues will persist
and stifle the GGR sector. Therefore, to establish a GGR sector which enables the UK to reach its carbon
budget commitments and net zero targets, the government must develop policies to provide revenue certainty
to engineered GGRs with a specific view to support first-of-a-kind (FOAK) deployment in the short term.

This study explores how GGR policies may be designed to delivertheUK 6 s NE wita a gpecifics

focus on supporting FOAK DACCS projects. The general GGR policies are designed to be compatible with

the wider decarbonisation policies of the UK and prioritise national technology deployment. An emphasis on

FOAK DACCS technologies is provided to complementBEl Sé6 previ ous work on FOA
commercial frameworks and to address some of the unique challenges of this emerging technology type.

Policies to support engineered GGR deployment

A longlist of potential GGR policies is compiled based on literature review and discussions with a
diverse set of stakeholders. These policies, listed in Table 1, can be broadly grouped as those establishing
a market for NE credits, those that award contracts for production of NE and other policies requiring
government involvement at various degrees.

Table 1: Longlist of potential GGR policies considered

Category Name Description

Inclusion of NE credits in the UK Emissions Trading System (ETS)
Market- ; . , =
based UK ETS WhIC'h, depen_dlng pn_market design, couId_aIIow participants to offset a
portion of their emissions through purchasing allowances from GGR
developers that meet market participation criteria.

Obligation A requirement placed on certain emitters or fossil fuel suppliers to offset
Schemes an increasing portion of their emissions through NE credits.

Contracted Carbon contracts for difference (CfDs) where the government pays the
Carbon CfDs | developers the difference between an agreed strike price and a
reference price on a £ per tonne of CO, removed basis.

Procuring NE through paying developers a specified £ per of tonne of

X

il
|

Paymen . ! .
ayment CO, removed, determined through bilateral negotiations or reverse
Schemes .
auctions.
Government Cost Plus Open book contracts where the government pays all the eligible costs
Intervention Subsidy and an additional margin as a profit to selected projects.

! Net zero strategy: build back greener. BEIS, 2021 [Link].


https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1033990/net-zero-strategy-beis.pdf
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v - Direct government grants to GGR projects which can demonstrate value
Competitions for money or are strategically important in other ways.

Awarding investment tax credits equivalent to a specific % of total
capital investment and/or production tax credits on a £ per tonne CO
removed basis.

Tax Incentives

To identify the policies with the highest likelihood of success, a set of assessment criteria was developed in
consultation with BEIS and a cross-government Steering Group, which is presented in Table 2. Each of the
longlisted policy mechanisms were then ranked against the criteria in a RAG (red, amber, green) rating with
the results summarised in Figure 5 in section 4.3. The final shortlisting was carried qualitatively based on the
scores and feedback from the stakeholders.

Table 2: Criteria used for the assessment of the long list of GGR policy mechanisms

Category Name Description

_ The policy should create a stable source of demand/revenue for
Economic stabilit negative emissions to instil confidence among project developers and
Viability y incentivise private investment.

The policy should ensure that policy support does not lead to excessive

Proportionality rewards or over-subsidisation.
Over time the policy should enable a transition to a competitive and

Transition mature GGR market with reduced government support, allowing market-
led growth of the sector.

The policy should promote cost reductions over time through innovation,
Cost reduction | learning by doing and competition as appropriate. This is both within a
Ethics and specific deployed project and within the industry as a whole.

Equality The policy is appropriate across different scales of companies and can
Applicability | benefit smaller and larger companies in the same or similar manner and
across scales | level. Additional administrative burdens to smaller projects (~10s
'@‘ ktCO./year) are also considered under this criterion.

l',’

The policy enables costs to be distributed in an equitable way (emitters,

Revenue

Fair cost fuel producers, consumers, etc.), minimising burden on government and
distribution | the taxpayer and leveraging private sector investment as far as
possible.

The policy should be feasible to implement in the 2020s to facilitate
Deliverability | FOAK deployment, and should aim to minimise administrative and
policy complexity.

The policy should be compatible with business models under

Compatibility | development in sectors such as CCUS and hydrogen production. It
Feasibility should not misalign with or require redesign of wider policy frameworks.

The policy has been implemented in other applicable industries for a
suitable period and has demonstrated that the policy is likely to achieve
Track record | what it set out to achieve. In order of preference, applicable industries
are engineered GGRs, other CCUS technologies, and energy-related

sectors.
Reaching GGR | The policy should enable the government to reach target levels of GGR
targets deployment in the UK.
Polic The policy should be flexible, allowing the level of deployment and
fl exibil?lty incentives to be modulated over time allowing the government to

potentially pay less and phase out the policy if needed.

The obligation schemes, carbon CfDs, and payment schemes were shortlisted for further investigation for the
following reasons:
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i Obligation schemes are shortlisted as a GGR policy mechanism because they can help create
demand for negative emissions credits. Compared to contracted mechanisms, obligations help
establish a market price for NE, which can be used as a reference price for carbon CfD, and allow
private sector to directly fund GGRs, in line with the polluter pays principle. The main drawback of
obligations is lack of revenue certainty for project developers, which is likely to require the introduction
of additional support mechanisms in early years.

1 Carbon CfDs are shortlisted because of their multiple strengths such as revenue certainty, ability to
transition to market-based systems and the successful track record of power CfD. Applicability of CfDs
to small scale projects may be challenging, since engaging with the scheme has significant
administrative costs, however, most commercial engineered GGRs are likely to be large enough to
justify engaging with CfDs. Carbon CfDs are also compatible with many existing policies and offer a
relatively fair risk sharing between the developers and the government, although they must be funded
by the taxpayer (unless a levy were introduced to cover the costs).

1 Payment schemes are shortlisted because they share most of the strengths and weaknesses of
carbon CfDs. Direct NE procurement has less of a track record compared to CfDs but is likely to be
more favourable for smaller developers. Since they lack a reference price, payment schemes perform
slightly worse in enabling transitioning to market-based systems and proportionality; however, these
can be mitigated to an extent by gain sharing mechanisms.

Detailed design considerations of shortlisted policies

The shortlisted policy mechanisms are considered in terms of their primary design features and how each
mechanism can best satisfy the key design principles of achieving NE targets, developing a portfolio of
GGRs, rewarding NEs equally, providing revenue certainty, encouraging innovation and com petition,
and offering value for money. Natural tensions exist between some of these design principles and so they
are each discussed in terms of the short-medium term and potential evolution to the medium-long term.

Detailed consideration of an obligation scheme design finds that while this policy mechanism has many
merits, including setting a market price for NE credits and following the polluter pays principle, it does not
sufficiently satisfy the key design principles in the short-medium term. Specifically, it does not provide
revenue certainty, may not enable the development of a portfolio of GGRs, and may fail to support innovation
or competition.

As payment and CfD schemes are both contract-based mechanisms and share many similarities, their

common design features are considered together. Unique design features, such as the strike price for the CfD

schemes are considered at length separately. The pol i cy mechani smdhgybothtend!l ar i t i
to satisfy the key design principles to the same extent. They both provide revenue certainty, encourage

innovation, and aid competition, which helps to develop a portfolio of GGRs and makes achieving NE targets

more achievable over the long run.

Advanced market commitments (AMCs) are considered as an alternative to a standard payment scheme.
Though they are found to have many merits, they do not satisfy the key design principles to the same
extent as atypical payment scheme design. AMCs will reward those technologies that are able to compete

on price, whichis desirable in a mature market but will not provide support to nascent technologies who have
higher costs initially.

Key findings

The GGR methods that could be supported by the policy mechanism vary widely in terms of potential
scale, cost, and other considerations. Combined with the variable policy support already available in some of
the sectors where GGR options sit (some of which will have a bearing on NE), this creates a very varied
landscape over which the overarching policy mechanism should sit. Overall, shortlisted policy mechanisms
explored through this study were mostly considered by stakeholders to be potentially viable, with early clarity
on what support will be available important in the near term.

A contracted mechanism is likely the most appropriate for incentivising the development of a portfolio
of GGRs in the short-medium term. While it is desirable to allocate funding via reverse auctions wherever
possible, for FOAK projects, where there may be insufficient competition, bilateral negotiations may be a more
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appropriate way to agree terms. In the medium term it should become more feasible to establish separate
pots? for projects/technologies in combination with reverse auctions. In the long term, this can evolve into a
market-based option, fitting with the principles of equal reward for each unit of negative emissions and value
for money.

A carbon CfDfor rewarding negative emissions has some advantages over a Payment Scheme, partially
due to its explicitinclusion of market revenues and clearer evolution (as the reference price changes together
with the market landscape). The UK low carbon policy environment is familiar with the concept of CfDs,
mitigating potential additional complexities. Initially the reference price should likely be linked to the voluntary
market (ideally a new regulated version of a market). This should transition to either the UK ETS price or the
price of a separate obligated market once issues surrounding the early integration of GGRs into the UK ETS?®
or around the setup of a new obligation can be addressed.

DACCS technologies have unique challenges, such as exposure to heat and electricity price volatility and
lack of a co-product revenue, compared to GGRs using biomass. Furthermore, DACCS technologies are

currently at lower development levels and FOAK plants could be deployed at smaller capacities than eary
BECCS plants.

FOAK DACCS can be supported within the general GGR policy mechanism, as the mechanism must
already be flexible in the level of reward granted to the different GGR technologies (given the varied level of
support needed for different GGRs in the short-medium term). FOAK DACCS would potertially benefit from
some capital support as well, bridging the gap from innovation grants to large-scale rollout, however this is not
viewed as essential and is secondary to a bankable revenue stream. As the general GGR policy mechanism
needs to be flexible in the level of support which can be provided, this approach could be replicated for other
innovative FOAK GGRs and fits well with potential commercial frameworks suggested for FOAK BECCS power
deployment.

2 The term pots refers to the process of grouping comparable technologies, allowing them to compete with
one-another at auction.

3 The governmentis consulting on the role of UK ETS as a potential long-term market for negative
emissions. Developing the UK ETS i a consultation by the UK ETS Authority [Link]


https://www.gov.uk/government/consultations/developing-the-uk-emissions-trading-scheme-uk-ets
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Capex Capital Expenditure
CCC Climate Change Committee
CCs Carbon Capture and Storage
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GHG Greenhouse Gas
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LCA Lifecycle analysis
LCFS Low Carbon Fuel Standard
LCOD Levelised Cost of DACCS
Mt Megatonne
MRV Monitoring, Reporting and Verification
NDC Nationally Determined Contributions
NE Negative Emissions
NOAK N" of a Kind
Opex Operational Expenditure
R&D Research and Development
RAG Red-Amber-Green
REGO Renewable Energy Guarantees of Origin
RHI Renewable Heat Incentive
RO Renewable Obligation
RTFO Renewable Transport Fuel Obligation
SAF Sustainable Aviation Fuel
SEG Smart Export Guarantee
T&S Transport and Storage
TRL Technology Readiness Level
UK ETS United Kingdom Emissions Trading Scheme
UKIB UK Infrastructure Bank
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1 Introduction

1.1 Context

Greenhouse gas removal (GGR) technologies and techniques directly remove greenhouse gasses (GHGSs)
(primarily CO,) from the atmosphere by storing them in geological formations, products with long lifetimes
(e.g., construction materials), or the natural environment (e.g. forests). In addition to reducing legacy CO.
emissions, GGRs offer a unique decarbonisation solutionto compensate for emissions from certain
sectors in which mitigation options are less viable, such as agriculture and aviation.

GGRs have been recognised by the Intergovernmental Panel on Climate Change as vital to achieving
thel. 5 C gl obal onthideployment énasioged fromthe mid to late 2020s*. Modelling for the
UK Net Zero Strategy suggests that by 2050, between 75 and 81 MtCO/year of negative emissions from
engineered GGRs might be required to meet the UK's 2050 net zero target®. However, to date there are no
large-scale active and operational engineered GGR projects within the UK.

GGRs area diverse mixof nature-based (e.g., afforestation, soilsequestration, habitat/ecosystem restoration,
etc.) and engineered solutions. Currently, the government is developing policy frameworks for nature-based
solutions and this study is exclusively concerned with engineered GGRs. Two of the most prominent
engineered GGR technologies are direct air carbon capture and storage (DACCS) and bioenergy with carbon
capture and storage (BECCS) with multiple configurations (see Section 2).

However, neither BECCS nor DACCS currently have financially viable business models due to the
immaturity of negative emissions (NE) markets and lack of reliable revenue streams for removing
GHGs. Recognising the importance of bridging these technologies towards viable long-term business models,
the UK Government has already provided assistance in the form of innovation programmes and a variety of
illustrative GGR deployment scenarios have been developed®. However, a more integrated and
comprehensive government incentive scheme is required to further encourage investment, development, and
wider deployment of GGR technologies to deliver on the magnitude of GGR volumes required to reach net
zero.

Previously, GGR policy development has been suggested to occur within 2020-2025, with rollout of the most
viable policies occurring between 2025-2030, reaching full maturity between 2030-2045. The UK Government
has published several reports to meet these timelines. A review of first-of-a-kind (FOAK) BECCS power plants
was conducted in 2021 which outlined the key factors impacting investability and policy frameworks to
overcome current commercial challenges®. Furthermore, immediate action to bring forward a portfolio of GGR
technologies was recommended in the same year by the National Infrastructure Commission, after reviewing
a diverse set of potential policies for NE°.

In light of the above findings, in late 2021 HM Government released a summary of its call for evidence on GGR
development within the country’® and outlined a need for a diverse GGR portfolio approach to meet its net
zero targets. In doing so, the government announced its intention to deploy at least 5 MtCOJ/year of

4 Mitigation Pathways Compatible with 1.5°C in the Context of Sustainable Development. IPCC, 2018 [Link]
® Net zero strategy: build back greener. BEIS, 2021 [Link].

¢ Greenhouse gas removal methods and their potential UK deployment. A report by Element Energy for
BEIS, 2021 [Link].

" Greenhouse Gas Removal (GGR) policy options i Final Report. A report by Vivid Economics for BEIS,
2019 [Link].

8 Investable commercial frameworks for Power BECCS. A report by Element Energy and Vivid Economics for
BEIS, 2021 [Link].

° Policy Mechanisms for Supporting Deployment of Engineered Greenhouse Gas Removal Technologies. A
report by Element Energy for NIC, 2021 [Link].

19 Greenhouse Gas Removals Summary of Responses to the Call for Evidence. HM Government, 2021
[Link].


https://www.ipcc.ch/site/assets/uploads/sites/2/2019/05/SR15_Chapter2_Low_Res.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1033990/net-zero-strategy-beis.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1026988/ggr-methods-potential-deployment.pdf
https://www.vivideconomics.com/wp-content/uploads/2019/09/Greenhouse_Report_Gas_Removal_policy_options.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1026637/investable-commercial-framework-power-beccs.pdf
https://nic.org.uk/app/uploads/NIC-GGR-Policy-Mechanisms-Element-Energy-Final-Report.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1026494/ggr-cfe-summary-of-responses.pdf
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engineered removals by 2030 i which may need to increase to 23 MtCO./year by 2035 to meet the 6"
Carbon Budget®i and consult on preferred policy mechanisms to incentivise early investment in GGRs
in 2022. These were in addition to an earlier commitment of the government to deliver £100m of innovation
funding for DACCS and other GGRs.

1.2 Objectives & scope
The UK aims to develop an engineered GGR sector to:

1 Hit climate targets i net zero and the 6™ carbon budget will not be feasible without at-scale
deployment of a range of engineered GGRs in the UK (the Net Zero Strategy committed to seek an
amendment to the Climate Change Act to enable engineered removals to contribute to emissions
reduction targets).

1 Position the UK as a global leader in clean technologies i GGRs represent a new opportunity to
capitalise on emerging technologies by exporting expertise, technology, and equipment as well as
creating high-quality green jobs.

However, there are market barriers associated with developing a GGR sector:

1 The fundamental barrier to GGR deployment is the lack of an established market or customer
demand for engineered removals.

9 The high capital and operational costs make engineered GGRs unattractive with the current revenue
streams for NE, which are low and unstable.

Given this current situation, reaching the aims stated above without further intervention is highly unlikely.
Therefore, a policy intervention is needed.

The overarching aim of this projectis to deepentheUK Gover nment 6s understandi

could enable deployment of DACCS and other engineered GGRs at commercial scales. This analysis is
intended to improvethe current evidence base around the relative merits of different potential GGR policy
mechanisms in the UK and provide additional recommendations to enable deployment of FOAK DACCS. This
project aims to inform the government through evidence-based analysis and discussions with a wide range of

ng

stakehol ders, contributing t owa padcyg mdehandiss dosincentiviseshe | t at i

development of a portfolio of GGR projects in the UK.
Within this project, there were a number of scope constraints:

1 Engineered GGRs i the project was restricted to engineering-based GGR approaches. While the
project focuses primarily on DACCS and BECCS, the policy mechanism is intended to be sufficiently
general to support the deployment of other GGR approaches which might emerge in the future.
Previous work has taken place looking at commercial frameworks for FOAK BECCS power plants®.

1 UK based - The scope of this project focuses on the incentivisation of GGR projects that are in the
UK. This is core to assessment and analysis of policies and reflects the two main aims lying behind
the intention of incentivising the development of a GGR sector.

1 Shorti medium term 7 The project focuses on policy mechanisms which can incentivise the
development of engineered GGRs (and a portfolio of different engineered GGRs) over the short to
medium term, approximately the 2025-2035 period. This is crucial, as the policy mechanisms
considered need to be applicable in the current policy environment and be consistent with the
g 0 v e r n mxpeactatidrsof an evolution towards market-based frameworks, closer to 2050, where
direct government support would be significantly reduced.
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1.3 Report structure

The report is structured into the following sections:

Section 2 begins with a review of GGR technologies, examining the techno-economic characteristics of
DACCS, avariety of BECCS configurations, and other emerging GGRs at lower TRLs. This contextualises
why policy support is needed to enable large-scale GGR deployment.

Section 3 outlines the international policy landscape for DACCS, lists wider decarbonisation policies in the UK
which may interact with potential policy mechanisms to support GGR, and identifies remaining gaps/barriers
to be addressed.

Section 4 presents the longlist of GGR policy mechanisms considered in this study, the criteria against which
the policies were assessed, and the reasoning for shortlisting the promising policy mechanisms.

Section 5 provides further detail on how these policies may be designed and feasibly implemented in the UK,
considering their pros and cons from a wide variety of market, cost distribution, and societal considerations.

Section 6 evaluates how the shortlisted policy mechanisms for engineered GGRs could be optimally designed
to support FOAK DACCS projects, as well as presenting additional capital cost support mechanisms which
may be beneficial to enable deployment.

Section 7 summarises the key findings and conclusions of the work.
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2 GGR Technology Review

This section provides an overview of engineered GGR technologies thatare in the scope of this study, including
their technological readiness levels (TRLs), techno-economic characteristics and key risks/barriers to their
deployment. A special emphasis is given to costs and siting factors for leading DACCS technologies.

2.1 Description of engineered GGR technologies
Direct Air Capture with Storage (DACCYS)

F Process: Direct air capture (DAC) refers to technologies that
EESTEAInE remove and isolate CO; from ambient air using different chemicals.

Power - Currently, solid adsorbents and liquid solvents represent the most
2 advanced approaches. The process requires heat and electricity

input, but novel approaches using only electricity are being
developed. The captured CO, may be used invarious processes or
permanently stored (DACCS) to result in negative emissions. Air

contactors which capture the CO. are mostly modular, but the downstream processes of releasing and
transporting the CO- typically require a level of centralization to improve efficiency.

Heat

Geological storage

Constraints: Operation of DACCS plants result in minor emissions associated with the heat and electricity
used in the process. It is estimated that even when low-carbon energy sources are utilised these emissions
may be in the range of 5%-15% of CO, captured from air*, highlighting the importance of having access to
low-carbon heat and electricity. DACCS plants should ideally be located close to CO- transport and storage
(T&S)i nf rastructures and water sour ces . thelerewablsedergly
needed to power the plants may take up more space.

BECCS Power

& S— P_rocess: BECCS power refers tq technologi_es that convert
bioenergy to electricity while capturing and storing the resultant

Biomass x Heat biogenic emissions, with heat potentially being generated as a by-
co, product. Power may be produced via biomass incineration with

post-combustion CO; capture or though gasification of biomass

Geological storage ~ and subsequent combustion of syngas (with pre-combustion CO,

capture). It is possible to convert coal power plants to biomass
plants and/or retrofit carbon capture units to existing biomass power plants.

Constraints: The volume of negative emissions achieved depends on emissions relating to sourcing and
transport of biomass to plants. The plants themselves are not likely to have large environmental impacts, but
land use may become a constraint depending on the type of biomass. Plants benefit from proximity to CO.
T&S infrastructures and local biomass sources.

BECCS Energy from Waste (EfW)

) ) Power Process: BECCS EfW plants are like BECCS power plants in
Bio waste Heat the sense that they also use incineration (with post-combustion
Non-Bio waste m CO: capture) or gasification (with pre-combustion capture) to

generate power and heat. The process typically uses
household and commercial waste where recyclable content
may be removed prior to incineration. These wastes are
generally composed of equal parts of wastefrombiogenic (e.g.,
food, wood) and non-biogenic (e.g., metals, plastics) origin. Permanent storage of CO, from biogenic waste

Geological storage

Bio CO, Non-Bio CO,

1 Global Assessment of Direct Air Capture Costs. A report by Element Energy for EAGHG, 2022 [Link]

and


https://ieaghg.org/ccs-resources/blog/new-ieaghg-report-global-assessment-of-daccs-costs-scale-and-potential
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results in negative emissions. EfW plants are usually smaller than biomass plants, since they serve local
municipalities, and some existing plants may be retrofitted with carbon capture.

Constraints: EfW plants prevent waste being sent to landfills. However, based on UK Waste Hierarchy
guidelines, it is environmentally beneficial to reduce, reuse, and recycle waste before recovering energy*.
BECCS EfW plants require a sustained supply of waste, hence they are best located near both population
centres and CO; T&S infrastructures, which may not always be an option.

BECCS Industry

"~ Yossiltadls T Process: BECCS industry refers to CCS installation at

Biomass 4 Products industrial facilities which use biomass (or have a potential to

R switch to using biomass) as a feedstock or source of energy.

Consumables 0 BECCS may be achieved within a wide variety of sectors such

: T as cement, steel, pulp and paper, each with very different
Geological storage s/

Bio CO, Non-Bio CO, Properties and costs. Although some industries (like pulp and
paper) already use biomass, BECCS in other sectors (e.g.,
cement) requires development of new technologies or processes to increase bioenergy use™.

Constraints: BECCS in industry is mostly constrained to locations with existing plants. Cement plants are
usually smaller and distributed, making conversion to BECCS more difficult. Increasing bioenergy use in
industry would create competition for these resources and in some cases could have land use impacts. Since
the primary aim of the plants is to produce goods, they are likely to operate continually. Proximity to CO, T&S
infrastructure is another constraint, which may be less impactful for facilities in CCS clusters.

BECCS Hydrogen & Biofuels

'~ Hydrogen - » Frocess: Various conversion technologies may be used to
. produce hydrogen and other fuels from biomass. For example,
Power L _“Biofuels” ™ . . e .

1" thermochemical conversion through gasification can produce
Biomass | Biomethane > syngas, which can be converted to hydrogen, methanol, or
hydrocarbons. Alcohols may also be produced through
| fermentationand hydrogen, or biogas (and biomethane) may be
Geological storage generated via anaerobic digestion (AD). Some processes may
need external energy. Each configuration results in varying
concentrations of CO; in exhaust streams, determining costs of capture. Some carbon is left uncaptured if

products other than hydrogen are produced, assuming that they are consumed at some point.

Constraints: These BECCS plants have minimal environmental impactbesides increased bioenergy demand.
In addition to CO, T&S infrastructure and biomass supply, siting plants need to consider demand for final
products. Small sizes and distribution of some existing plants (i.e., AD plants) may make BECCS retrofits
unfeasible.

Other GGRs

Although this study predominantly focusses on DACCS and BECCS technologies, GGR policies investigated
may potentially be applicable to other engineered GGR technologies, including:

1 Biochar: Pyrolysis of biomass or wastes containing biomass results in syngas, oils and biochar. Syngas
and oils canbe used to produce power, heat, or various fuels. Biocharis arelatively stable solid substance
containing carbon, so permanent storage of biochar results in negative emissions. Pyrolysis plants may

2 Guidance on applying the Waste Hierarchy, Defra, 2011 [LinK]

3 Barriers and opportunities for industrial fuel switching in the UK have been explored in market studies
[Link] and a study on deep decarbonisation pathways for UK industry [Link]. Industrial fuel switching is being
expl ored t hr ou glRuelBlEtthBgpsogranmme, with butcomes becoming available on the
.gov.uk website [Link to 2019-2022 competition, Link to 2022 7 2024 competition].


https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/69403/pb13530-waste-hierarchy-guidance.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/824592/industrial-fuel-switching.pdf
https://www.theccc.org.uk/publication/deep-decarbonisation-pathways-for-uk-industry-element-energy/
https://www.gov.uk/government/publications/industrial-fuel-switching-to-low-carbon-alternatives
https://www.gov.uk/government/publications/industrial-fuel-switching-competition
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also install traditional CCS modules to capture CO. resulting from processing of syngas. Such plants would
be biochar/BECCS hybrids and would at least partially be engineered GGRs.

1 Marine carbon removal: Marine carbon removal refers to technologies that remove CO- from oceans or
seawater, ina processvery similarto DACCS. These technologies are currently at low developmentlevels
and further RD&D is needed to understand their real potential and environmental impacts. The plants
would need to be on shorelines or on offshore platforms. Significant renewable electricity is needed for the
process, which produces a gaseous stream of CO2, much like other GGR technologies. There may be
synergies between offshore wind energy and hydrogen production, considering siting req uirements and
energy needs.

1 Biomass carbon removal and storage (BiCRS): BiCRS refers to a simple set of techniques involving
burying biomass in underground formations which prevent the decomposition of biomass. This does not
produce any co-products.

1 Enhanced weathering: Pulverised silicate rocks or other cation-rich minerals may be spread over large
areas of agricultural land or beaches to speed up the natural process of removing CO: from the air through
the formation of carbonate minerals via chemical reactions with water and air.

1 Passiveliming: In a process similar to enhanced weathering, lime can be spread over large areas to
capture CO. from air, forming calcium carbonate in a process called passive liming. The CO, can then be
released and captured, with the benefit of lime regeneration to repeat the process. Alternatively, zero

carbon lime produced in a process that captures all CO, may be used in construction materials and result
in permanent NE.

2.2 Deep dive into DACCS technologies

There are numerous DACCS technologies employing different chemical processes, reactants, and energy
sources to remove CO, from air. Two of the more established DACCS methodologies are processes utilising
liquid absorbents and solid adsorbents.

One of the companies developing the liquid absorbent technology is Carbon Engineering. In this process, CO,
in ambient air comes into contact with a basic liquid solution where it dissolves to form carbonate ions, which
are then deposited to form CaCOz pellets (Figure 1). In a separate desorption unit, these pellets are heated to
900°C to release pure CO- gas. Reaching these high temperatures currently requires combustion of natural
gas, where the CO, from combustion is fully co-captured and stored with CO from air. In the future, hydrogen
or electricity may replace natural gas.

Beneficially, most of the required process equipment is already widely used within industry. The front-end
capture process has a modular design, and the CO, release process benefits from economies of scale where

higher capacity plants experience significant cost reduction. The process consumes some capture chemicals
and water and requires on site oxygen generation.
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Figurel: Schematic representation of Carbon“Engineer.

“Present ed i n"™@ACIComtererce, 2031 0[Lirk]


https://climeworks.com/news/direct-air-capture-summit-2021?utm_source=Direct%20Air%20Capture%20Summit%202021&utm_campaign=8de42835e3-EMAIL_CAMPAIGN_2021_09_20_07_37&utm_medium=email&utm_term=0_bd56e82206-8de42835e3-222598656
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Another major DAC technology is using solid adsorbents to separate CO, molecules in air. Climeworks and
Global Thermostat are two major developers working with solid adsorbent DAC.

The process involves cyclical operation of individual units, which capture CO- in one phase and are heated to

release it in the other phase. This allows for a more modular design, but the plant still benefits from economies

of scale. Temperatures around 80-1 2 0 C are usually enough for desorpti
such as waste heat from industrial and power plants, may be used for solid DACCS operations. The process

currently requires frequent replacement of adsorbents, which are relatively expensive. Future R&D aims to

improve adsorbent performance and reduce costs.

Phase 1 ' Phase 2

2 Once the filter is
saturated with COz,
the filter is

Vbt heated to 100 °C
-
Ambient air COz-free air
G0 e 4
PRI ]
. O Concentrated CO2
(jﬁ\ CO:z is chemically 3 CO:is then released from
bound to the filter the filter and collected

Figure 2: Schematic representation of CI¥ meworkso s

For the purposes of policy analysis, this study focusses on solid and liquid DACCS technologies. However,
given the low maturity of DACCS, there are other designs currently in the R&D or demonstration stages which
may prove to be more viable than the current options presented above. Some of these designs are featured
in the BEIS GGR Innovation Competition® and aim to:

1 Replicate the current technologies by only using waste heat so that DACCS can easily run at baseload
without needing renewable power

1 Run on electricity only, so plants do not need to be restricted to sites with waste heat availability

1 Replace natural gas with renewable hydrogen as the heating source, allowing the plant to run
continuously regardless of intermittent renewables

1 Developnovel capture mechanisms using membranes, electrochemistry, or moisture swing, which are
currently not as efficient as solid or liquid DACCS options

1 Design processes which leverage wind or other natural flows of air to reduce the energy required by
fans to increase contact

Current DACCS cost estimates span awide range and have inherent uncertainties due to lack of publicly
available information and significant assumptions around cost reduction for larger scale and NOAK plants.
Element Energy has recently developed a high-level techno-economic model*® to estimate global DACCS
costs of solid and liquid plants using data from the literature and some technology developers. Figure 3 below
represents the key results of this study for the base case conditions studied with key assumptions®’.

Costs arerepresented as levelised cost of DACCS (LCOD), which measures the cost of capturing atonne

of CO; over the lifetime of the plant. Columns show the cost breakdown per tonne of CO, captured by the
plant. The net costs (shown as red diamonds) are calculated by taking into account various emissions

5 pProjects selected for Phase 1 of the direct air capture and greenhouse gas removal programme [Link]
!¢ Global Assessment of Direct Air Capture Costs. A report by Element Energy for EAGHG, 2022 [Link]

" Key assumptions: Cost of finance - 10% for FOAK and 5% for NOAK; Electricity - Global solar PV with
additional flexibility requirements. FOAK: £53.0/MWh with 50.9 kgCO>/MWh and NOAK: £39.0/MWh with
24.8 kgCO./MWh; Heat - Natural gas for liquids: £14.8/MWh gas for FOAK and £6.6/MWh gas for NOAK,
nuclear waste heat for solids: £15.1/MWh; CO; transport - £6.4/tCO;; CO; storage - £11.1/tCO.. See the
main report for more detail.


https://www.gov.uk/government/publications/direct-air-capture-and-other-greenhouse-gas-removal-technologies-competition/projects-selected-for-phase-1-of-the-direct-air-capture-and-greenhouse-gas-removal-programme
https://ieaghg.org/ccs-resources/blog/new-ieaghg-report-global-assessment-of-daccs-costs-scale-and-potential
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associated with the process, including construction, energy use, chemical use, solvent replacement and
upstream methane leakage. Hybrid plants use both heat and power, whereas electric plants only use power.
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Figure 3: Levelised cost of DACCS (LCOD)* of 1 MtCO,/year capacity FOAK and NOAK*® solid and liquid
plants - £/tCO-

Costs of FOAK DACCS plants were found to be relatively high compared to many other GGR technologies or
emissions mitigations measures. Significant cost reduction can be realised by NOAK plants, but for the
baseline case costs are found to stay over the long-term target of £78/tCO, ($100/tCQO;), which is
commonly quoted by technology developers. Costs below this target were achieved when several favourable
conditions and ambitious performance assumptions were explored (e.g., low T&S costs, solar prices, and cost
of capital). Costs were found to have high sensitivity to Capex, plant lifetimes, electricity prices and solid
adsorbent prices.

Energy prices and carbon-intensities are found to be two of the most influential parameters on DACCS
costs. Generally, for a given source of power, DACCS costs increase linearly with electricity prices. Costs
around the £100-150/tCO; range were achievable with some of the lowest cost solar energy in the word. On
the other hand, utilising unabated natural gas as a heat source significantly increased costs to above
£300/tCO2, which highlights the need to secure low-cost low carbon energy sources to make DACCS
affordable. This requirement to have access to affordable low-cost energy separates DACCS from BECCS,
which generates its own energy and is affected by biomass prices instead.

DAC with utilisation

In addition to generating negative emissions (NE) through DACCS, Direct Air Capture can also be used in a
DACCU (DAC with utilisation) configuration. This can involve CO- use in products with

1 longer lifetimes (e.g., cement) which may be classified as NE depending on permanence of storage.
1 shorter lifetimes (e.g., synthetic fuels or carbonated drinks).

This utilisation configuration allows for a revenue® from the sale of CO, generated through DAC, and
potentially allows for either a voluntary green premium for low carbon products or through defined schemes

18 |n the context of this analysis NOAK refers to around 5-7 doublings of an initial total capacity of 1
MtCO./year which is assumed to be the first large scale DACCS plant.

¥ The price of CO, for DACCU configurations is difficult to predict as this is likely to depend on complex
supply and demand interactions and the specific industries in which CO. is utilised. As a reference, in
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(e.g., Renewable Transport Fuel Obligation i RTFO). DACCU also avoids additional costs for CO; transport
and storage.

The GGR policies developed in this report are not intended to support CO- utilisation which do not result in
long duration NE, however, DACCS and DACCU may directly compete or on some occasions complement
each other.

Synthetic fuel production configuration can use a similar DAC plant as DACCS. Plants are not expected to
flexibly shift between DACCS and synthetic fuel production modes due to the large investments needed for
CO: T&S or hydrogen and fuel production facilities. Synthetic fuel production costis expected to be largely
governed by the renewable electricity cost, leading to a potential advantage for plants located outside of the
UK where renewable power costs are likely to be lower.

In the medium-term DAC deployment may be limited by supply chains such as rates of supplying equipmert,
chemicals, and engineering, procurement, and construction. If this is the case, deployment of DACCU facilities
might limit the corresponding deployment of DACCS. However, some technologies, like liquid absorbents,
might have fewer constraints on supply chains due to the more established equipment and processes they
employ.

Some technology developers feel that DACCS offers a simpler business model than DACCU based synthetic
fuels or other products. Other technology developers however have business models focused on CCU, and
many are engaged with emerging CCU projects. This interest is driven by the current demands for DAC based
products and the existence of policies like the RTFO.

Since base DAC plants for DACCS and DACCU are the same, deployment of both dedicated storage and
synthetic fuel production candrivedown e ac h ot h mgolicpnsechansm® supportindhDACCS needs to
consider this possible alternative use for DAC plants, as itinfluencest he UK&ds t arget s
For example, deployment of DAC could be unexpectedly utilisation, or synthetic fuels, focused, potentially
leading the UK to miss its targets for GGRs (although DACCU can bring climate benefits in other ways).
Alternatively, in the absence of supply-chain restrictions, deployment of DACCU may bring down the cost of
DACCS and help establish a wider DAC technology base.

2.3 Techno-economic characteristics of GGRs

As shown in Table 3 below, near and long-term costs of engineered GGR technologies in the UK show a large
range, indicating current uncertainties and variation in costs depending on the unique circumstances of
individual projects. Most GGRs are around TRL 6-7 as they have only been deployed at modest volumes and
occasionally notas a fully integrated system from capture to storage®. However, there are many larger scale
GGR projects planned internationally, and most technologies may be fully demonstrated at climate relevant
scales by 2030 if these projects are delivered.

September 2021 British Soft Drinks Association indicated that the price of CO; soared to above £1,000/tCO;
which was ten times the normal price (£100/tCO.) for the industry due to the suddenincrease in global
natural gas prices. [Link]

2 For instance, the Mikawa power plant in Japan uses biomass and captures its CO, but does not store the
CO; permanently as storage infrastructure is not yet developed.
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Table 3: Costs, estimated TRLs and current deployment levels of engineered GGR technologies®#

2030 2050
Estimated TRL Technology Deployment Levels

DACCS

BECCS
Power?®

BECCS
Efw?

BECCS
Industry?

£150-
700
Itco,

£70-150
Itco,

£60-140
Itco,

£50-270
1CO,

£70-250
1tco,

£30-170
ICo,

£50-110
Itco,

£40-300
ICO,

15 DAC plants are operational with a
combined capacity of 11.3 ktCO_/year*

1 Most plants are at demonstration scale and
utilise the captured CO, rather than storing it

permanently

f The | argest DACCS 41 ¢
ktCO,/year Orca plant which commissioned in
Iceland in 2021, storing CO,, in underground
basalt formations and pursuing rapid
mineralisation

I The first large-scale (1 MtCO,/year) DAC
plant is planned to be deployed by mid-2020s
in the USA by Carbon Engineering

1 The first large-scale plantis now operational
in Mikawa, Japan (2020) with a capacity of
180 ktCO,/year, however, currently captured
CO, is not permanently stored

1 Inthe UK, Drax is planning for large scale
deployment by 2027.

9 Currently there are no large-scale EfW plants
providing negative emissions

I Fortum Oslo Varme is planning to deploy full
scale CCS and capture 400 ktCO_/year at its

Klemetsrud plant in Norway by 2026/27

T AVRO6s Ef W pl ithé Netherland3
is capturing 15% of its emissions for use at a
local greenhouse or in aggregates

I Multiple other BECCS EfW projects are being
planned in the UK and the rest of the world

9 Currently there are no operational BECCS
industry plants

1 Norcem cementplant in Norway is planning
to install CCS by 2024

T Resolutedbds Pulp Mill
11 ktCO,/year for use in a greenhouse

2 Technology costs are based on: Greenhouse Gas Removal Methods and Their Potential UK Deployment,
Element Energy, 2021 [Link]. The costs are inclusive of CO, transport and storage costs of £174CO; in 2030
and £10/tCOzin 2050.
Z TRL stands for Technology Readiness Levels and are consistentwiththegui dance not e RF or
DAC and GGR demonstration programme (Annex 3, pg. 45-6).

B TRL 6 is the estimated highest TRL for DACCS technologies. There are many emerging DACCS

technologies at lower TRLs, which are at R&D or earlier demonstration stages.

%Carbon

18006s PFbnkl] DAC MAP

% The costs provided for BECCS power represent a range of technologies and efficiencies by taking
revenues from electricity sales into consideration. New build plants are estimated at the higher end of this

range.

% Costs provided for BECCS EfW represent retrofitting existing plants with CCS. Costs include Capex and
Opex of CCS as well as loss of revenue from powering the CCS units.

2T BECCS industry costs represent retrofitting CCS units to plants in a wide range of applications, heat and
electricity prices. Costs are split equally between capture of fossil and biogenic emissions.
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I Current deployment consists of 1 MtCO_/year

of alarge-scale ethanol BECCS plantin
llinois, USA and ~1 MtCO /year of smaller

bioethanol plants mostly with CO, utilisation

In the UK, some companies are exploring
options for BECCS with biomethane
production via AD and hydrogen production
via gasification or AD in combination with
steam methane reforming

1 BECCS ethanol is currently at high TRLs, and
other applications are closer to TRL 5.

BECCS
Hydrogen
& Other®

£50-120
ItCo,

£30-100 T
1Co, ()

For each of the main GGR technologies focussed on in this study, Table 4 below summarises any co-products
they produce, main revenue streams and key risks/barriers to their potential business models, not accounting
for any current or future policies. Risks/policies common to all technologies are provided at the top. This table
is built for technologies delivering negative emissions, so some utilisation routes (such as DAC to fuels) are
not considered. The revenues, risks, and barriers of some emerging GGR technologies i such as ocean

removals, enhanced weathering, and passive liming i are expected to be very similar to those of DACCS.

Table 4: Co-products, revenue streams and key risks or barriers of GGR businesses

Revenue (or similar)

Key Risks and Barriers

Sector Co-Product(s)

All sectors:
A CO, T&S availability
A CO, T&S costs for dispersed sites
AHigh capital costs for deployment of
carbon capture
A Lack of reliable revenues from NE
. A Fuel prices (heat and electricity)
DACCS None ANE credits A Permitting processes, requirements
A Public acceptability
. AElectricity sales ABiomass prices
BECCS Electricity AcCapacity payments A Uncertain plant dispatch
(sometimes 7
Power h AHeat sales A Electricity revenue
eat) ANE credits APublic acceptability
AElectricity sales A o o
- . Feedstock availability and variability i
BECCS EIectrlqlty ACapacity payments long term uncertainty of gate fees
(sometimes AHeat sales : o - ,
Efw heat AGate fees A Public acceptability (e.g., air pollution)
eat) ANE credits A Permitting processes, requirements
Low-carbon ACommodity markets ACarbon leakage
BECCS goods (e.g., AAvoidance of UK ETS prices A Eg;ﬁﬁggg&?&ng 'short payback
Industry cement, steel, A&Esgllelr&gi]tsllowances A Cost of fuel switching (for some
paper) sectors)
Low carbon ALow-carbon fuel sales A Hydrogen/fuel market demand and
BECCS fuels (e.g., AGate fees sale price
Hydrogen | hydrogen, AAvoidance of UK ETS prices | AHydrogen T&S availability
& Other biomethane, (non-bio waste feedstocks) A Feedstock availability/price
bioethanol) ANE credits A Permitting processes, requirements

% Costs presented for BECCS fuels are based on hydrogen production via gasification, which produces a
relatively pure stream of CO,. Only additional costs for installing CCS are considered and base costs of
producing the fuelis not accounted for. Cost ranges include a marginto account for high technical

uncertainties.
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Currently all engineered GGR options face various risks and barriers preventing deployment at large-scales.
Some of these barriers are addressed at different levels via new or proposed policies in the UK, which are
important to understand how new GGR policies can address the problem of lack of revenue streams for NE.

3 Policy Landscape Review

This section identifies existing and proposed UK policies that interact with engineered GGR technologies and
makes a case for further financial support (i.e., a negative emissions incentive) by the government. It also
provides a brief overview of the global state of voluntary NE credits markets and DACCS specific policies
adapted in different countries, which inform the detailed policy mechanism design in later sections.

3.1 UK policy landscape impacting GGR technologies

Table 5 below provides an overview of existing and planned policies in the UK that can directly or indirectly
support engineered GGR businesses through providing revenue streams or other incentives. Only policies
which are likely to affect future policies and business models for negative emissions are reviewed in detail.
Innovation programmes such as the BEIS DAC and GGRs Innovation Competition are excluded.

Table 5: Summary of existing UK policies which may interact with policy mechanisms to support engineered
GGRs

Description Affected GGRs

The Contracts for Differences (CfD) scheme is run by BEIS and

Power the National Grid. It provides price certainty to clean energy

Contracts generators by ensuring a fixed amount of payment per MWh of

for power generated for 15 years, which is determined through BECCS i Power, EfW
Difference | auctions. Three rounds of auctions have taken place to date and

(CfD) the fourth round is expected to be finalised by Summer 2022.

Strike prices agreed in the last round were around ~£40/MWHh.

This is a scheme administered by Ofgem to certify production of
Renewable | renewable electricity. Any generator in the UK can acquire

Energy credits per MWh of renewable output and sell credits to power
Guarantees | suppliers, who need to demonstrate their fuel mixture to their BECCS 1 Power, EfW
of Origin customers. Biomass power is eligible for credits; however,
(REGO) current credit prices are too low to justify any investment on its
own.

The UK ETS is a cap-and-trade system covering power
generators, heavy industry (excluding EfW plants), and aviation.
Participants in the UK ETS are required to obtain allowances
equivalent to their annual emissions under the scheme. These

UK can be boughtin regular auctions or by trading on the
Emissions | secondary market; some participants at risk of carbon leakage BECCS i Industry
Trading receive some allowances for free. Currently negative emissions '

Scheme are not included in the ETS, therefore plants installing CCS penEnLlE B R

(UK ETS) would only benefit from emissions reduction. The Government
has recently consulted on proposals to expand the UK ETS to
waste incineration and domestic maritime, and has called for
evidence on the role of the UK ETS as a potential long-term
market for GGRs.

GGSS replaced the RHI in November 2021. It provides
payments to AD biomethane injections to the grid for small

glrjeenoﬁas producers. Payments follow a tiered approach and are financed BECCS -biooas

bp through a levy charged to gas suppliers. Contracts run for 15 . 9as,
Scheme . : . : .| biomethane
(GGSS) years and inclusion of other types of gases will be considered in

the future. At least 50% of the energy must be produced using
waste or residue feedstocks.
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Renewable
Transport
Fuel
Obligation
(RTFO)

Capacity
Market

Smart
Export
Guarantee
(SEG)

Renewable
Heat
Incentive
(RHI)

RTFO requires producers of land transportation fuels to source
Renewable Transport Fuel Certificates (RTFCs) to cover an
increasing portion of their production. These certificates are
awarded to biomass-based fuels on a per litre basis and gases
on amass basis, considering energy densities. A sub-set of
fuels called development fuels have a separate sub-target.
Development fuels are hydrogen, drop in road or aviation fuel or
methane substitutes made from wastes or renewable fuels of
non-biogenic origin (e.g., CO2 from DAC).

National Grid provides fixed payments to generators to maintain
power generation capacity. There are 1-year and 15-year
contracts awarded through auctions. These can provide
additional revenues to power generators.

SEG is a scheme launched in January 2020 replacing the Feed-
in-tariffs. It requires large power suppliers and voluntary entities
to pay for power generation by small generators, with a capacity
of up to 5SMW. Eligible technologies include solar PV, wind,
micro-CHP, hydro, and AD. Tariffs are paid only on the net
exports to the grid and prices differ for each company offering
tariffs.

The non-domestic RHI has been closed to new applicants since
2016, however, there are previous applicants still receiving
funding from the programme. RHI provides fixed payments per
MWh of heat provided via installations running on solid biomass,
biogas, and energy from waste.

BECCS i hydrogen,
biofuels, biogas,
biomethane

BECCS i1 Power, EfW

BECCS i power

BECCS i power, EfW,
biogas

Apart from the established policies currently in effect, there are a few key policies and business models that
the government is currently developing to enable deployment of initial CCUS-related projects (along with
electrolysis-based hydrogen) in the UK. These policies (Table 6), are very important because they may have
significant implications for and interactions with future potential GGR policy mechanisms.

Table 6: Policies and business models that are currently being developed

: .. Affected

UK CO: T&S

Business Model®

BECCS Power
Business Model

The government expects to set up a regulated asset-based model
for T&S businesses where capture plants are charged a fixed
capacity fee and a volumetric fee per tonne of CO, processed. In
the future separate connection fees may be charged for
onboarding new customers. These costs will be determined by a
regulator, allowing a return on investment.

This policy is still under development, and possible mechanisms
were outlined in the finvestable commercial frameworks for
'power-BECCS'oreport which was published in October 2021.%

All

BECCS1T
power

# BEIS updates and proposals for business models for CO; transport and storage and industrial carbon

capture [Link]

% Investible commercial frameworks for Power BECCS. By Element Energy and Vivid Economics for BEIS,

2021 [Link].
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ICC business models will be used to help industries and EfW
plants install CCS units as part of Phase 2 of the CCS Cluster
Sequencing. The model will cover some of the initial costs
through grants in a last spend approach. A separate ongoing

Industrial Carbon revenue support will be provided on a per tonne of CO; stored BECCS i
Capture (ICC) basis for a period of 10-15 years. Strike prices will initially be industry,
Business Model® negotiated bilaterally, and later through auctions. Remaining EfW

Capex will be recovered through increased payments in early
years. CO, T&S fees will also be covered by the contract. Finally,
businesses will forfeit a portion of their free UK ETS allowances
but will be compensated for their financial value.

BEIS is developing a hydrogen business model which is intended
to provide revenue support to hydrogen producers to overcome
the operating cost gap between low carbon hydrogen and high
carbon counterfactual fuels. The consultation proposed that
revenue support will be provided through a contractual, CfD-style
variable payment model, where the subsidy is the difference

Low Carbon bet ween a 6strike priced refl
Hydrogen Business and a o6reference priceo6 refl e BECCST
Model Furthermore, the government proposes to use a sliding scale hydrogen
approach to manage volume risk in which the strike price (and
therefore subsidy) is higher on a per unit basis if hydrogen offtake
falls. Business model support will be awarded competitively.
Hydrogen production supported through the business model will
need to meet the UK Low Carbon Hydrogen Standard developed
by BEIS. NE from the hydrogen plants may be used to meet this
standard.

The Department for Transport recently consulted on a mandate
which would require aviation fuel suppliers to meet GHG targets
by sourcing an increasing portion of their fuels from sustainable
Sustainable Aviation | aviation fuels (SAFS). The proposed scheme could start in 2025 BECCS -
Fuel (SAF)Mandate®® |land i s expected to repl ace SA|biofuels
RTFO, it would be based on lifecycle GHG emissions reduction,
not fuel volumes. SAF from wastes, residues, and DAC may be
eligible for credits.

These policies are at varying stages of development and the Government is progressing work on their design.
The government intends to finalise these models in the next couple of years, particularly with a view to
supporting low-carbon projects to deploy through the CCUS clusters in the second half of this decade.

The GGR policies investigated in this study should be compatible with the existing and proposed palicies listed
above and provide proportionate financial support only if individual GGR technologies are not viable without
them. The tables below summarise the inherent barriers to deployment of GGR technologies and how the
aforementioned policies are likely to address these barriers, as well as a brief rationale to why additional GGR
policies are needed to overcome these remaining barriers.

SIBEIS T Low carbon hydrogen business model consultation (25 October 2021) [Link]
2 DfT1 Sustainable aviation fuels mandate consultation (July 2021) [Link]
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DACCS

Policy Support Remaining Risks/Barriers
A CO, T&S A High capital costs

Business Model |A CO, T&S costs

A High/uncertain energy prices

A Permitting processes, requirements
A Lack of reliable revenues from NE

Inherent Risks/Barriers
A High capital costs

A Availability of CO, T&S infrastructure
A High/uncertain energy prices

A Permitting processes, requirements
A Lack of reliable revenues from NE

policy landscape.

Case for Additional Support

DACCS would potentially require the most support from the government as it is currently an expensive
technology with no reliable revenue streams and almost none of its risks are addressed by the current

BECCS Power

Inherent Risks/Barriers

Policy Support

Remaining Risks/Barriers

A High capital costs

A Availability of CO, T&S
infrastructure

A High CO, T&S costs for
dispersed sites

A Future biomass price uncertainty

A Uncertainty on plant load factors
(how much it can be dispatched)

A Electricity price uncertainty

A Lack of reliable revenues from NE

A CO; T&S Business Model

A Power Contracts for Difference
(CfD)

A Renewable Energy Guarantees
of Origin (REGO)

A Capacity Market

A Smart Export Guarantee (SEG)

A BECCS Power Business Model

A Renewable Heat Incentive (RHI)

Case for Additional Support

The FOAK BECCS power commercial framework currently under development is seeking to address all
vital risks of the technology for plants in CCUS clusters. However, this support is targeted towards early
plants, therefore creation of a negative emissions market can reduce the burden on the taxpayer.

A High CO, T&S costs for
dispersed sites

A Future biomass price
uncertainty

Addressed by FOAKBECCS

power commercial

framework:

A High capital costs

A CO, T&S costs

A Lack of reliable revenues
from NE

BECCS Efw

Inherent Risks/Barriers

Policy Support

Remaining Risks/Barriers

A High capital costs

A Availability of CO, T&S
infrastructure

A High CO, T&S costs for
dispersed sites

A Lack of reliable revenues from NE

A Feedstock availability and
variability

A CO, T&S Business Model

A Power Contracts for Difference
(CfD)

A Renewable Energy Guarantees of
Origin (REGO)

A Capacity Market

A Industrial Carbon Capture (ICC)
Business Model

A Renewable Heat Incentive (RHI)

Case for Additional Support

The Government is exploring how the ICC could be adapted for the waste management sector to enable
initial waste CCS projects to deploy through the CCUS Clusters Sequencing process in the mid-2020s.
BECCS EfW plants eligible for the ICC business model support will receive payments for biogenic and
non-biogenic CO and will therefore be fully viable without any additional GGR specific support. In the
short/medium term participation in market-based carbon removal may be sufficient for BECCS EfW,
however, in the long-term waste feedstock availability may be a concern.

A High CO, T&S costs for
dispersed sites

A Lack of reliable revenues
from NE

A Feedstock availability and
variability
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BECCS Industry

Inherent Risks/Barriers

Policy Support

| Remaining Risks/Barriers

A High capital costs

A Availability of CO, T&S infrastructure

A High CO, T&S costs for dispersed sites
A Lack of reliable revenues from NE

A Carbon leakage

A Short payback periods required

A Future biomass price uncertainty

A Cost of fuel switching (for some sectors)

justify fuel switching.

A CO, T&S Business
Model
A UK Emissions Trading

Business Model

A High CO, T&S costs for
dispersed sites
A Lack of reliable revenues

Scheme (UK ETS) from NE
A Industrial Carbon A Future biomass price
Capture (ICC) uncertainty

A Cost of fuel switching (for
some sectors)
ICC business model allows for recovery of the Capex over 5-years and ongoing operating costs of a CCS
unit for 10-15 years. However, it provides no incentive for fuel switching to biomass. Plants that already
use biomass would receive sufficient support under the ICC business model to deliver negative emissions
by covering the costs of carbon capture., but most sectors will likely require additional policy supportto

BECCS Hydrogen

Inherent Risks/Barriers

A High capital costs
A Availability of CO, T&S infrastructure
A Lack of reliable revenues from NE

A Hydrogen price/demand

A Hydrogen T&S infrastructure

A Future biomass price uncertainty

Policy Support

A CO, T&S Business Model

A Renewable Transport Fuel
Obligation (RTFO)

A Hydrogen Business Model

A Net Zero Hydrogen Fund

Case for Additional Support
The proposed business model for hydrogen covers costs associated with operating a CCS unit, however,
is not designed to expressly incentivise negative emissions, so marginal support proportional to negative
emissions may be needed if voluntary markets are not sufficient to cover the cost differential between
BECCS hydrogen and other low carbon hydrogen production methods.

Remaining

Risks/Barriers
A Lack of reliable
revenues from NE
A Hydrogen T&S
infrastructure
A Future biomass price
uncertainty

BECCS Biofuels

Inherent Risks/Barriers
A High capital costs
A Availability of CO, T&S infrastructure
A Lack of reliable revenues from NE
A Future biomass price uncertainty
ABiof uel 6s pricel/dg¢

Policy Support

A CO. T&S Business Model

A Renewable Transport Fuel
Obligation (RTFO)

A Sustainable Aviation Fuel
(SAF) Mandate

Case for Additional Support

Low-carbon fuels are awarded to an extent by RTFO, but this policy does not reward NE explicitly. On the
other hand, the new SAF mandate will likely be based on net carbon intensity of fuels, which may
recoghnize fuels with negative footprints. Future GGR policies may be needed to cover the additional
expenses of operating a CCS unit, compared to the core biofuels business models, unless the SAF
mandate provides sufficient revenues for SAF-based plants.

A High capital costs
A CO; T&S costs
A Lack of reliable revenues

A Future biomass price

Remaining Risks/Barriers

from NE

uncertainty
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BECCS Biogas

Inherent Risks/Barriers Policy Support Remaining Risks/Barriers
A High capital costs A CO, T&S Business Model |A High capital costs
A Availability of CO, T&S infrastructure A Green Gas Support A High CO, T&S costs for
A High CO, T&S costs for dispersed sites Scheme (GGSS) dispersed sites
A Lack of reliable revenues from NE A Renewable Transport Fuel [ A Lack of reliable revenues
A Future biomass price uncertainty Obligation (RTFO) from NE
A Biogas/biomethane price/demand A Renewable Heat Incentive | A Future biomass price
(RHI) uncertainty
Case for Additional Support

Existing revenue streams for biogas/biomethane businesses are sufficient to cover the core expenses of
the process, however, currently there are no additional incentives to install a CCS unit to generate NE.
Future GGR support may be needed to cover the CCS related expenses of BECCS biogas.

3.2 Voluntary negative emissions markets

The current state of the voluntary market

Currently there are no sufficient, reliable financial incentives to deploy and operate large-scale engineered
GGRs. However, some voluntary corporate purchases through bilateral agreements have allowed start-ups to
fund early projects:

1 In 2021 Microsoft purchased®atotal of 1.3 MtCO; of carbon removalfrom 15 organisations, including
1,400 tCO- from Climeworks (DACCS) and 2,000 tCO, from Charm Industrial®* (biomass storage).

1 Over 2020-2021 Stripe has added three DACCS projects to their portfolio® of promising carbon
removal providers. Furthermore, it announced a partnership with non-profit Activate to support its
fellows pioneering early-stage carbon removal technologies®.

1 Shopify is another advocate of corporate carbon removal purchases and has bought 15,560 tCO,
removal via DACCS (Carbon Engineering and Climeworks) and 1,000 tCO, via BECCS (Cham
Industrial) in 2020%.

1 The longest term and highest value corporate purchase in the voluntary market to date belongs to
Swiss Re, are-insurance company, which made a 10-year purchase agreement with Climeworks for
$10 million®.

In addition to the high-profile negative emissions purchases discussed above, some GGR companies are
directly selling credits to businesses and individuals.

1 Climeworks established a subscription programme for individuals and is offering DACCS removal
credits publicly® for £900/tCO,. Currently they have received orders from more than 13,000 unique
customers, including individuals.

1 Carbon Engineering is partnering with BeZero Carbon, a carbon credit ratings company for the
voluntary carbon market, to pre-sell credits from its future plants. Prices are not publicly available, and
customers are encouraged to get a quote online.

Furthermore, several marketplaces specialising in negative emissions credits are emerging:

3 Microsoft carbon removal: lessons from an early corporate purchase [Link]

3 Charm Industrial produces bio-oil through pyrolysis and stores it permanently in geologic formations.

®Stri peds carbon r émpbval web page |

¥Acti vat eds Mnklpo page |

Howtokick-st art the carbon removalinkmarket: Shopifyods pl a:
% News article [Link]

¥CIl i me wwebskesaécessed 07.03.2021 [Link]
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T PuroEarthi s t he wdusihedséosbusiness cartbon removal market which currently sells
credits for biochar, soil enhancement, and net-negative construction materials. As of March 2022,

credits for wood in congBiCOxt ivbarwase bti oadcdiamgcated

-0 2 0 0 /..PuBodas sold 123 ktCO; credits to date and established a scheme for offtake agreements
for early-stage projects. Carbon removal providers are audited by third party verifiers and must adhere
to Purobés protocol s, whifecgcleanaysis.Il udes a cradl e

1 Nori is a marketplace using blockchain technology to issue carbon removal credits. Currently only soil
carbon storage projects are included and credits trade for $15 + a 15% fee to maintain the platform.
Suppliers are audited by third party verifiers. To date 64 ktCO- credits have been sold. Nori only
guarantees removals for up to 10 years.

These platforms or future marketplaces may develop frameworks to include DACCS and BECCS credits to
expand the reach of engineered GGRs to the public.

Voluntary support for GGRs can also take the form of philanthropic carbon removal competitions. In 2021 Elon
Musk launched a $100 million carbon removal competition® through XPRIZE, for companies with innovative
and scalable negative emissions technologies. The competition will last for 4 years, and the majority of the
funding will be awarded to 4 promising start-ups.

In the absence of sufficient government funding beyond innovation support, such philanthropic contributions
and voluntary corporate NE purchase are currently driving the wider global NETs industry.

The future and implications of voluntary markets

Voluntary carbon removal markets are still very immature in many ways. Trading of non-afforestation
removal credits only started in 2019 and current marketplaces do notinclude credits from existing engineered
removal projects, except for small amounts of biochar. Inclusion of DACCS and BECCS in these markets
requires developing robust accounting frameworks to ensure that customers are paying for genuine
removals. Prices paid by corporations and credits traded at Puro Earth clearly attract premiums above the
market value of other types of offset credits, however, the volumes purchased are still very low.

Future scale and prices in voluntary markets are very difficult to predict, but Figure 4 illustrates one
possible way prices may evolve as the voluntary market matures. Currently, the lower end of prices is for
nature-based removal options whereas the highest prices are for very small volumes of DACCS credits.
Engagement with technology developers reveals that securing corporate interest in removals at MtCO, scales
is challenging due to high costs. It is likely that if high volumes of permanent removals were available,
they would attract prices only marginally higher than current offsets markets, because customers are
unlikely to pay more for credits at high volumes. On the other hand, as economies decarbonise, demand for
carbon removal will increase, pushing up the lower end of the credit price range.

40 Competition webpage [Link]
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Figure 4. Schematic representation of a possible evolution of voluntary NE credit costs with time and market
size. The bars represent the range of costs for the cost of credits.

Article 6 of the Paris Agreement, as agreed at COP26, allows countries to trade carbon credits
internationally. However, full Article 6 trades of UK-based removalscrediiswo ul d requi r e
adj ust ment o6rentowal frent beipg repdrted towards botht h e U KdimatelWaget (Nationaly
Determined Contribution)a nd t h e b u.yflesraéceuntingas ngtedquired under voluntary markets,
which could make them a more viable income stream for UK-based GGR projects.

Since voluntary markets provide revenue streams from private companies, they should be considered as the
baseline incentive for engineered GGRs. The government should seek to capitalise on voluntary carbon
markets, while recognising that voluntary corporate purchases are unlikely to be sufficient for most
engineered GGRs, hence requiring additional intervention. Consequently, new GGR policies should
encourage participation in voluntary markets through incentives such as allowing developers to keep a portion
of revenues from credit sales. Understanding the exact nature of these interactions will take time as sufficient
liquidity is achieved in carbon removal markets.

3.3 Global policies supporting DACCS

Although no large-scale DACCS plant is currently operational or under construction, several policies that
directly or indirectly incentivise DACCS are emerging globally. The most common type of support is R&D
funding through national or regional research programmes, with some dedicated funding emerging recently:

1 US Energy Act 2020: A total of $447 million was authorised to be used in 2021-2024, for RD&D of
GGRs, including DACCS, BECCS and agricultural options*.

1 US FY22 Appropriations: Discussions around an additional funding of at least $175 million for R&D
on DAC, CO; mineralization, storage, and monitoring*.

1 UK 6£8.6 million GHG Research and Development Programme (2017-2021), co-funded by NERC,
BEIS, EPSRC and ESRC. It supports a host of GGRs, including DACCS.

T Chinai Zhej i ang UrDAR® R&Dsprogrgmine involves utilisation of captured gas as a
fertiliser for crop growth in a greenhouse®.

i EU RD&D Programmes:Hori zon Europe is the EU6s m@dRs
research, among many other technologies. Further funding is available for supporting innovative low-
carbon companies through the European Institute of Innovation and Technology and the European
Innovation Council, although historically funding directed at NETs has been very low.

4 Article [Link]
“2 Article [Link]
“The programmeis listedinCar bon 1800s mdng] of activities [
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https://carbon180.org/dac-mapp
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Some policies provide support for early-stage deployment and demonstration of emerging DACCS
technologies. Notable examples of recent demonstration support are:

1 TheUS Energy Act of 2020
o Grants for FEED studies and large-scale pilot demonstrations through the $447 million fund.
o DAC prizes for pre-commercial ($15 million) and commercial ($100 million) technologies.
T The UK6és GHG Removal | n which pravides £70 @ibtlion jpyeBEIS tand €30
million by a UKRI programme to fund development of multiple GGRs feasibility studies and a few
demonstration plants*.
T The Canadi an gover nmentd €AD$25 midientintoiCarhor Engineeringtto
demonstrate their emerging technologies*.
1 Australian CCUS Development Fund which will provide AUS $50 millionto CCS and CCU pilot and
demonstration projects in the next 3 years®.
T Ger many fasoida@m@e and use fundingdirectivewi I | mobil i se 04585  _.mil i
T&S infrastructure around North Sea, CCS, CCU, DACCS and BECCS projects®.
T Germanyds support for a pil coemmssoned hydéedera Mihistrygpiu i d f u
Transport, will supply at least 10,000 tonnes of fuel per year and may use CO; from air®,
1 Several other EU funds, such as the Innovation Fund and Connecting Europe Facility, offer financial
support for deploying CCS projects and infrastructure.

Currently there are no dedicated, structured financial incentives for deployment of DACCS globally, however
significant commitments are made in the US, which will support FOAK DACCS plants, along with other CCS
technologies:

9 The recent Infrastructure Investment and Jobs Act allocates $3.5 billion for creation of 4 DAC
hubs, each with a capacity of at least 1MtCO-/year. This will help the US DOE deliver its target of
reducing carbon removal costs to $100/tCO; announced as part of the Carbon Negative Shot.

I The 45Q tax credits award tax alleviation worth $35/tCO: for enhanced oil recovery (EOR) or
$50/tCO, for dedicated geological storage CCS (including DAC). DAC can directly use this incentive
in conjunction with other US incentives. Recently, several amendments have been submitted to the
Congressto increase 45Q credits substantially and offer higher incentives to DACCS, and the credit
is open to be adjusted in the future to keep up with inflation®.

T Californiab6s Low Car b o nreghine el sugpliees im thastate $o red lcetfeis )
carbon intensity over time or purchase credits to make up the difference. LCFS allows DAC facilities
producing synthetic fuels to sell into this market or sell carbon removal credits to fuel suppliers if DAC
is used for permanent storage. LCFS credits were worth $135-140/tCO, in early March 2022,

Furthermore, Sweden has introduced a new reverse auction-based system® to procure annual BECCS
capacities around 200 1 400 ktCOg/year, starting from 2025/26. This model may be adopted for DACCS
projectsin the future. Another promising global GGR policy is a feed-in-tariff for purchasing permanent NE
(including DACCS and BECCS), which is currently being developed by a group of GGR advocates for the
Luxemburg government®?,

“ Details of the UKRI programme [Link]

“ Article [Link]

6 News [Link]

4" News [Link]

“8 Article [Link]

9 Article [Link]

* Neste California LCFS prices (accessed 08.03.2022) [Link]

S Article [Link]

2Video of Op e n redent wakeh thed uxeémbwrgefded-in-tariff [Link]
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https://www.neste.com/investors/market-data/lcfs-credit-price#ec20eecc
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https://www.youtube.com/watch?v=E2Nx9hgjm60
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Lastly, some support for CO: utilisation technologies indirectly helps improve DACCS technologies by
encouraging research or deployment of direct air capture for producing sustainable CO,. Some notable
examples of such support are:

1 Most current CCU research is supported by general RD&D (research, development and
demonstration) programmes, however:
0 The US Energy Act of 2020 allocates $280 million specifically for CCU research and
establishes a carbon utilisation research centre
0 The State of New Yorké sew $10 million Carbontech Development Initiative will cany
research, technology transfer and commercialization work for carbon-to-value processes®.
1 Buy Clean California Act will require state agencies to purchase construction materials below a
threshold of carbon intensity. CCUS and DAC can be used to reduce embedded emissions of these
materials, providing a procurement policy support.
1 Other CCU policy support includes mechanisms to reduce carbon intensities of fuels, some of which
are discussed previously, such as:
o Californiads Low Carbon Fuel Standard
0 Swedish GHG reduction mandate in aviation
0 Swiss aviation carbon tax, which is an incentive for carbon intensity reduction of aviation
fuels, which may benefit synthetic fuel production from DAC*.

%3 Article [Link]
5 Article [Link]
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4 Selection of Viable GGR Policy Mechanisms

Given the case for additional dedicated GGR policy support explored above, along list of candidate policies
was assessed against numerous criteria to determine a shortlist of policy mechanisms with a high likelihood
of enabling the UK to reachits GGR targets.

The longlist of GGR policies and the assessment criteriawered evel oped based on E
reports exploring policy mechanisms to support GGRs®, interactions with various policymakers at BEIS and
the cross-government project Steering Group, and engagement with nhumerous technology developers,
academics, and financial sector experts.

Several principles were prioritised when selecting and defining the longlist of policy options:

91 Deliver negative emissions onthe scale needed to reach interim carbon budgets (and to de-risk this
by initially developing a portfolio of different GGRSs)

Reward negative emissions equally (and explicitly)

Provide areliable revenue stream for NE providers

Encourageinnovation

Encourage competition

Offer value for money and leverage private investment

= =4 -8 -8 -8

Some of these principles are inherently desirable i such as rewarding each unit of NE equally, allowing
innovation etc. Others are imposed by the circumstances of the sector i for example, the need to achieve and
de-risk hitting GGR targets by initially developing a portfolio of different GGR technologies is a result of the
uncertainty inthe sector. These circumstances mightchange over time, having animportantinfluence on policy
design.

The two sets of principles listed below are somewhat at odds with each other regarding the level of support
different technologies should receive:

of Different GGRs & Competition

Initlal Development Portfolio W Equal Reward
Vs
L & Value for Money t & Innovation

The principles on the left favour rewarding technologies in a way that is specific to their circumstances (e.g.,
BECCS industry being compensated at a different level from DACCS), and the principles on the right favour
eqgual rewards for each technology. In the future, the scales should tip towards equal reward, however initially,
principles on the left are needed to ensure that less developed GGRs that could play a key future role are not
prematurely discarded on the grounds of current high costs.

This is reflected in the importance of an initially flexible policy mechanism, where there are practical ways of
awarding different levels of incentivesto each GGR technology. Flexibility is also needed to consider the varied
other forms of existing and proposed policy support across the different GGR technologies. However, an ideal
GGR policy must also be able to transition into an appropriately market led approach in the medium- to long-
term when uncertainty is reduced.

The rest of this section briefly introduces the longlist of GGR policies considered, the specific assessment
criteria against which the policies were ranked, and the reasoning for shortlisting or eliminating each of the
policies.

% Policy mechanisms for supporting deployment of engineered GGR technologies. By Element Energy for
NIC (July 2021) [Link] and Investable commercial frameworks for power BECCS. By Element Energy and
Vivid Economics for BEIS (June 2021) [Link]
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41 Mechanisms considered

In light of the above discussion, seven GGR policies i which were broadly classified as market-based policies,
contract-based policies, and government interventions i were chosen to be in the longlist of options. A brief
description of these policies is provided below with more detail on potential design features, strengths,
weaknesses, and current examples provided in Appendix 8.2.

Market-based policies

1 UKETS: GGR projects may be awarded NE credits that can be traded in the UK ETS. Introduction of
new allowances could increase gross emissions, but depending on the market design the cap on total
emissions could be adjusted downward to ensure that CO- reduction efforts are not slowed. UK ETS
credit prices are likely to be too low to incentivise most engineered GGR technologies in the short to
medium term, but awarding multiple credits to emerging technologies may make them competitive at
the expense of breaking the 1 credit = 1 tCO; relationship.

0 In the context of assessing the longlist of GGR policies, only a simple integration of GGR
credits into the UK ETS is considered under this policy option. ETS integration may be more
viable if itis combined with an obligation scheme requiring participants to source a portion of
their credits from GGRs or if the government buys GGR-based credits through an
intermediatory agency and sells the credits in the ETS for a lower price. These options are
considered under the obligation and payment schemes respectively. Possible ways to
integrate GGRs with the UK ETS are explored further in section 5.

1 Obligation schemes: Fossil fuel suppliers or certain emitters may be required to purchase NE credits
equivalent to an increasing percentage of their emissions. Specific GGR technologies may be
incentivised through sub-targets. Obligations may beembedded inthe UK ETS system, if the obligated
parties are participants in the ETS. Alternatively, a carbon takeback obligation may be imposed on
fossil fuel suppliers requiring them to secure carbon storage credits.

Contract-based policies

9 Carbon contracts for difference (CfDs): Carbon CfDs may be used to provide a stable negative
emissions revenue stream to GGR projects. The government would pay the difference between a
strike price and a reference price on a £ per tonne basis. The reference price may be NE prices in EU
ETS, voluntary markets, or the achieved sale price. Contracts for FOAK projects may be bilaterally
negotiated and competitive auctions can be held for mature sectors. Technology specific incentives
may be provided through dedicated pots. Carbon CfDs would be funded by the government unless
new levies are introduced to the private sector.

1 Paymentschemes: The governmentmay directly procure NE through specified £ pertonne payments
to GGR developers. Contracts may be bilaterally negotiated or awarded through reverse auctions if
there is competition. Alternatively, the government may announce advanced purchase agreements for
increasing NE volumes with lower prices. Payment schemes may also be integrated into UK ETS,
where the government may committo purchase the credits at higher prices and sell to the emitters at
market rates. Similar to carbon CfDs, payment schemes may be funded by the private sector if new
levies are introduced.

Government interventions

1 Costplus subsidy: GGR projects may be awarded open book contracts where the government pays
all the eligible costs and an additional margin as a profit. Risk management could include build-in of
pain-gain sharing mechanisms to incentivise improvements, but the government bears most of the
risks. Either the government or the project developer may sell NE credits in voluntary or regulated
markets to recuperate some of the costs.

1 Competitions: Competitions are direct government grants to GGR projects which can demonstrate
value for money or are strategically important in other ways. They are traditionally used for innovation
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purposes and to commercialise emerging technologies. They are not likely to be useful for mature
GGR markets due to the administrative burden of evaluating proposals and the very high upfront
payments required.

I Tax incentives: GGR developers may be awarded investment tax credits equivalent to a specific
percentage of total capital investment and/or production tax credits on a £ per tonne CO, removed
basis. Rates may be set differently for each technology and reduce over time to reflect cost reduction.
Since tax incentives do not require the government to directly spend money, they are relatively
scalable and not bound by pre-determined budgets. Credits only benefit large companies with high tax
liabilities though, so tax credit trading markets may need to be established to deliver GGR roll-out.

4.2

A total of 11 criteria were chosen for the assessment of the longlist of GGR options. The criteria were
thematically divided into three groups: economic viability, ethics/equality, and feasibility. Brief descriptions of
the criteria are provided in Table 7 below. More detailed descriptions including high level commentary about
the performance of different types of policies against these criteria are provided in Appendix 8.3.

Evaluation Criteria

Table 7: Criteria used for the assessment of the long list of GGR policy mechanisms

Category Name Description
_ Revenue The policy should create a stable source of demand/revenue for
Economic stabilit negative emissions to instil confidence among project developers and
Viability y incentivise private investment.
. . The policy should ensure that policy support does not lead to excessive
Proportionality rewards or over-subsidisation.
Over time the policy should enable a transition to a competitive and
Transition mature GGR market with reduced government support, allowing
market-led growth of the sector.
The policy should promote cost reductions over time through
Cost reduction innovation, learning by doing and competition as appropriate. This is
Ethics and both within a specific deployed project and within the industry as a
Equality whole.

The policy is appropriate across different scales of companies and can
benefit smaller and larger companies in the same or similar manner
and level. Additional administrative burdens to smaller projects (~10s
ktCO.lyear) are also considered under this criterion.

Applicability
across scales

I%‘\

The policy enables costs to be distributed in an equitable way (emitters,

Fair cost fuel producers, consumers, etc.), minimising burden on government
distribution and the taxpayer and leveraging private sector investment as far as
possible.
The policy should be feasible to implement in the 2020s to facilitate
Deliverability | FOAK deployment, and should aim to minimise administrative and
policy complexity.
Feasibilit The policy should be compatible with business models under

€asibllity 1 compatibility | development in sectors such as CCUS and hydrogen production. It

should not misalign with or require redesign of wider policy frameworks.

The policy has been implemented in other applicable industries for a
suitable period and has demonstrated that the policy is likely to achieve
what it set out to achieve. In order of preference, applicable industries
are engineered GGRs, other CCUS technologies, and energy-related
sectors.

m

Track record

Reaching GGR
targets

The policy should enable the government to reach target levels of GGR
deployment in the UK.
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Polic The policy should be flexible, allowing the level of deployment and
flexi biIBi/ty incentives to be modulated over time allowing the government to

potentially pay less and phase out the policy if needed.

4.3 Assessment Results

Each of the longlist policies were scored against the assessment criteria in a RAG (red, amber, green)
methodology:

I Redi indicates thatthe policy struggles to meet the criteria
1 I indicates that the policy partially meets the criteria
1 Green’ indicates thatthe policy successfully meets the criteria

Partial scoring was occasionally used to provide further granularity and capture nuanced implications. The
summary of the assessmentis provided visually in Figure 5 below. Appendix 8.4 includes detailed reasoning
behind individual scores.

The RAG based scores were not quantified or weighted when shortlisting policies. These rankings were used

as qualitative indicatorsofpol i ci es & per f or ma n casguidance @her the shprtlisteel policiesu s e d
were selected in consultation with BEIS. The specific reasons for shortlisting the obligation schemes, payment
schemes and carbon CfDs, while considering UK ETS and competitions as complementary mechanisms are
provided in Table 8.
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Figure 5: Results of RAG based assessment of GGR policies considered
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