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Foreword

| am pleased to present the Climate Change Committee’s recommendations for
the UK’s Sixth Carbon Budget which will run from 2033 to 2037. This report builds on
the advice we gave last year, which led to Net Zero becoming law throughout the
UK.

Whereas then we painted a detailed picture of the UK in 2050, now, we describe
the path to Net Zero. We explore the changes that the UK will see on that journey
and detail the steps that must be taken to ensure we stick to our essential
endeavour.

This is the most comprehensive advice we have ever produced. Itis a blueprint for
a fully decarbonised UK. Arich depiction of the choices before us in reaching the
goal of net-zero greenhouse gases by 2050 at the latest.

Our recommended pathway requires a 78% reductionin UK territorial emissions
between 1990 and 2035. In effect, it brings forward the UK's previous 80% target by
nearly 15 years. There is no clearer indication of the increased ambition implied by
the Net Zero target than this. Our pathway meets the Paris Agreement stipulation
of ‘highest possible ambition’. It is challenging but also hugely advantageous,
creatfing new industrial opportunities and ensuring wider gains for the nation’s
health and for nature.

Some of our mostimportant work is on the costs of the transition. Low carbon
investment must scale up to £50 billion each yearto deliver Net Zero, supporting
the UK's economic recovery over the next decade. This investment generates
substantial fuel savings, as cleaner, more-efficient tfechnologies replace their fossil-
fuelled predecessors. In fime, these savings cancel out the investment costs entirely
— avital new insight that means our central estimate for costs is now below 1% of
GDP throughout the next 30 years.

The pace of our recommended emissions path tells an important story about what
must follow and what has gone before. We don’treach Net Zero simply by wishing
it. There must be a process and a sequence by which we reach the goal. Progress
is more graduadl in the early years as we make up forlost ground. Scaling up new
policy development, ramping up new supply chains for low-carbon goods,
addressing sectors that have progressed too slowly: fransport, industry, buildings,
agriculture. A crifical moment arrives in the early 2030s, as sales of most high-
carbon goods are phased out altogether. UK emissions fall sharply over the 2030s,
before levelling off in the 2040s, as we clear the final hurdles to Net Zero.

The implication of this path is clear: the utmost focus is required from government
over the next ten years. If policy is not scaled up across every sector; if business is
not encouraged foinvest; if the people of the UK are not engaged in this
challenge - the UK will not deliver Net Zero by 2050. The 2020s must be the decisive
decade of progress and action.

Yet, that progress will be impossible if it is not just. Faimess in the transition to Net
Zero is an essential constituent forits success. In aggregate, the costs are low - but
that must not hide the need to distribute the costs and the benéefits fairly. Our
recommended path heralds a major fransitionin the economy andjobs. There will
be new low-carbon employment opportunities, but there will also be high-carbon
sectors that shrink.



These impacts can be highly concentrated in some regions of the UK. We must
prepare now forthose changes. Itis the government’s role to ensure we have the
fraining and the skills that those changes require. National, regional, and locall
investment in low carlbbon industries is now an economic and social priority.
Combatting climate change provides us with the means of leveling up as an
essential part of oureconomic revival.

In this endeavour, we will not be alone. The club of nations that has committed to
Net Zero has grown significantly since our report last year. These new pledges,
including those of China and the EU, South Korea and Japan, as well as the
expected pledge from the US, offer mutual advancement. These are our markets
of the future and, as low-carbon technologies and strategies develop around the
world, we can be more assured of the global response to climate change and the
widespread transitions that are underway in energy, fransport, andindustry. These
will also mean that the reduction in our territorial emissions will be mirored in the
reduction of the carbon footprint of our imported goods and services.

The signs point to a propitious moment for global climate ambition in Glasgow next
year. But our international leadership, in the Presidency of COP26 and of the G7,
must begin at home. Our influence in the wider world rests ultimately on strong
domestic ambition.

For this we look to the framework provided by the UK’s Climate Change Act, which
has governed the work of the Committee in producing this report. The basis of the
British approach to tackling climate change is containedin the mix of
responsibilities that the Act lays out so clearly. Anindependent body, the Climate
Change Committee, advises on targets and delivery and measures progress. The
long-term emissions goalis determined by the UK's international obligations,
themselves reflecting the scientfific imperatives. Interim targets, expressed in the
carbon budgets, are setin line with that long-term godl, stimulating short-term
action. But the responsibility of meeting these carbon budgets — of actually
delivering onthe advice and the commitments — rests with Government. This
Report gives the Govemment and Parliament the route map fo meeting those
statutory obligations.

This is the governance system that has served the UK well since 2008 and this Sixth
Carbon Budget is its most complete expression. Itis the product of an immense
effort from my Committee and the talented team that supports it. | commend the
advice strongly to Ministers and | urge the Government o legisiate for the Sixth
Carbon Budget as soon as possible. That would constitute the strongest statement
of our ambition to tackle climate change. It is a decisive moment for global Britain.

e

e

Lord Deben
Chair of the Climate Change Committee
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The Sixth Carbon Budget
should set the UK emissions limi
for 2033-37 at 965 MtCO-e.

The budget requires a major
investment programme, worth
around £50 billion each year
from 2030 to 2050.

A major strengthening of UK
policies is required.

13

We recommend that the UK sets a Sixth Carbon Budget to require a reductionin
UK greenhouse gas emissions of 78% by 2035 relative to 1990, a 63% reduction from
2019. This will be a world-leading commitment, placing the UK decisively on the
path to Net Zero by 2050 at the latest, with a trajectory thatis consistent with the
Paris Agreement. It should be accompanied by a similarly ambitious 2030 pledge,
to reduce emissions by at least 68% from 1990, as part of the UK's nationally
determined contribution (NDC) to the UN process.”

Our recommended budget would achieve well over half of the required emissions
reduction fo 2050 in the next 15 years (Figure 1). This early action is vital fo support
the required increase in global ambition, especially ahead of the UK hosting the
next UN climate talks (i.e. COP26 in Glasgow). It can feasibly be achieved at low
overall cost and would bring multiple benefits and opportunities for the UK.

* Aleading offer from the UK. While many countries have followed the UK in
adopting Net Zero as a long-term emissions target, global ambition to 2030
remains far short of what is required. As President of the next UN climate
talks (and of the G7) in 2021, the UK is in a position to influence others, but
to do so mustitself adopt an ambitious 2030 goal. Reducing emissions early
maftters as it is global cumulative emissions that drive climate outcomes.

e Afeasible pathfor the UK. Meeting the budget requires average annudl
reductions in UK emissions of 21 MtCO»e, similar to those achieved since
2012 (19 MICOqe). The analysis in this report shows this is cleary feasible,
provided effective policies are infroduced across the economy without
delay. We estimate net costs of meeting the budget to be low, equivalent
to less than 1% of GDP.

* Benefits for the UK. Legislating our recommended budget would send a
clear signal that the UK is open for low-carbon investment. This will help to
encourage private investment atlow cost at a time when itis needed to
support the UK's economic recovery from the COVID-19 health crisis. It
could also help the UK secure competitive positions in growing global
markets for low-carbon goods and services. The required changes would
also deliver significant positive impacts for people in the UK in terms of
health, well-being and the environment.

Meeting our recommended budget will require a major nationwide investment
programme, led by Government, but largely funded and delivered by private
companies and individuals. Low-carbon markets and supply chains must scale up
so that almost all new purchases and investments are in zero-carbon solutions by
2030 or soon after. Investments should be made resilient to the expected impacts
of climate change. Reduced operating costs inlater years will pay back onthe
inifial investment.

More than ever before, future emissionsreductions will require people to be
actively involved. This need not entail sacrifices. Many people can make low-
carbon choices, about how they fravel, how they heat their homes, what they buy
and what they eat. The experience of the UK Climate Assembly shows that if
people understand what is needed and why, if they have options and can be
involvedin decision-making processes, they will support the fransition to Net Zero.

* Our budget recommendation (-78%) includes emissions from international aviation and shipping, but UN convention
is toreport these separately, so they are notincluded in our recommended NDC (at least 68%). On an equivalent
basis (i.e.including intemationalaviation and shipping), the 2030NDC would be a 64% reductionrelative to 1990.

Sixth Carbon Budget - The path to Net Zero



The budget would decisively
commit the UK to the transition
to Net Zero emissionsin 2050.

The Sixth Carbon Budget
should cover allsources of UK
emissions and be met through
domestic action in the UK.

Fairness is also fundamental to public support and must be embedded throughout
policy. Only a fransition that is perceived as fair, and where people, places and
communities are well-supported, will succeed. UK Government policy, including on
skills and jols, must join up with local, regional and devolved policy on the just
fransition. Vulnerable people must be protected from the costs of the transition.

Recent UK emissions reductions have come from the transition away from coal-
fired power, whichis almost complete. Future reductions must come from
fransport, industry, buildings and agriculture, as well as phasing out gas-fired
power. There are positive lessons from power sector decarbonisation but each of
these sectors raises different policy challenges. Policies must provide a clear
direction to millions of people and businesses in the UK, shifting incentives to favour
low-carbon options and tackling barriers to action.

The Government has recognised the need for significant policy strengthening and
is developing plans in all areas of UK emissions. Now plans must franslate to action
and Government must organise for the major delivery challenge of Net Zero. A
slower path for emissions reduction, and a looser Sixth Carbon Budget, would put
the 2050 Net Zero target at risk and reduce the scope for learning-by-doing.

New economic opportunities would be missed and the UK's role as President of the
UN climate talks would be undemined.

Figure 1 The recommended Sixth Carbon Budget «
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The UK’s Net Zero Strategy
must accelerate actionto
reduce emissions across the UK
without delay.

15

Box 1 and Box 2 set out the Committee’srecommendations. The rest of this
summary is set outin five parts:

1. Why the Sixth Carbon Budget is right for the climate

2. Why the Sixth Carbon Budget is right for the UK

3. How the Sixth Carbon Budget can be met

4. Recommendations for action

5. Next steps

Box 1

CCC recommendations on the UK's Sixth Carbon Budget

Budget level. The Sixth Carbon Budget (i.e. the legal limit for UK net emissions of
greenhouse gases over the years 2033-37) should be set at 965 MtCO2e, implying a
78% reduction from 1990 to 2035.

Budget scope. The budget should cover all greenhouse gas emissions, including those
from international aviation and shipping, and removals of CO2 from the atmosphere
(e.g. through afforestation or engineered removals such as bioenergy with carbon
capture andstorage). The Committee does not consider the previous approach of
allowing ‘headroom’ for international aviation and shipping emissions to be sufficient
given the importance of these emissions and the risk of their different treatment in UK
legislation being seen as unfair by other sectors.

Domestic action. Perfformance against the budget should be judged based on actual
UK emissions (net of removals), withoutrecourse to international carbon units (often
referred to as ‘credits’). The Government could choose to use credits to go beyond
the budget as a greater international conftribution. Emissions trading can be a useful
policy lever to reduce actualUK emissions (net of removals) asrequired to meet the
recommended budget.

Net Zero Strategy. We recommend thatthe Government legislates our recommended
Sixth Carbon Budget as soon as possible and sets out its Net Zero plans and policies in
the first half of 2021 (many of which have been under development since 2019) to
deliver in full against the budget. The expected impact of policies, including those in
early planning, should be clearly quantified andin sum be enough to meet the
budget and the 2030 NDC.

Existing carbon budgets. Emissions will have to fall more quickly thanrequired by the
existing carbon budgets (i.e. the fourth and fifth, covering 2023-27 and 2028-32). Itis for
the Government to decide whether the existing budgets should be amended to bring
them in line with the Net Zero 2050 target, however, the Committee does not consider
it necessary toreset these in law. Forthcoming revisions to the UK's emissions inventory
will make existing carbon budgets more challenging. Once the NDC and Sixth Carbon
Budget are set on the path to Net Zero, those will provide a clear target for UK
emissions reduction over the coming decade.

Sixth Carbon Budget - The path to Net Zero




An ambitious UK NDC for 2030
is vital to help unlock greater
global ambition.

The UK shouldinclude
separate commitments on
emissions fromintemational
aviation and shipping.

The NDC should alsoreflect
the need for climate
adaptation andinternational
collaboration.

Global ambition is increasing,

butremains insufficient,
especially for 2030.

Box 2

CCC recommendations on the UK's Nationally Determined Conftribution for 2030

The UK will host the next UN climate talks— the 26th Conference of the Parties (COP26) —in
Glasgow in November 2021. The period leading up to these talksis vitalfor increasing
global ambition. To support that process the UK must adopt aworld leading NDC that
reflects best practice under the Paris Agreement.

* Ambition on reducing emissions. The UK should submit an NDC based on the pathto
the Sixth Carbon Budget, requiring at least a 68% reduction in teritorial emissions from
1990 to 2030 (excluding emissions from international aviation and shipping, IAS, in line
with UN convention), to be delivered through domestic action, with additional actions
toreduce the UK’s contribution to IAS emissions.

— Thisis a clear progression from the UK’s existing commitments: its expected
effort share of the EU’s NDC (-53%), the existing Fifth Carbon Budget (-57%),
and the expected reduction in actualemissions under the Fifth Carbon
Budget (-61%).*

— Itwould be world leading compared to existing NDCs, and amongst the
fronf-runners for proposals for increased ambition. For example, if the EU
adoptsits proposed 55% reduction for 2030, our proposed NDC would be
towards the top of the range that we estimate for the UK's possible effort
share hadit still been a Member State.

— Itwould align with the published pathways from the Intergovernmental
Panel on Climate Change (IPCC) for a 1.5°C goal. UK emissions would fall
by 54% from 2010 to 2030, compared to the 45% that the IPCC identifies for
the world as a whole.

— Itis equivalent to a 64% reduction including IAS emissions, the basis of our
recommended Sixth Carbon Budget.

* International aviation and shipping. While these emissions are treated separately by
the UN, they must be addressed if the temperature goal of the Paris Agreement is to
be met. The UK’s NDC should include clear commitments to act on emissions from
international aviation and shipping, including both long-term and interim targets.

* Adaptation. Evenif the Paris goals are delivered in full and global temperature rise is
limited to 1.5°C, there will be further impacts from climate change beyond those
already occurring today. If the Paris goals are missed, the global and UK impacts will
become much more severe. The UK needs to increase its ambition on climate change
adaptation, asitis not prepared even for the 1.5-2°C world. The UK's NDC should
signal how national adaptation planswill be strengthened, as well as highlighting how
the UK is supporting climate adaptation overseas.

* International collaboration. The UK has been a strong contributor to intemational
climate finance, recently doublingits commitment to £11.6 bilion in aggregate over
2021/22-2025/26. The UK’s NDC should highlight this commitment, along with other UK
contributions to technology development and capacity building.

1. Why the Sixth Carbon Budget is right for the climate

Current NDCs submitted under the Paris Agreement are predicted to lead to
global average temperatures rising around 3°C by 2100 compared to pre-industrial
levels, with risks of even more severe climate outcomes. The 2015 Paris Agreement
aims to limit warming to well below 2°C and to pursue efforts to limit it to 1.5°C.

China, the EU, Japan and South Korea have all announced Net Zero emissions
targets for 2050 or soon after (2060 in the case of China).

* The existing EU ambition is fora 40% reduction by 2030 relative to 1990; an increase to 55% is being considered. The
fifth budget goal of -57% refers to the net carbon account, which adjusts foremissions frading in the EU Emissions
Trading System.

Execufive summary ] 6



The Sixth Carbon Budget has
been developed to support
the required pathways for
reducing global emissions.
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The US is expected to join that listin 2021. Together, Net Zero commitments by
Parties to the Paris Agreement cover nearly 50% of global CO, emissions and 50%
of global GDP (around 60% and 75% with the US). Further commitments by
businesses and cifies/states demonstrate underlying support that will amplify and
facilitate the national efforts.

However, existing 2030 commitments globally do not yet match the long-term
targets and still fall far short of what is needed to meet Paris Agreement targets. As
host of COP26, the UK should send a clear signal that itis confributing fully o the
Paris Agreement by setting a world-leading 2030 ambition and taking strong action
now to move decisively onto the pathto its long-term Net Zero ambition.

How the Sixth Carbon Budget supports global climate action

Our recommended Sixth Carbon Budget and UK NDC reflect the goals and
requirements of the Paris Agreement, recognising the UK’s responsibility as a richer
developed nation and its respective capabilities:

e Ourrecommended pathway has been explicitly designed to reflect the
UK's *highest possible ambition’ within the UK's particular capabilities, as
required by the Paris Agreement.

e |t wouldreduce the UK's annual per capita emissions by 2035 to under 3
tCOqe per person, in line with global pathways consistent with meeting the
Paris 1.5°C goal (Figure 2).

¢ The actions required to meet the budget and NDC (including full
decarbonisation of the power sector, full switchover to electric vehicle sales
and installation of low-carbon heating, androll-out of carbon capture and
storage) would go beyond those required from the world on average
(Table 1), inline with the UK's responsibility as a richer nation with larger
historical emissions. The timing of these actions would align to that required
from other climate leaders.

e Comparable actionfromother developed countries, with developing
countries following slightly later (i.e. where they generally adopt low-caroon
measures later, achieve lower percentage reductionsto 2030 and reach
Net Zero emissions after 2050) would limit waming well below 2°C. We set
outsuch a ‘leadership-driven’ global pathway in this report.

¢ We have highlighted where policies and actions have important crossovers
with the need to adapt to climate change, which is also included as a key
part of the long-term response to climate change in the Paris Agreement.

To limit warming below 1.5°C, modelling generally suggests that all regions will
need to follow paths close to those currently being considered in developed
countries. Developed countries will need to play a significant role in supporting
those efforts. If additional action to reduce emissions domestically beyond our
recommended budget proves possible, then the UK should take that action in
further support of the 1.5°C ambition.

Sixth Carbon Budget - The path to Net Zero



Figure 2 Global emissions pathways (per person) '«
consistentwith the Paris Agreement

All GHG emissions (basis of the UK's targets)
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Source: CCC analysis. Huppmann, D, et.al. (2018) A new scenario resource for integrated 1.5°C research. Nature
Climate Change, 8 (12), 1027; Olivier, J. & Peters, J. (2019) Trends in global CO2 and total greenhouse gas emissions.
Notes: Aggregation of greenhouse gas emissionsis done using the global waming potential metric at time horizon
of 100 years. Valuesfrom the IPCC 5" Assessment report (with climate-carbon feedbacks) are used. Minimum and
maximum ranges are used across the global emissions scenario categories used by the IPCC Special Report on
Global Warming of 1.5°C. These figures do not include the uncertain impact of COVID-19 on 2020 emissions.
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Table 1

Comparison of the UK decarbonisation actions with global average pathways

UK - Balanced Net Global average - Global average -
Zero Pathway 1.5°C pathways 2°C pathways

Coal % of electricity generation — 2030 0% (by 2024) 8% 13%!
Low-carbon % of generation —2030! 87% 72%) 67%!
Electiric Vehicles % of car fleet - 2030 43% 20 - 40%2 13%3
Electric Vehicles % of car sales - 2030 97% 52%3 40%3
Average heat pump installation rate — 2030 15.3 8.83 7.73
(heat pumps/thousand people/yr)
Low-carbon hydrogen production - 2030 (kg / 10.7 - 0.93
person /yr)
CCS per capita -2030 (1CO2/person/yr) 0.32 0.25! 0.1
Engineered removals - 2030 ({CO2/person/yr) 0.07 0.04! 0.01!

Source: CCC analysis; 1 Huppmann, D. et al. (2018) A new scenarioresource for integrated 1.5°C research. Nature Climate Change, 8 (12),1027; 2
Climate Action Tracker Initiative (2020) Paris Agreement Compatible Sectoral Benchmarks; 3 I[EA (2020) World Energy Outlook 2020.

Notes:The UK Government has now committed to a full phase-out of petroland diesel cars by 2030. Electric car fleet figures here include plug-in hybrics.
For Europe as a whole, analysis from Climate Action Tracker suggests a benchmark for EV fleetsreaching 40-55%. Median figures are used forthe IPCC-
SR1.5 pathways, with a widerange around these medians across the scenario ensemble. CCS is often used extensively within IPCC-SR 1.5 pathways, to
greater extents thanin otherglobal pathways (e.g. those from the [EA). Global 1.5°C pathways have ~50% probadbility of limiting global warming to 1.5°C
and ‘well below 2°C’ pathways have at least 66% probability of limiting to 2°C.

The UKshouldreduce
consumption emissions as well
as territorial emissions.

19

The UK’'s broader carbon footprint

Territorial emissions (i.e. those arising from UK sources, plus its contribution to
international aviation and shipping) remain the right basis for the UK's carbon
budgets and Net Zero target. However, the UK must also reduce its consumption
emissions (i.e. the broader impact of UK consumptionincluding emissions
embedded in imported goods and services), which are around 50% higher than
our territorial emissions. If UK territorial emissions are reduced to Net Zero and UK
trading partners reduce their emissions in line with the Paris Agreement, then we
estimate that UK consumption emissions would be around 90% below 1990 levels in
2050.

The Committee will continue to scrutinise progress on consumption emissions
alongside territorial emissions and advise on policies that reduce both. We will
monitor consumption emissions against a Paris-aligned frajectory in our future
annual Progress Reports to Parliament. UK industries should face a level playing
field under the UK's ambitious targets. Reducing emissions in the UK must not be at
the expense of exporting jolbbs and emissions overseas.

e Alevel playingfield should be easier to sustain now that around 50% of the
UK's imported emissions are from territories due to be covered by Net Zero
targets. Together with the UK’s target, this means Net Zero targets for mid-
century cover around 75% of UK consumption emissions.

e Policy has a keyrole to play, including Exchequer support for low-carbon
solutions in frade-exposed industries at risk of lost competitiveness,
production standards (i.e. regulating forboth UK production andimports to
meet tightening emissions standards) and border carbon tariffs' (for which
work should start now by developing better metrics of carbon-intensity and
building an infternational consensus on their role). These should be
considered in new frade agreements.

Our recommended budget is designed to be met by reducing UK sources of
emissions, not by displacing them to other markets. Some of the actions involved
(e.g. resource efficiency and more generally reduced reliance on imported fossil
fuels) will bring additional reductionsin the UK's imported emissions.
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Low-carbon investment can
support the economic
recovery.

Costs of low-carbon
technologies continue to fall.

2. Why the Sixth Carbon Budget is right for the UK

The economic context for the Sixth Carbon Budget

When the Committee recommended the UK's Net Zero target for 2050, we
demonstrated that any negative economic impact was likely to be small and the
overall impact could turn out to be positive. Our analysis of the full pathway fo Net
Zero for this report reinforces that finding. An ambitious budget is preferable o an
unambitious one, given the range of risks and costs from unchecked climate
change, and in some cases could even cut costs (e.g. with an earlier switch to
electric vehicles).

The economic and social context for climate action has changedin important
ways since the UK setits Net Zero 2050 target:

¢ The COVID-19 pandemic and measures taken inresponse to it have sharply
changed the economic backdrop in the UK and globadlly. In the UK, 750,000
payroll jobs have been lost (with millions more supported by the Jobs
Retention Scheme), GDP has fallen (e.g. by 9% from August 2019 o August
2020) and business investment has dropped by around a quarter despite
record low interest rates. These effects imply considerable spare capacity in
the economy and therefore that increasing investment could support the
UK’s recovery.

* The new Net Zero commitments by countries and businesses cleary
demonstrate momentum building towards more climate action. This should
drive down low-carbon technology costs that themselves can enable
further commitments to action. These commitments are a demonstration
that future markets lie with low-carbon products. Business models that are
not compatible with a Net Zero future are increasingly risky.

* Costs of key low-carbon technologies have continued to fall. For example,
the confracted price for electricity generated by offshore wind fell again in
the latest auction round by around a third compared to the previous
auction two years earlier. These cost reductions are driven by scale
manufacturing, investor confidence and ‘learning-by-doing’ during
deployment within an effective low-risk policy framework. These effects can
be replicated in other areas of the economy, as markets scale up globally
and the costs of low-carbon technologies confinue to fall.

This background favours a decisive transition for the UK, quickly switching resources
away from high-carbon activity andinto low-carbon investments with lower
operating costs than high-carbon alternatives. This is reflected in our proposed
pathway, which transitions as rapidly as possible within constraints of stock
turnover, supply chain capacity and fime required to design effective policy.

Investment and cost estimates

The Balanced Pathway to deliver ourrecommended Sixth Carbon Budget involves
alarge sustained increase ininvestment, adding around £50 billion annually by
2030 (compared to current economy-wide investment of nearly £400 billion).

The largest increases are for low-carbon power capacity, retrofit of buildings and
the added costs of batteries and infrastructure for electric vehicles.

This required increase ininvestment can, and should, be delivered largely by the
private sector. It is well within the range of historical changes in UK totalinvestment.
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By 2050, savings in operating
costs are likelyto be larger
than investment requirements.

2]

The sectoral increases have broadly been seen before, for example, in the
fransport sector as car-buyers shifted towards larger cars, in the power sector as
renewable investmentincreased in the last decade, and in the housing sector as
spending onrefurbishments increased. It can be financed atlow costif policies are
constructed to give long-term clarity to consumers and confidence to investors.

We are now able to demonstrate that savingsin fuel costs (Figure 3) will offset the
investment costin later years. As a result, our estimate of the annualised resource
cost (which measures the net additional cost each year to deliver the same
services with lower emissions) has fallen to less than 1% of GDP through to 2050. This
is areduction since our 2019 estimate forthe Net Zero 2050 target, reflecting our
more detailed modelling and the falling costs of low-carbon tfechnologies.

This added resource cost willnot necessarily reduce GDP by an equivalent
amount, particularly given the spare capacity following the pandemic. Modelling
commissioned for this report suggests that the level of UK GDP would be around 2%
higher than it would have been by 2035 as resources are redirected from fossil fuel
imports fo UK investment.

Figure 3 Capitalinvestment costs and operating
costssavingsin the balanced pathway
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Notes: Costs of electricity are included in the energy supply sector, whereas costs of otherlow-carbon fuels such cs
hydrogen and bioenergy are included in sectors that use these fuels. ‘M&C' is manufacturing and construction.
‘Other’ category includes aviation, shipping, land-use, land-use change and forestry, agriculture, removals, waste
and F-gases. CAPEX refers o additional annual capitalinvestment. OPEX refers to savings due to operationalcost
reductions.
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The path to Net Zero brings
many opportunities forjob
creation.

Impacts on energy billsand
the public financescan be
managed with good policy
design.

The path to Net Zero has
considerable co-benefits for

health and the environment.

Broader impacts

While costs are small overall, they could be large for particular people, sectors or
areas. Therisk of localised impacts should be a key focus forthe Government.

Our proposed pathway will require new jobs to be filled, as the need for other jobs
isreduced. With the right policies in place, our proposed pathway can be
delivered without adding further costs to energy bills and with limited impacts on
the public finances. Significant positive impacts on headlth and the environment are
expected.

e Jobs and the JustTransition. Our pathway involves considerable
opportunities for job creation. Forexample, the programme to refrofit
buildings alone would require over 200,000 extra full-time workers in that
sector from 2030 through to 2050.2 Animportant challenge for Government
is to identify where jolbbs may be lost (for example in oil and gas exfraction
and refining) and to support workers to transition to being a part of the new
low-carbon workforce (e.g. in carbon capture and storage), whether within
companies undergoing their own fransitions or beyond.

e Energy bills. A nationalinvestment programme is needed to decarbonise
the UK's homes fully, at an average investment of less than £10,000 per
home, over the next 30 years.? This can be achieved with practical policy
design and some Exchequer funding. The plan can be implemented
without large increasesin consumers’ energy bills, especially as the savings
from low-cost renewables begin to be reflected in consumer bills. Indeed,
policy can be designed to ensure that vulnerable customers benefit from
lower energy bills, given the lower operating costs resulting from
improvements in energy efficiency of homes and heating systems. Motorists
stand fo see significant cuts in the costs of driving as they shift to electric
vehicles.

e Publicfinances. Given a small overall economic impact, and the
expectation for the private sector to finance most of the fransition, the
overall impact on public finances should be limited. However, the
Government will need to find a way to replace lost revenues fromroad fuel
duty and vehicle excise duties, for example by shifting to a road charging
regime. Carbon taxes are an important part of the policy toolkit and could
raise revenues during the Net Zero transition. The priorities we identify in this
report for Exchequer supportimply around a doubling in annual public
funding to £9-12 billion by 2030, depending on policy choices.

e Health and environment. There is a host of health and environmental
benefits attached to the Net Zero fransition. More walking and cycling and
less carbon-intensive diets can improve health, as can cleaner airand
better insulated homes (e.g. the annual cost to the NHS of poor-quality
housing in England alone has been estimated at over £1 billion).4
Restoration of peatlands and planting of woodlands can improve access
fo green space and, done well, can provide new income streams for
farmers, improve the natural environment, support biodiversity and improve
adaptationto the impacts of climate change.

The required investment programme can provide a significant economic boost in
the coming years and support the UK's economic recovery. These benefits may
well persistinto the longer-term and could grow if new zero-carbon technologies
continue to develop rapidly and provide spill-overs to other sectors.
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Meeting the Sixth Carbon
Budget will help Scotland,
Wales and NorthernIreland
meet their own ambitions.
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Atworst the size of the economy would be similar o that expected without climate
action, but with valuable co-benefits. Negative impacts can be avoided with
effective policy, which must be decisive and provide confidence to investors.

Why the budget is right for Scotland, Wales & Northern Ireland

Scotland, Wales and Northem Ireland together cover a fifth of UK emissions. They
have an integral role to play in delivering the UK’s Sixth Carbon Budget on the path
to Net Zero. For Scotland and Wales, this will be achieved under long-term targets
passed in Holyrood and the Senedd Cynmru. NorthernIreland is considering
infroducingits own climate legislation.

The challenges and solutions to tackling greenhouse gas emissions are broadly
similar across the UK. The respective contributions made by each part of the UK will
depend, atleastin part, on the relative importance within their economies of
particular types of emitting activity (e.g. agriculture, industry) and opportunities for
removing CO; fromthe atmosphere through natural or engineered solutions.

UK climate targets cannot be met without strong policy action across Scotland,
Wales and Northern Ireland, tailored for national, regional andlocal needs:

¢ While someimportant policy levers are held in Westminster, powers are fully
or partially devolved in most key areas, including encouraging shifts fo
walking, cycling and public transport; providing electric vehicle charging
points; improvements to the efficiency and comfort of the building stock
and heating in homes off the gas grid; agriculture and land use; waste;
carbon frading; and public provision of education and training. Northern
Ireland also has wider devolved powers over energy networks.

e The frameworks in Wales and Scotland are ahead of the rest of the UK in
emphasising the importance of the potential health and environment
benefits, and the need for a just transition. Wales' Wellbeing of Future
Generations Act and Scotland’s Just Transition Commission will be
important in ensuring this.

e Even where the main policy levers are held by the UK Government,
Scotland, Wales and Northem Ireland can take action through
complementary measures af the devolved level (e.g. provision of
additional incentives, public engagement, and supporting policies such as
planning and consenting).

We will shortly publish two joint reports reflecting on progress towards meeting
Wales's existing climate targets and giving new recommendations on the level of
Wales's Third Carbon Budget (2026-2030) and other emissions reduction targets
including the 2050 target.

In parallel with this advice, the Committee has written to the Scofttish Government

and the Northern Ireland Executive fo give further advice on meeting and setfting
climate targets.
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People have avitalrole in
delivering Net Zero and the
Sixth Carbon Budget.

The Committee has used
scenarios to identify a
Balanced Pathway to Net
Zero, which forms the basis of
the Sixth Carbon Budget.

3. How the Sixth Carbon Budget can be met

UK territorial emissions in 2019 were 522 MICOqe, 41% below 1990 levels.” UK GDP
grew by over 75% over the same period. Emissions primarily result from the burning
of fossil fuels (mostly oil and gas) to run vehicles, heat buildings, produce electricity
and in industry and agriculture. Further emissions arise fromindustrial and
agricultural processes, changes in land use, waste disposal and leakage from
various sources.

Net Zero requires a transformation across these areas. No single solution or single
sector can meet the budget alone; action is required across all areas and all
sectors, without delay. The 2020s are the crucial decade: with effective action
starting now, by 2030 the UK will be firmly on frack to Net Zero.

A large part of meeting Net Zero is a technological and investment challenge. But
it also requires a fundamentalresponse from people: as consumers, workers,
homeowners, tenants and landlords, motorists, farmers, citizens and families.
Government should lead that response and will have most success where its
proposals are seen to be fair and where people have been involved in developing
the proposed solutions. The UK Climate Assembly provided useful insights on the
priorities of a representative cross-section of the UK population. These priorities are
reflected in this report.

Scenarios for the path to Net Zero

At the core of our advice for this report are multiple scenarios exploring the actions
required in each area and every year in order to reduce UK emissions fo Net Zero
by 2050 at the latest. The detailed scenarios explore uncertainties, particularly over
how far people will change their behaviours, how quickly tfechnology will develop
and the balance between options where credible alternatives exist.

All the scenarios are ambitious while bounded by realistic assumptions over the
speed at which low-carbon technologies can be developed and rolled out,
allowing time for supply chains, markets and infrastructure to scale up. They are
self-consistent and recognise other priorities — for example, our energy analysis
maintains security of supply, our housing analysis considers the need for flood
protection and to avoid over-heating, our land analysis supports the natural
environment,

Based on the insights of these scenarios, we have developed a Balanced Pathway
as the basis for ourrecommended Sixth Carbon Budget and the UK's NDC. The
Balanced Pathway makes moderate assumptions on behavioural change and
innovation and takes actions in the coming decade to develop multiple options
for later roll-out (e.g. use of hydrogen and/or electrification for heavy goods
vehicles and buildings). While it is not a prescriptive path that must be followed
exactly, it provides a good indication of what should be done over the coming
years.

“Throughout thisreport our figures for UK emissionsinclude those fromintemational aviation and shipping (45 MtCO-.e
in 2019). We also incorporate expected changes to the UK emissions accounts to reflect higher estimates for
emissions from peatiands and higher global waming potentials (GWP) proposed by the IPCC (and agreed at the
UNFCCC) for non-CO; greenhouse gases. As aresulf, our estimate for UK emissions in2019 is a further 42 MtCO»e
higher than inthe UK’s official inventory.Box 2.1 in Chapter 2 sets out more detais on theseissues.
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Reducing emissions to 2035

Meeting the Sixth Carbon Budget requires action across four key areas inline with
those from our Balanced Pathway (Figure 4, Table 2):

Lower-carbon choicesand A i . T
efficiency ean moke o ¢ Reducing demand for carbon-intensive activities.

material contribution to .. . .
meeting the budget. — Reduced demand. Around 10% of the emissions saving in our

Balanced Pathway in 2035 comes from changes that reduce demand
for carbon-intensive activity. Particularly important in our scenarios are
an accelerated shiftin diets away from meat and dairy products,
reductions in waste, slower growth in flights and reductions in travel
demand. While changes are needed, these can happen overtime
and overall canbe positive for health and well-being.

- Improved efficiency. A further 5% comes from improving efficiency, in
use of energy and resources, especially by better insulation of
buildings, improving vehicle efficiency and improving efficiencyin

industry.
The largest contibutionis from o Take-up of low-carbon solutions. Over half the emissions saving is from
mass take-up of low-carbon H H _ H [
solutions, powered by a major pegple and businesses adopting low-carbon solutions as high-carbon
efpc’;‘.S‘.‘?” oféorv]v—gorbon options are phased out (Table 3). By the early 2030s all new cars and vans
supplis, Ceregen and all boiler replacements in homes and other buildings must be low -

carbon — we expect largely electric. By 2040 all new heavy goods vehicles
should be low-carbon. Industry must either adopt technologies that use
electricity or hydrogen instead of fossil fuels orinstall caroon capture and
storage.

e Expansion of low-carbon energy supplies.

— Low-carbon electricity. Low-carbon electricity can now be produced
more cheaply than high-carbon electricity in the UK and globally.

- In our Balanced Pathway the low-carbon share increases from 50%
now to 100% by 2035, cutting UK emissions by 18% compared to our
baseline. New demands from transport, buildings and industry
(moderated by improving energy efficiency) mean electricity
demand rises 50% to 2035, doubling or even trebling by 2050. The
largest contribution is from offshore wind, reaching the Government’s
goal of 40 GWin 2030, on a path to 65-125 GW by 2050.

— Low-carbon hydrogen scales up to 90 TWh by 2035 (i.e. neary a third
of the size of the current power sector), produced using electricity or
from natural gas or biomass with carbon capture and storage. It is
used in areas less suited to electrification, particulany shipping and
parts of industry, andis vitalin providing flexibility to deal with
intermittency in the power system. It may also have a material longer-
termrole in buildings and other fransport, such as heavy goods
vehicles.

Changes in the UK'sland use . . . .
are also needed. ¢ Land (andremovals). A transformation is needed in the UK's land while

supporting UK farmers. By 2035 our scenariosinvolve planting of 440,000
hectares of mixed woodland to remove CO, from the atmosphere as they
grow, with a further 260,000 hectares of agricultural land shifting to
bioenergy production (including short rotation forestry). This would see UK
woodland cover growing from 13% now o 15% by 2035. Peatlands must be
restored widely and managed sustainably. Low-carbon farming practices
must be adopted widely, while raising farm productivity.
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Alongside the nature-based removals, by 2035 the UK should be using
bioenergy (largely grownin the UK) with CCS to deliver engineered
removals of CO, at scale.

The Balanced Pathway (Figure 5) sees the most rapid emissionsreductions over
2025-2035. Before 2025, newer markets (e.g. for electric vehicles and low-carbon
heating) are still scaling up fromlow levels, so potential forlarge-scale roll-out and
therefore rapid emissions reductions is more limited. Beyond 2035 some
opportunities have been exhausted, so progress slows down (e.g. the power sector
reaches zero emissions by 2035).

Emissions fallfastest over2025-
2035, when all optionscanbe

Usediof orge sccle, Figure 4 Types of abatementin the Balanced «
Net Zero Pathway
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Balanced Net Zero Pathway

Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; CCC analysis.
Notes: ‘Other low-carbon tfechnology’ includes use of bioenergy and waste freatment measures.
‘Producing low- carbon electricity’ requires the use of CCS in electricity generation.
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Table 2

UK greenhouse
gas emissions

Demand
reduction

Efficiency

Elecftrification,

hydrogen and
carbon capture

and storage

Removals

27

Key mefrics for actions in the Balanced Pathway to meet the

UK greenhouse gas emissions
(MiCOze)

UK greenhouse gas emissions per
person (1CO2¢e /capita)

W eekly meat consumption (g}
(includes fresh and processed meat)]

W eekly dairy consumption (g}

Plane-km per person

Car-km per driver

Remaining waste per person, after
prevention & recycling (kg)
CarborHintensity of a new

HGV (gCOs/km)

Increase inlongevity of electronics

Carbon intensity of UK
electricity (gCOze /kW he)

Offshore wind (GW e}

Share of BEVs innew car sales

Heat pumpinstallations
(thousand per year)

Manufacturing energy use from
electricity or hydrogen

Low-carbon hydrogen (TW h)

CCS inmanufacturing (MICCs)

CCS inrest of the economy (MICQOS)

UK woodland area

Energy crops (kha)

Peat area restored

Land-based carbonsinks (MICO4)

Greenhouse gas removals (MICOg)

Sixth Carbon Budget - The path to Net Zero

CarbonBudget
2019 2025 2030 2035 2050 Trend
522 445 316 191 0
78 6.5 4.5 2.7 0
960 880 770 730 630 Il
2,020 1,840 1,620 1,620 1,620 I|
11,700 11,0000 11,0000 11,400 13,700 I|
12,9001 12,6000 12,400 12,200 11,700 I|
490 400 310 280 300 I|
680 580 420 20 0
0% 30% 80% 120% 120% I|
220 125 45 10 2
10 25 40 50 95 I|
2% 48% 97% 100% 100% I|
24 415 1,070 1,430 1,480 I|
27% 27% 37% 52% 76% I|
<1 1 30 105 225 I|
0 0.2 2 5 8 I|
0 0.1 20 48 96 I|
13% 14% 14% 15% 18% I|
10 23 115 264 720 I|
25% 36% 47% 58% 79% I|
18 18 20 23 39 I|
0 <] 5 23 58 I|




Table 3

Phase-out dates of high-carbon activities under the Balanced Pathway

| Technology/behaviour Phase out date (sales) Backstop date (operation)
New fossil-fuelled cars 2032 (including plug-in hybrids) 2050

and vans
Gas boilers 2033 (in residential homes) 2050
2030-33 (in commercial properties)
‘ Oil boilers 2028 (in residential homes) 2050
2025-26 (in commercial properties)
‘ Gas power generation (unabated) 2030 2035

(no new build of unabated gas plants)

HGVs 2040 Beyond 2050

Biodegradable waste sent to N/A 2025 ban on all municipal &
landfill non-municipal
biodegradable waste going
to landfill

Unabated energy-from-waste From today, new plants and extensions should 2050
plants be built with CCS or CCS ready

Different sectors decarbonise
at different rates, reflecting the

relafive opporturities Figure 5 Sectoral emissions underthe Balanced «

Net Zero Pathway
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Annual emissions Change 2019 - 2035
B Surface fransport O Electricity supply
O Manufacturing & constfruction O Buildings
B Fuel supply B Removals
O Waste O Agriculture
B F-gases LULUCEF (sources and sinks)
B Aviation B Shipping

Source: CCC analysis.
Notes: LULUCF =Land use, land-use change and forestry
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Only ajust transition wil be
successful.

Policy throughout the
economy must be clear,
effective and fair.

29

4. Recommendations for action

Delivering the actions required in the 2020s to meet the Sixth Carbon Budget
requires policies to be strengthened now. Matching strong ambition with actionis
vital for the UK’s credibility, with business and with the international community.
Actionin early years underpins the fransition by developing options and driving
learning-by-doing inkey technologies. It keeps open the possibility that if faster
progress proves possible it can be taken, in further support of the global 1.5°C goal.

A vital challenge is to ensure that the transition is fair, and perceived to be fair.
That was a key theme from the recent UK Climate Assembly, and itis clear that
engaging and involving the public in the transition and in policy design will be vital.
The Treasury Net Zero Review must identify fair ways to share the costs and benefits
of the fransition and the Government must develop effective plans for a just
transition while embedding the principle of fairness throughout policy. Plans should
recognise interactions with other fransformations, such as digitalisation. Place and
skills will be key dimensions to consider, so it is vital that UK Government policy joins
up well with local, regional and devolved policy on the just fransition.

We identify priorities for every sector of the economy, building on our detailed
recommendations in our June Progress Report.

o Surface transport (22% of 2019 emissions).5 A comprehensive policy
package will be needed to deliver on the Govemment’s new commitment
fo phase out new sales of petrol and diesel cars and vans by 2030,
including ensuring that plug-in hybrids play no more than a niche role by
then. A further commitment should be made to phase out sales of diesel
heavy goods vehicles no later than 2040, supported by large-scale trials in
the near term. Recharging and refuelling infrastructure will need to develop
to meet the range of emerging needs. Effective demand-side policy is also
essential — we identify significant opportunities, and advantages, to
reducing travel demand, but this will not happen without firm policies.

e Industry (20%). For the manufacturing, construction and fuel supply
industries, the Government must move from the current piecemeal
approach to a comprehensive fransition support framework. Taxpayer
funding will be key in early years to ensure industries stay internationally
competitive while reducing emissions. The development of longer-term
policies, such as border carbon tariffs or carbon standards, should begin
immediately, for example through development of improved measurement
of carbon-intensity. Policy must tackle both the demand-side and supply-
side for low-carbon products and ensure relevant infrastructure is available.

e Buildings (17%). Government must produce a robust and ambitious Heat
and Buildings strategy which sets the direction for the next decade, with
clear signals on the phase-out of fossil heating, rebalancing of policy costs
between electricity and gas, commitments to funding and delivery plans
which include regional and local actors. Our Balanced Pathway is
underpinned by clear timetables for standards to make all buildings energy
efficient and ultimately low-caroon. The other priorities are rapidly to scale
up supply chains forheat pumps and heat networks and to develop the
option of hydrogen for heat. Proper enforcement of standards, including
avoiding overheating risks, and an effective approach to skills are essential.

e Electricity generation (10%). Low-risk instruments like the auctions of
renewable confracts should continue to support the scale-up of low-
carbon generating capacity. Policy should address barriers to the major
scale-up required, for example by supporting the coordination of
connections from offshore windfarms into the onshore network and greatly
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Aviation and shipping should
be includedin the Sixth
Carbon Budget and must be
tackled alongside all other
emissions.

Government must organise
at all levels fo meet the major
delivery challenge of Net
Zero.

strengthening the UK’s power grid. Following on from the 2024 coal phase-
out, gas-fired power without CCS should be phased out by 2035. Work to
improve markets for the provision of flexibility must accelerate to
accommodate the increasing shares of variable power.

e Low-carbon hydrogen. The Govemment's Hydrogen Strategy is due to be
published in spring 2021. It will need to set out a vision forhydrogen’srole in
meeting Net Zero in the longer term, together with the actions, regulations
and incentives across end-use applications and hydrogen supply to
develop hydrogen's role over the next decade.

e Agriculture (10%) and land (net source of 2%). We set out detailed
recommendations on policy forland and agriculture in January 2020. These
must be implemented in a way that is fair fo farmers. The priorities remain: a
strengthened regulatory baseline to ensure low-regret measures are
adopted; incentive schemes such as auctioned contracts to drive
afforestation; and enabling measures to address issues such as skills, supply
chains and barriers for tenant farmers. Policy design must account for the
challenges of the changing climate and reflect wider environmental
priorifies, including for biodiversity, to harness potential synergies and avoid
unnecessary trade-offs. Policies are also needed to cut food waste and
encourage a reduction in consumption of meat and dairy.

e Aviation (7%) and shipping (3%). The UK will need strategies to reduce its
emissions from aviation and shipping to Net Zero. It should help drive
international processes (through ICAO and the IMO) ¢ to strengthen
ambition inline with Net Zero. Policy should also provide early-stage
development support for engineered CO,removals, sustainable fuels and
more efficient, including electrified, craft. Steps should be taken to limit
aviation growth in line with our scenarios.

¢ Waste (6%) and F-gases (3%). Waste policy shouldinclude a ban on
landfilling biodegradable waste by 2025, with recycling increasing to 70%
by 2030. More policies are needed through the chain from manufacturing
to the consumer to reduce the amount of waste. All energy-from-waste
plants should fit CCS by 2050. F-gas regulations already require reduction of
some F-gas sources; plans will need to extend to all sources.

e COzremoval. A full strategy is needed for CO,removal, covering both
nature-based and engineered options. It should cover initial development
and demonstration, governance arrangements to ensure sustainability and
thatremovals are permanent, and possible routes to market development
to support the scale-up required from the late 2020s.

Net Zero and the Sixth Carbon Budget present a major coordination and delivery
challenge. The Government must organise itself and its agencies to meet that
challenge. The two Cabinet Committees for Climate Action — the Strategy
Committee chaired by the Prime Minister and the Implementation Committee
chaired by the BEIS7 Secretary of State — are animportant element of that, but
stronger governance and coordination will be needed, with delivery processes
reaching out across all levels and locdlities of Government, across borders, and
across UK businesses and people.

The Committee will continue to offer its support to developing the Government’s
policy programme, and those of Scotland, Wales and Northern Ireland, and will
scrutinise proposals carefully and fransparently. The Committee has set out
detailed viewson the policy prioritiesin a separate Policy report published
alongside this report.8
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The Government should
legislate the Sixth Carbon
Budget and set out quantified
plans to meet it within 6
months.
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5. Next steps

In the days following this advice, the Government must communicate its NDC to
the UN. That should be a world-eading commitment, in line with the Committee’s
advice. Ambitious goals onreducing emissions should be accompanied by a
promise also to increase action on adaptation, which is a key theme of the Paris
Agreement and an increasingly urgent priority given the continued changes in the
climate that can be expected even if the Paris Agreement goals are met.

The Government must then set the Sixth Carbon Budgetin law by the end of June
2021. This must be followed, as soon as is practicable, by a set of policies and
proposals that demonstrably would meet the budget. We recommend that both
these steps are taken without delay, in the first half of 2021.

Such prompt action would demonstrate the UK's climate credentials as President
of COP26 and would give confidence to businesses looking fo invest and maoke
their own Net Zero transitions. It is necessary given the scale and speed of change
required.

We expect to report on the Government's strategies in our next annual Progress
Reportin June 2021.

This report represents an extensive programme of analysis, consultation and
consideration by the Committee and ifs staff, building on the extensive evidence
published last year for our Net Zero advice. This includes: our public Call for
Evidence; 10 new research projects; three expert advisory groups on health,
finance and policy for Net Zero; policy roundtables on heating buildings, electricity
market design and phase-out of unabated gas, digitalisation, greenhouse gas
removals and low-carbonindustry; detailed datasets and deep dives into the roles
of local authorities and businesses.

The outputs of ourwork are published on our website (www.theccc.org.uk) and
explained in the five parts (10 chapters) of this report andits accompanying Policy
report and Methodology report.?

e Part 1: The path to Net Zero sets out the scenarios that underpin our advice
and that demonstrate how the Sixth Carbon Budget can be met: overall
(Chapter 2), sector by sector (Chapter 3) and for Scotland, Wales and
Northern Ireland (Chapter 4).

e Part 2: Impacts of the Sixth Carbon Budget setfs out (in Chapter 5) our
estimates of the costs, investments and potential economic impact of the
budget, and (in Chapter 6) the need for a just fransition, including
implications for jobs, competitiveness, energy bills and the public finances.

e Part 3: International Circumstances and Climate Science sets out how our
recommendations represent a fair and ambitious contribution to the Paris
Agreement, including consideration of the UK's broader confribution to
tackling climate change beyond UK territorial emissions, including the UK's
overseas consumption emissions (Chapter 7). Chapter 8 sets out the
relevant climate science that underpins our advice.

¢ Part 4: Recommendations setfs out why our recommended pathway
reduces emissions more quickly before 2035 than after 2035 (Chapter 9)
and our full recommendations relating to the Sixth Carbon Budget (Chapter
10).
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Figure 6 Sixth Carbon Budget: A snapshot

Climate Science & the Paris Agreement UK pathways to Net Zero

Limit global warming to well below 2°C and 4 exploratory scenarios
pursue efforts to 1.5°C. with ‘highest possible ambition’

Deep global emissions reductions to 2030 Recognising uncertainties over
and Net Zero by mid-century or soon after technology and people

Nationally determined contributions (NDCs) Realistic limits for supply chains, market
at highest ambition and progressing over development and rolling out low-
time, reflecting equity carbon infrastructure

A Balanced Pathway to Net Zero in 2050

Recommendations

Set the Sixth Carbon Budget for 2033-37 at 945 MICO,e, requiring a 78% reduction from 1990 to 2035
(including emissions from international aviation and shipping, 1AS)

Submit a UK NDC to cut emissions at least 8% from 1990to 2030
(excluding IAS emissions, in line with UN convention)

Deliver the budget, NDC and Net Zero through domestic action, without international carbon credits

Develop a Net Zero Strategy without delay to deliver the budget, NDC and 2050 target

Policy must be delivery-focused and fair, built around the needs of people and businesses

°C

A major investment
programme that can Nationwide job creation
support the UK economic
recovery Broad benefits to health,
well-being and the
Low overall costs of less environment
than 1% of GDP

A fair and ambitious
contribution to the Paris
Agreement

A platform for UK leadership
at COP26
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Endnotes

1 Border carbon tariffsimpose a carbon tax at the border on imp orted products based on their
embedded emissions, or carbon footprint. By matching the border carbon tariff to domestic
carbon taxes imposed inthe UK, a level playing field can be provided.

2 CITB (2020) Building Skills for Net Zero (draft report).

3See Chapter 3 of this report.

4 Nicol S. et al. (2015), The cost of poorhousing to the NHS.

5 Quoted emissions percentages refer to those used in this report, with adjustments from the UK's
official inventory to reflect upcoming changes for peatland emissions and Global Warming
Potential (GWP) estimates. They are as a proportion of a total that includesinternational
aviation and shipping. For some sectors (agriculture, land use, waste, F-gases, aviation and
shipping) the latest available estimates are used, from 2018. Energy-from-waste emissions are
reported within the waste sector.

¢ The International Civil Aviation Organisation and the International Maritime Organisation.

7 BEIS = The Department for Business, Energy and Industrial Strategy.

8 CCC (2020) Policiesfor Net Zero and the Sixth Carbon Budget.

9 CCC (2020) The Sixth Carbon Budget — Methodology Report.
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This advice effecfivelysetsthe
path for emissions on the way
to Net Zero.

We have explored five
different ways of getting to
Net Zero.
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Introduction and key messages

The Sixth Carbon Budget sets the limit on allowed UK territorial greenhouse gas
emissions over the period 2033 to 2037. It is our duty under the Climate Change Act
to advise on it by the end of 2020, following which it must be legislated by the
middle of 2021.

Our advice on the Sixth Carbon Budget builds on our Net Zero advice from May
2019, but goes much further:

This is the first carbon budget to be set on the path to the UK's Net Zero
target for 2050, which was placed in law in summer 2019. Whereas the Net
Zero advice focused onthe end point, this advice looks at the whole
pathway and effectively provides the trajectory for emissions over the
coming three decades onthe way to Net Zero.

We have gone beyond the ‘proof of concept’ Further Ambition scenario
presented in our Net Zero advice, to look at different ways of achieving Net
Zero. We present five Net Zero scenarios, which explore how developments
in behavioural and societal change and in fechnology may affect the path
over the next three decades.

This advice comes at a critical juncture — the opportunity is there for the UK to
provide international leadership in the run up to COP26, while also driving a resilient
recovery through the low-carbon investments that will get us on tfrack to Net Zero.

We infroduce our advice in five sections:

1.

2
3
4.
5

The Net Zero challenge

Context — uncertain and urgent fimes

COP26 and international leadership

Our approach — using scenarios to identify a balanced path to Net Zero

Requirements of the Climate Change Act

Sixth Carbon Budget — The path to Net Zero



1. The Net Zero challenge

This budget meansastep-
change in climate policy,
starting now.

We recommend a budget
that means a 78% reduction
across all emissions by 2035.

In May 2019, the Committee recommended that the UK increase ambition under
the Climate Change Act to require greenhouse gas emissions to reach Net Zero by
2050. The Net Zero target requires deep reductions in all sources of emissions, with
any remaining sources offset by removals of CO, from the atmosphere (e.g. by
afforestation). Net emissions, after accounting for removals, must be reduced by ot
least 100%, to zero.

The Government accepted this advice and legislated in June 2019 to make Net
Zero 2050 a legal requirement.

When advising on the target, the Committee was clear that increasing ambition
under the legislated targets had to be accompanied by a step-change in climate
policy o get on frack fowards meeting Net Zero.

e NetZero is a different challenge fromthe previous 2050 target for at least
an 80% reduction in emissions —all UK emissions must be tackled, without
reliance on offsets from elsewhere. It is not sufficient to simply reduce
emissions — where zero-carbon options exist these must be deployed (for
example, in homes and in manufacturing).

e The public need to be involved — over half the emissions reductions we
identified to reach Net Zero actively involve people, whether by choosing
to purchase low-carbon technologies like electric cars, or by making
different choices, forexample on theirtfravel and diets.

o Delivering Net Zero will involve costs and benefits, employment and fiscal
effects, and reinvention for many businesses. It must be a central influence
over our recovery from the COVID-19 economic crisis. Investment for Net
Zero is a solid basis for economic renewal.

We have begun to see the consultations, policies and strategies that show that the
Government is taking the Net Zero policy challenge seriousdly.

This advice explores a range of ways to achieve Net Zero by 2050. In advising on
the Sixth Carbon Budget, the Committee has focused in particular on what they
mean for the shape of the emissions trajectory and how they perform against the
criteria set out by the Climate Change Act (see section 5).

We have developed scenarios that cut emissions rapidly as demanded by the
climate science, but also ones that provide clarity for businesses to support
investment, that contribute to future-proofed good-quadlity jobs while smoothing
the fransition for current high-carbon industries, that unlock health and well-being
benefits, and that support a positive position for the UK in the world.

Ourrecommended ‘Balanced Net Zero Pathway’ is the basis of our advice on the
level of the Sixth Carbon Budget. It reduces emissions by 2035 to 78% below 1990
levels, including the UK’s share of international aviation and international shipping
(1AS) emissions (Figure 1.1). This equates to a 63% reduction on 2019 emissions, by
when emissions had already fallen around 40% since 1990.

This Balanced Net Zero Pathway is set outin Chapters 2 and 3. It was built on

multiple lines of evidence, and takes intfo account what is feasible over time and
whatis necessary to get on frack to Net Zero by 2050.
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This advice resets the path for
emissions out to 2050.

The new path alsomeansa
stronger reduction in emissions
by 2030 than previously
required.
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We assess it fo be a fair pathway thatis compatible with global efforts to limit the
rise in global average temperature to well below 2°C and to pursue efforts to limit
warming to 1.5°C. It would reduce per-capita emissions in the UK by 2035 fo the
global average level from the median of the IPCC's pathways for limiting waming
to 1.5°C with a 50% probahility.

The first five carbon budgets are already legislated to 2032, the end of the Fifth
Carbon Budget period. However, this advice looks at the full path for emissions to
Net Zero by 2050 at the latest.

Figure 1.1 The recommended Sixth Carbon «
Budget
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including peatlands. Adjustments forlAS emissions to carbon budgets 1-3 based on historical IAS emissions data;
adjustments fo carbon budgets 4-5 based onIAS emissions under the Balanced Net Zero Pathway.

All emissions data presented in this report account for forthcoming changes to the
UK Greenhouse Gas Inventory for Global Warming Potentials (GWPs) and for
peatiands. These changes have not been precisely determined yet, so we assume
changes at the higher end of the currently estimatedrange. All values reported
use GWPs from the Intergovernmental Panel on Climate Change (IPCC) Fifth
Assessment Report (ARS) with carbon-cycle feedbacks and we assume
accounting for all peatland emissions adds around 21 MtCO.e/yearto the current
UK inventory (Box 2.1). These changes will be implemented within the next five
years.
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2. Context—uncertain and urgent times

The context for ouradvice is
one of uncertaintyand
strengthening climate action.

The Climate Change Actrequires the Committee to advise by the end of 2020 on
the level of the Sixth Carbon Budget. It is crucial to set that budget now to get the
UK on frack as soon as possible towards meetingits statutory Net Zero target by
2050 and meeting our commitments under the Paris Agreement. That is particulary
important this year, as the UK will host the next UN climate talks (the 26t
Conference of the Parties: COP26) in Glasgow in November 2021.

Our advice on the Sixth Carbon Budget and the path to Net Zero comes at a time
of heightened uncertainty due to the impacts of COVID-19, but with widespread
public support for climate action and a major opportunity forlow-carbon
investment to be at the heart of the recovery and support UK leadership
internationally:

e The COVID-19 context. The pandemic is a public health crisis with fragic
consequences for many. It brings uncertainty for the future, but also shows
how rapidly things can change when necessary and highlights the role of
investment in driving economic recovery. The period ahead is therefore an
opportunity to make rapid progress.

— The steps that the UK takes to rebuild from the COVID-19 pandemic
and its economic damage can also accelerate the fransition to low-
carbon activities and improve our climate resilience. Climate
investments can support the economic recovery and secure good
jobs for the long term, while taking advantage of low interest rates.

- The pandemic has also demonstrated how quickly social change can
occur, and the role of Government in driving that change. Aswe set
outin this advice, social and behavioural change can make a very
important contribution to meeting Net Zero.

— Setting a carbon budget during the COVID-19 pandemic brings with it
the risk that the projectionswe have used for the level and nature of
economic activity inthe UK are significantly out of line with the reality
that emerges as we recover from its impacts. Due to major uncertainty
over how the recovery will play out, our analysis has assumed no
lasting impact to the UK's level of economic (and potentially emitting)
activity — this means that if anything, we understate the rate at which
emissions could fall over the next decade and a half.

¢ The Brexit context. As we establish a new frading relationship with the EU
and leave the EU Emissions Trading System (EU ETS) and other mechanisms,
it makes sense to move to setting and judging our carbon budgets on the
basis of actual UK emissions in all sectors. Clarity and confidence will be
valued, and well-designed climate policy should provide investment
opportunities across a range of sectors (Box 1.1). Nonetheless, coherence
with the wider frading system of the EU ETS is important.

The policy context. Following the legislation of the Net Zero targetin 2019,
the Government has rightly been accelerating the development of
strategy and policy. We welcome the Prime Minister’s Ten Point Plan for a
Green Industrial Revolution. It remains urgent to align the policy framework
with the raised ambition underNet Zero, and for a Net Zero strategy to be
published prior fo COP26. Our recommended budget requires a policy
framework that enables investment and delivery to be ramped up with
immediate effect.
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* The climate context. During 2020, we have confinued fo see the impacts of
climate change that are already here, both in the UK and globally.
Atmospheric CO, concenfrations are atrecord levels, and compound risks
are building. As the UK prepares to host COP26, ambition is growing
internationally, with a wave of Net Zero targets now being set, and
updated Nationally Determined Contributions (NDCs) for 2030 are
expected as we approach COP26.

¢ The social context. There is widespread public support for action to tackle
climate change, although without enough clarity so farover the steps that
are needed to do so. The Climate Assembly has given us a valuable insight
info the public’s preferences over how we meet Net Zero.

Box 1.1

The impact of Brexit on the UK's climate objectives

The UK’s departure from the European Union will hav e implications for the UK’s
environmental and decarbonisation policy. Key implications include:

* Leaving the EU’s Emissions Trading System (EU ETS). Curent Government proposals are
to replicate this scheme, with a smaller UK ETS, with a view to linking to the EU ETS. A
carbon tax has also been proposed.

* Product standards set at an EU level have been an important driver of energy
efficiency, and emissions reductions in lights, appliances and vehicles.

* Leaving the Common Agricultural Policy (CAP), which provides direct income support
for farmers, aswell as payments for environmental services. The UK's replacement
scheme, Environmental Land Management (ELM), aims to transition to rewarding
farmers more for public goods including mitigating and adaptingto climate change.

* The Office for Environmental Protection replaces the role of the European Commission
in enforcing environmental regulations. Once established, in 2021, its role will also
include climate change.

Aswe noted in 2016, in areas where EU mechanisms are working effectively — such as
product standards, which reduce emissions and save consumers money, or targets for
waste reduction -the UK should aim to replicate them at UK level. Some areas, such as
leaving the Common Agricultural Policy, present an opportunity to better target public
funds towards environmental goals.

Source: CCC (2016) Meeting Carbon Budgets —Implications of Brexit for UK climate policy
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3. COP26 andinternational leadership

We recommend the UK's
‘NDC'is set on the same path
as the Sixth Carbon Budget.

Our recommendations are
consistent withthe
requirements of the Paris
Agreement.

In November 2021, less than a year after the publication of this report, the UK will
hostin Glasgow the next round of UN climate falks: the 26th Conference of the
Parties (‘COP26’). COP26 represents animportant milestone in the UN process, with
parties to the Paris Agreement expected to update and increase their
commitments on tackling climate change.

The process of increasing commitments has already begun, with several major
economies setting new goalsto reach Net Zero emissions around mid-century.
Commitments from China, the EU, Japan and South Korea cover nearly half of
global emissions. The further commitment expected by the US would extend
coverage to around 60%.

However, to meet the goals of the Paris Agreement, emissions must not only reach
Net Zero, they must do so rapidly, with deep reductions to 2030. That puts a
particular focus on the next decade and the UK's commitments as host of COP.

The UK will have to submit its ambition to 2030 in its own nationally-determined
confribution (NDC) to the UN process, due by the end of 2020. We make
recommendations on the UK’s NDC in this report, based on the same Balanced
Pathway used for ourrecommendations on the Sixth Carbon Budget.

The UK's choices over the NDC and the Sixth Carbon Budget will affect its
credibility as a climate leader, and will set an important context for commitments
by other countries. To support the large increase required in global ambition,
particularlyin the period to 2030, the UK's new commitments must be suitably
ambitious and aligned to the goals of the Paris Agreement.

We reflect that need in this report, in part by ensuring that our scenarios reflect the
UK's highest possible ambition, as required by Article 4 of the Paris Agreement. We
also consider, in Chapter 7, the various other elements of the Paris Agreement
besides the UK's direct reductions in emissions. For example, Chapter 7 covers the
UK’s consumption emissions, the role of climate finance and trade agreements.

Delivering a positive outcome from the COP26 climate talks is key to the word's
efforts to tackle climate change and to protecting the UK from the worstimpacts
of climate change. It will be underpinned by a clear and rapid acceptance of the
advice in this report, and by decisively strengthening policy to deliver our
recommended Sixth Carbon Budget and NDC on the path to Net Zero.
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4. Using scenarios to identity a balanced path to Net Zero

Our scenarios explore different
ways of getting to Net Zero.

We go beyond our 2019
Further Ambition scenario,
which underpinned the Net
Zero advice.
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We have developed scenarios for this report to explore a range of ways to
achieve Net Zero by 2050 at the latest, and used those exploratory scenarios to
identify a ‘Balanced Pathway' towards Net Zero that keepsin play a range of
ways of getting there based on central assumptions.

Our scenarios demonstrate that there are multiple ways to meet the Net Zero 2050
target and many routes to our recommended Sixth Carbbon Budget. While our
Balanced Pathway is the basis for ourrecommended budget itis not infended to
be prescriptive. Rather itis illustrative of what a broadly sensible path based on
moderate assumptions would look like. A little more or a little less may be achieved
in any areaq, or alternative low-carbon options could be used, but the overall level
of ambition and delivery must match.

This section sets out that approach inthree parts:
a) The value of using scenarios to set a path to Net Zero
b) Our ‘exploratory’ scenarios to reach Net Zero

c) A Balanced Net Zero Pathway

a) The value of using scenarios to set a path to Net Zero

A key design feature of the Climate Change Actis that legislation of the budget
level leaves free a choice about how this is to be delivered. It is the responsibility of
Government then to determine how the budget will be met.

In our 2019 advice on setting the Net Zero target, we presented a single (‘Further
Ambition’) scenario for 2050 (Box 1.2) — thisacted as a ‘proof of concept’,
providing confidence that Net Zero can be achieved atreasonable cost without
relying on major breakthroughs in fechnologies and behaviours.

In this year's advice, we have developed three exploratory scenarios that reach
Net Zero emissions by 2050 in quite different ways, illustrating the range of
pathways that are currently available. We also present a further, highly optimistic,
scenario that enables Net Zero to be achieved prior to 2050. This allows exploration
of arange of approaches over the next three decades.

We use these scenarios to guide judgements on the achievable and sensible pace
of decarbonisationin the face of uncertainty, and to understand how less success
in one area can be compensated for elsewhere. The scenarios are also useful for
monitoring progress subsequently (see section 5 of Chapter 10).

Box 1.2

The Committee’s 2019 Further Ambition scenario

In determining our 2019 advice on whether the UK could reach Net Zero emissions by
2050, we developed a Further Ambition scenario as a snapshot of sources and sinks of
emissions in the UK by 2050 (Figure B1.2). This scenario wasspecific about how 96% of the
emissions reductions could be achieved, compared to emissions in 1990, but noted that
multiple options were available for achieving the last 4% of emissions reductions, including
additional engineered removals, further innovation and further behaviourchange.
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For the purposes of costing the scenario we assumed the remaining 4% of emissions
reductions were delivered via emissions removals at £300/tCO2, making them one of the
most expensive emissions reduction options in our scenarios.

This year's analysis includes our recommended pathwaytomeet the Sixth Carbon
Budget, the '‘Balanced Pathway'.Key differences between this and last year's Further
Ambition scenario include:

* Behaviour change plays alarger role our new scenarios. For example, the Balanced
Pathwayincludes a 35% reduction from today’s levels of meat consumption, up from
20% in the Further Ambition scenario.

* Lower residual emissions in several sectors, such as aviation, manufacturing and
construction, buildings and electricity and hydrogen production, due to more
ambitious assumptions on technology costs and innovation.

* Lower use of fossil fuels, particularly for power and hydrogen production. This sees gas
demand fall by around 75% (compared tfo just 30% in last year's analysis). This is largely
replaced by increased offshore wind which is used to produce electricity and
electrolytic hydrogen.

* Higherlevels of peatland restoration and free-planting increase land use sinks.

Overall, this means that less engineered removals are required, reducing the overall cost
of the scenarios (see Chapter 5).

Figure B1.2 Emissionsin 2050 in the Further "
Ambitionscenario and Balanced Pathway
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When sefting the Net Zero
target, we erred on the side of
caution.

Exploring how to meet Net
Zero means looking at bolder
assumptions on behaviour and
innovation.

QOur scenarios also explore
choices around how to reach
Net Zero.

Our pathways useknown
solutions where they exist and
minimise use of greenhouse
gas removals.
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b) Our exploratory scenarios to reach Net Zero

Our 2019 Further Ambition scenario made relatively conservative assumptions on
the extent of cost reductions as a result of innovation, and on societal and
behavioural change. Making conservative assumptions was appropriate in the
context of setting the target, as it wasimportant to ensure a legally binding target
could be met. But in the context of achieving Net Zero, and setting a pathway to
match, we must consider how success can be maximised on these fronts.

Greater contributions from societal/lbehavioural change and from innovation
would reduce the challenges in achieving Net Zero emissions by 2050, by reducing
emitting activifies (e.g. flying, livestock farming) and making emissions reduction
cheaper and/oreasier. The Government should therefore ensure that policy
frameworks are designed in a way that encourages both behavioural change and
innovation to contribute strongly to decarbonisation.

However, even with well-designed policies, it remains uncertain how large a
confribution each willmake. Our scenarios therefore reflect potential ranges for
their contributions, together with the sets of choices (e.g. on HGVs and low-carbon
heat) that are necessary in this decade.

e Societal and behavioural change across all scenarios illustrates how
choices by people and businesses can affect emissions. In many cases
these align with the findings of the recent Climate Assembly (Table 1.2).

¢ Innovation. The costs and efficiencies of low-caroon technologies varies in
our scenarios, according fo the latest available evidence and projections
for these technologies.

e Choices are also prevalent in our scenarios, where the clearest low-carbon
opfionis not currently evident. For example, in some scenarios hydro gen
takes the place of electrification inHGVs and in some home heating.
Similarly, ourscenarios also try fo reflect preferences, such as a preference
for nature-based removals over engineered removals in the Widespread
Engagement scenario, or the use of synthetic fuelsin aviation instead of
only offsetting aviation emissions via emission removals.

As a general principle, consistent with the preferences expressed in the Climate
Assembly,! our pathways prioritise emissions reductions where known solutions exist
and thereby minimise the use of greenhouse gasremovals. This will tend to lead to
lower overall cumulative UK emissions and limit risks of over-reliance on being able
to deploy removals sustainably at scale.

We initially constructed three ‘exploratory’ scenarios that reach Net Zero by 2050,
one of which is similar to Further Ambition while the other two are more optimistic
either on developments regarding behavioural change orimprovements in
technology costs and performance (Figure 1.2). Although to some extent these
reflect choices on the way to Net Zero, they primarily reflect greater or lesser
degrees of success on key policy priorities on the path to Net Zero — engagement
of the public and businesses, and innovation:

* Inthe Headwinds scenario, we have assumed that policies only manage to
bring forward societal/behavioural change andinnovation at the lesser
end of the scale, similar fo levels assumedin our 2019 Further Ambition
scenario. People change their behaviour and new technologies develop,
but we do not see widespread behavioural shifts or innovations that
significantly reduce the cost of green technologies ahead of our current
projections. This scenario is more reliant on the use of large hydrogen and
carbon capture and storage (CCS) infrastructure to achieve Net Zero
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Our Balanced Pathway
navigates through the range
of possibilitieswe have
identified.

Our analysis contains many
paths, with various different
shapes.

¢ Inthe Widespread Engagement scenario, we assume higher levels of
societal and behavioural changes. People and businesses are willing to
make more changes to their behaviour. This reduces demand for the most
high-carbon activities and increases the uptake of some climate mitigation
measures. Assumptions on cost reductions are similar to Headwinds.

¢ Inthe Widespread Innovation scenario, we assume greater success in
reducing costs of low-carbon technologies. This allows more widespread
electrification, a more resource- and energy-efficient economy, and more
cost-effective fechnologies to remove CO; from the atmosphere. Assumed
societal/behavioural changes are similar to Headwinds.

We then constructed the ‘Balanced Net Zero Pathway ', as a further scenario that
reaches Net Zero by 2050. It was designed to drive progress through the 2020s,
while creating opfionsin a way that seeks to keep the exploratory scenarios open
(see subsection (c) below). We also constructed a further exploratory scenario
(‘Tailwinds’) that assumes considerable success on both innovation and societal /
behavioural change and goes beyond the Balanced Pathway to achieve Net
Zero before 2050.

Figure 1.2 Scenario framework forthe analysis «
in this report
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While these scenarios are designed to have self-consistent narratives, there is some
potential to ‘mix and match’ strategies or compensate for under-delivery in one
area with greater delivery elsewhere based on another scenario. Oursectoral
analysis takes a ‘bottom-up’ approach which allows a detailed assessment of the
options that are most relevant to each source of emissions within each sector.

The methodology used for each sectoral analysis is describedin the
accompanying Methodology Report.?2

Our scenarios allow for both the impacts of climate change (e.qg. rising globadl
temperatures reduce UK heating demand) and the need to adapt to those
impacts (e.g. we include shading and ventilation measures alongside insulation).
This is particularly important for the buildings andland use sectors.
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We have tried to ensure that
each of the scenarios
representsa coherent view of
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In the process of developing five scenarios for the UK, we have produced a tofal of
70 sectoral pathways® for the UK (Figure 1.3). We have taken steps to ensure that
each of the sectoral scenarios represents a coherent picture at the economy-wide
level (Box 1.3), including what happens to infrastructure and operation of the
electricity system (Table 1.1).

Figure 1.3 The five economy-wide scenarios are '
constructed from 70 individualscenarios for
action across every sectorof the economy
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Source: CCC analysis.

Notes: Each individual line represents the path for new abatement in asectorbetween 2020 (effectively zero) and
by 2050 where all sectorsreach alevel of abatement that is consistent with the UK getting to Net Zero. Not all
sectors willget to zero emissions. Abatement in the fuel supply sector is greaterin the 2030s than by 2050.

Box 1.3

Developing self-consistent scenarios for each sector of the economy

In developing the scenarios, we have made efforts to ensure they are self-consistent:

* The residual emissions in each sector have been aggregated to obtain the level of
total UK emissions, ensuring that the decarbonisation of energy carriers that are used
in multiple sectors (e.g. electricity, hydrogen, bioenergy) is accounted for once and
once only.

* Aggregated energy demand across all sectors is a key input to our analysis of the
production, transportation and consumption of low-carbon electricity, hydrogen, fossil
fuels, waste and bioenergy.

" These sectoral pathways are disaggregated further into 280 pathways for Scotland, Wales, Northem Ireland and the

rest of the UK.
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* We haveconsidered the overall use of biomass so thatit does not exceed Iimits that
we judge could be sustainably sourced and available to the UK in the next 30 years.

* We haveconsidered the shared use of infrastructure across sectors, including specific
areas of the gas grid and the co-location of industrial carbon capture and storage
with hydrogen production and bioenergy with carbon capture and storage (BECCS).

* COcapture requirements are aggregated across all sectors to investigate the scale
of storage required for the UK.

* We havedrawn on findings from our extensive use of energy system models to date
andincorporated them into this analysis.

* Each sectoral scenario uses a shared set of assumptions about the future, including
economic and demographic factors such as the growth rate of the economy,
population growth and energy prices.

Table 1.1

Summary of key differences in the economy-wide scenarios

Balanced Net
Zero Pathway

Headwinds

Widespread
Engagement

Widespread
Innovation

Tailwinds

35% . 20% L 50% reduction 50% reduction in L
. reduction in reduction in ) . 50% reduction in all
Diet change in all meat and allmeat and dairy .
all meat and allmeat and dairy by 2050 by 2050 meat and dairy by 2050
dairy by 2050 dairy by 2050
Airport
terminal 365m in 2050 365m in 2050 245m in 2050 438m in 2050 245m in 2050
passengers
free- 50,000 30,000 70,000 ha/year | 50,000 ha/year 70,000 ha/year from
planting ha/year from ha/year from from 2035 from 2030 2035
rates 2035 2025
2035: 2035: )
322131‘.’1'5 £60/MWh £65/MWh 2828; 6S/MWh 1 5035: £55/MwWh 2035; 60/MWh
cost* 2050: 2050: £55/MWh 2050: £40/MWh 2050: £35/MWh
£50/MWh £60/MWh
Natural gas Hydrogen Hydrogen Gas grid not Hydrogen grid conversion trials in 2020s.
grid grid orid converted to
conversion conversion hydrogen. Large-scale conversions start from 2030 around
trials in 2020s. trials industrial clusters and radiate out at 10 km/yr.
In 2020s. Full
Patchwork lar electrification Most buildings withinradius convert to
ge-scale Large-scale in buildings. hydrogen.
conversions conversions
start from start from Industry After 2035 no further buildings convert —
2030 near 2030 around hydrogen further radial expansion beyond 2035 only
industrial industrial sourced via applies to parts of grid to supply some
clusters. clusters and private industrial users.
radiate out at pipelines.
Some buildin 10 km/yr.
gs inthose
areas switch 20% of homes
to hydrogen. on gas grid
with
Conversion hydrogen by
continues fo 2035.
2050.

* Shown for residential users. Larger users are assumed to receive a discount on the wholesale electricity price.
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c) A Balanced Net Zero Pathway

The multiple scenarios we present in this advice provide an illustration of the v arious
ways that we can pursue emissions reductions on a path to Net Zero. However, the
implied flexibility on how to deliver it does not mean the near-term pathis unclear.
Many steps can be taken with confidence in the next decade and should begin
immediately. Our ‘Balanced Net Zero Pathway’ is informed by the range of
solutions across the ‘exploratory’ scenarios, that would put the UK on track to Net
Zero and would meet the recommended carbon budget. This pathway:

e Represents a sensible strategy to underpin policy on over the coming years,
based on known technologies and behaviours, with potential fo be
adapted as we learn more about the most effective ways to cut emissions
(see the Policy Report).

¢ Takes a whole-system approach to decarbonisation, reflecting the range of
opportunities across behaviour, efficiency, land, low-carbon energy supply
and end-use technologies, and how these potentially interact.

e Develops key options for decarbonisationin the 2030s and 2040s, with
action in the 2020s, accepting that some things will not work but that it is
necessary to try things out to find the best options and develop effective
policies.

¢ Includes some measures that are not cost-effective when considering only
emissions reductions, where they support other objectives (e.g. some
higher-cost improvements to energy efficiency of homes, due to benefits fo
fuel poverty, headlth and employment).

* |sdesigned to be delivered in a way that works for people - reflects their
priorities and choices, and aligns very well to the preferences expressed by
the Climate Assembly,3 which was called by six Select Committees of the
House of Commons to understand public views on how the UK should
tackle climate change (Table 1.2).

* Worksin thereal word and at the locallevel, providing good quality jobs,
and benefits to health and wellbeing.

¢ Allows time for societal choices to contribute and the necessary scale-up of
supply chains, skills, business models and infrastructure during the 2020s.

e Putfsthe UK on frack to Net Zero, and supports the required global path for
decarbonisation (see Chapter 7) by reflecting the highest possible ambition
on emissionsreduction asa necessary confribution the Paris Agreement.

The Balanced Net Zero Pathway is plausible based on our assessment. An
alternative strategy that delivers the same emissions reductions in different ways,
with less in one area compensated by more elsewhere, would also meet the
recommended budget. Our widerset of scenarios illustrate different pathways that
could help to achieve the budget and get on track to meeting Net Zero (see
subsection b) above). However, there is a series of actions that need to be taken
now, irrespective of the choices that we make Ilater, and a continuing programme
to be fulfilled if those later choices are to remain open. More generally, the need
to act on climate change and to reach Net Zero emissions is now widely
recognised in businesses.

Many UK businesses have set their own Net Zero goals and stand ready to transition
to the new technologies, behaviours and business models required.

In that context, the most positive economic strategy is to proceed with ‘highest
possible ambition’, as required by the Paris Agreement.
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This is the best strategywe
have now - as we do more,
we will learn more about what
works.

A bold strategy to get the UK on the path to Net Zero is required, with immediate
action based on available solutions and active development of new ones, while
accepting that we can’t know how every aspect of the transition will play out. But
that need notimply lockingin every aspect of the fransition — there is clear benefit
to an adaptable strategy that can be adjusted as we learn more about the most

Table 1.2

Sector
Transport

Buildings

Eleciricity
supply

Aviation

Agriculture
& Land
Use

Emissions
removals

effective ways to cut emissions.

Climate Assembly recommendations
* Aban on the sale of new petrol, diesel and hybrid

cars by 2030-2035.

A reduction in the amount we use cars by an
average of 2-5% per decade.

How the CCC's scenarios compare to the recommendations of the Climate Assembly

Range in CCC scenarios

2030-2035 switchover date for EVs.

Up fo 5-11% of car-km switch o
alternative modes of transport.

Atleast 80% of assembly members ‘strongly agreed’
or ‘agreed’ that each of hydrogen (83%), heat
pumps (80%), and heat networks (80%) should be
part of how the UK gets to net zero.

Supportive of energy efficiency: slight preference for
upgrading each home allin one go (56%),
compared to upgrading each home gradually
(44%).

Scenarios are led by electrification via
heat pumps or hybrid heat pumps.
Hydrogen features in Headwinds
scenario.

All scenarios include district heating.

Energy efficiency in over half of
homes by 2035.

Members were highly supportive of wind and solar
(80-90% in favour).

Only 40% of assembly members agreed that
bioenergy should be used to produce electricity
(even if producing negative emissions).

Supportwas lower for nuclear (34%) and fossil fuels
with carbon capture and storage (22%).

Wind and solar provide 75-90% of
electricity.

Some bioenergy is used to produce
electricity, transitioning to BECCS.

Nuclear and power generation with
CCS provide 10-25% of electricity.

Assembly members would like to see a solution to air
tfravel emissions that allows people to continue to fly.

But not without limits, promoting an acceptable
balance between achieving the net zero target,
impacts on lifestyles, reliance on new technologies,
and investment in alternatives.

Flying ranges between a 15% fall and
50% increase on pre-COVID-19 levels,
matching popular Climate Assembly
scenarios.

Low-carbon fuels in all scenarios,
providing 20-95% of fuel by 2050.

A change in diet to reduce meat and dairy
consumption by between 20% and 40%.

Highly supportive of nature-based removals, seen as
‘natural’ and havingsignificant co-benefits (99% in
favour of afforestation, 80-85% peatland restoration
and wood in construction, but lower (60%) for
enhancing soil carbon).

20-50% reduction in allmeat and dairy
consumption by 2050.

High ambition on tree-planting (30-70
kha per year) and peatland
restoration. Enhanced soil not
included.

Some focus on more biodiversity in the
people scenario.

Members were less supportive of DACCS and BECCS
(40%) with significant concemn over the permanence
of CO2storage and thatthey are freated as a
‘magic solution’ which doesn’t get to the crux of the
problem (reducing emissions).

BECCS included atscale (45-95
MtCO2/year by 2050) in all scenarios.
DACCS included at 0-15 MtCO2/year.

Source: CCC analysisbased on Climate Assembly UK (2020) The path to net zero.
Notes:The Climate Assembly did not consider emissionsreductions associated with manufacturing and construction, fossilfuelsupply, shipping or F-

gases.
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5. Our approach to advice on the Sixth Carbon Budget

The Sixth Carbon Budget can
be the platform for a step-
change in climate action.

We have considered all ofthe
aspects required by the
Climate Change Act.
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This report is based on an extensive programme of analysis, consultation and
consideration by the Committee and its staff, building on the evidence published
last year for our Net Zero advice. That programme has addressed the requirements
set out for the Committee in the Climate Change Act.

It aims to set a platform to support the UK Govemment in taking confident
decisions on the budget and the actions required to deliver it. Doing so can fulfil
the UK's commitments on climate change, support investment and job creation by
businesses in the UK, deliver on pricrities of UK citizens and support the UK’s positive
placein the world.

The outputs of the work, including our public Call for Evidence, several new
research projects, three expert advisory groups, detailed datasets and deep dives
into the roles of local authorities and businesses, are published on our website
(www.theccc.org.uk) and explained in the four parts of this report andits
accompanying Methodology and Policy Reports.

a) The requirements of the Climate Change Act

The Climate Change Act requires the Committee to provide advice on the Sixth
Carbon Budget by the end of 2020. The Government is then required to legislate
the carbon budget by the end of June 2021, and to produce proposals and
policies fo meet it ‘as soon asis reasonably practicable’ thereafter.

The carbon budget must be set with a view to meeting the 2050 target, which is
now setin legislation as an emissions reduction of ‘atleast 100%’ (i.e. Net Zero).

In recommending carbon budgets, the Committee is required by the Act to take
info account a range of considerations. These are designed to ensure that action
to tackle climate change contributes fully to the global effort, while supporting
other Government objectives. Below we outline these considerations, and where
within the report they are addressed:

» Scientific knowledge about climate change. We set outin Chapter 8 the
updated state of knowledge on the science of climate change, which
remains similar fo that when providing the advice on Net Zero.
Considerations relating to cumulative emissions inform our assessment for
the appropriate shape of the emissions path on the way to Net Zero
(Chapter 9).

* Technology relevant to climate change. Ourscenarios, set outin Part 1 of
thereport (i.e. Chapters 2 and 3), take into account the potential roles,
costs and interactions between the various technologies that can help to
reduce emissions. One of these, the Balanced Net Zero Pathway provides
the basis for our recommended level for the carbon budget.

¢ Economic circumstances, and in particular the likely impact of the decision
on the economy and the competitiveness of particular sectors of the
economy. Quantitative and qualitative assessments of the economic
fransition through the Sixth Carbon Budget on the pathto Net Zero are set
outin Part 2 of thereport (i.e. Chapters 5 and 6). Competitiveness is
addressed both within our scenario design and specifically in Chapter 6.
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Fiscal circumstances, and in particular the likely impact of the decision on
taxation, public spending and public borrowing. Part 2 addresses the costs
and investment requirements of the fransition, and what choices over how
to fund decarbonisation might mean for the Govemment’s fiscal position.

Social circumstances, and in particular the likely impact of the decision on
fuel poverty. We consider arange of social circumstances in Part 2 of the
advice, including fuel poverty, impact on employment and health co-
benefits. Our scenarios (Part 1) include some measures that are not cost-
effective when only considering emissions reductions, where they support
these wider objectives.

Energy policy, and in particular the likely impact of the decision on energy
supplies and the carbon and energy intensity of the economy. By design,
our scenarios set outin Part 1 of the report maintain security of electricity
supply at similar levels to those required today. Chapter 2 sets out the
impact of the recommended budget for emissions and energy
consumption, including the reduced dependence onimported oil and ges.

Differences in circumstances between England, Wales, Scotland and
Northern Ireland under our scenarios are set outin Chapter 4, as well as
what our UK-wide pathways mean for emissions in each part of the UK.

Circumstances at European and international level. We consider the role of
the UK in the global effort to tackle climate change in Chapter 7, including
the UK’s commitments under the Paris Agreement and the benefits of UK
leadership in the run up to COP26 in Glasgow in November 2021.

The estimated amount of reportable emissions from international aviafion
and internafional shipping for the budgetary period or periods in question.
Emissions from these sectors under our scenarios are set outin Chapter 3,
while considerations on how these affect the recommendation on the Sixth
Carbon Budget are set outin Chapter 10.

As well as the recommended level of the Sixth Carbon Budget, the Act also
requires this advice to cover:

Whether and how emissions from international aviation and international
shipping canbe formally included in the carbon budgets;

The role of international emissions credits (known as ‘carbon units’ under
the Act);

The opportunities for emissionsreduction in particular sectors; and

The balance of emissions in the sectors that have been covered to-date by
the EU ETS as against those outside.

All of these matters are addressed in our recommendationsin Chapter 10.
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Supporting evidence and publications

In support of the advice in this report, we have also produced

* A Methodology Report, sefting out the evidence and methodology behind
the scenarios presented in Part 1 of thisreport.4

* A Policy Report, setting out the changes to policy that could drive the
changes necessary particularly over the 2020s.5

* A dataset for the Sixth Carbon Budget scenarios, which sets out more
details and data on the pathways than can be included in this report.

We are also publishing a set of other documents alongside these reports (Box 1.3).
In December 2019, we published a call for evidence on the Sixth Carbon Budget,
which ran unfil February 2020. We received 177 responses, and published each of

these, together with a summary document, in July 2020. We have also undertaken
a widerange of engagement as an input to our advice (Figure 1.4 and Box 1.4).¢

Box 1.3

New evidence and new CCC research

In our work for the Sixth Carbon Budget we engaged with a range of experts to ensure
that our analysis reflects up-to-date evidence wherever possible, building on the
evidence we produced alongside our Net Zero report in 2019. In addition to the Call for
Evidence (Box 1.4) new evidence and research collected for this report includes:

* Three Expert Advisory Group reports on: the health co-benefits of the actionsin our
Sixth Carbon Budget scenarios, financing the investment required in our scenarios and
how cross-cutting policy interventions can accelerate a transition to Net Zero.

* Research and engagement with the UK's business community, culminating in a series
of briefing notes on enabling business to take a full role in Net Zero.

* Anin-depth report on how local and regional Government can deliver the UK's Net
Zero ambition.

* Consultancy reports on the UK’s international climate influence, heat in buildings,
energy efficiency in buildings, deep decarbonisation in industry, industry policy, heavy
goods vehicles, agricultural abatement, land use modelling, low-carbon hydrogen
and macroeconomic modelling.

* Expert roundtable discussions on electricity market design, phase-out of unabated
gas-fired generation, industrial decarbonisation policy, digitalisation, emissions
removals, arable yield improvements and policy for buildings decarbonisation,
including a published summary of the removals discussion.

New evidence is summarised in Boxes in thisreport and the accompanying Policy and
Methodology reports, with significant further detail availablein the published materials on
the Committee’s Sixth Carbon Budget webpage.
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Figure 1.4 Engagement, evidence and scrutiny
for the Sixth Carbon Budget advice
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Box 1.4

Call for evidence and wider engagement

The Committee launched a Call for Evidence to inform its advice on the Sixth Carbon
Budget and Welsh interim targets which ran between 5 December 2019 and 5 February
2020. The Call for Evidence included 37 questions on five topics:

A. Climate science and international circumstances
B. The path to the 2050 target

C. Delivering carbon budgets

D. Wales, Scotland and Northemn Ireland

E. Sector-specific questions

The Call for Evidence received 177 responses from across business and industry, NGOs,
academia and from individuals (Figure B1.4). The Committee published a summary of
responses to the Call for Evidence in July 2020. The summary, including a list of
respondents and links to responses in full, is available on the Committee’s welbsite.

Several common themes emerged from the Call for evidence. In particular:

* The importance of equity-based approaches in determining the UK’s share of
remaining global carbon budgets, though some respondents did not feel that
remaining cumulative global budgets were relevant, but that the UK's long-term Net
Zero target and cost-effectiveness should instead be the main factors takeninto
account in determining UK carbon budgets.
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¢ Strengthened international commitments should be reflected in a more stringent Sixth

Carbon Budget and nationally defined contribution (NDC) for the period out to 2030.
This could include revisiting the lev el of the Fourth and Fifth Carbon Budgets, for which
there wasstrong support.

* Therole of individual behaviour change isimportant, but Government has a role in
guiding people to make the right choices.

* Many respondents highlighted the need to develop a robust approach to addressing
consumption emissions (e.g. by adopting explicit consumption emissions targets,
technology-adjusted consumption-based accounting, border carbon adjustments) to
avoid emissions offshoring and betterreflect the UK's impact on global emissions.

* Many respondents noted a range of cross-cutting delivery challenges, such as public
engagement, the need for local action and a need for a Just Transition, including
suggestions on how these can be overcome.

* This Call for Evidence included for the first fime a large number of sector-specific
questions (20 in fotal). The evidence submitted in response to questions in this section
was considered by the CCC's sector tfeams and reflected in our Sixth Cartbon Budget
scenarios, aswell as our advice on policy and progress in each sector.

The Call for Evidence was animportant part of the Committee’s engagement
programme, butnot the only one. We also held a large number of roundtable discussions
and bilateral meetings, including with groups that did not respond to the Call for
Evidence.

Figure B1.4 Responsesto the Call for Evidence ‘«
by type of respondent

Individuals  Other
Academia, Think- 10% 2%
tanks and
researchcentres
16%

NGOs
- Business and
]8/0 .
industry

55%

Source: CCC analysis.
Notes: ‘Business and industry’ includes consultancies and industry / trade bodies. ‘Other’ includes public and
parliamentary bodies.

Source: CCC (2020) Sixth Carbon Budget and Welkh emissions targets — Call for Evidence Summary
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Introduction and key messages

The value of carbon budgets is in guiding action to reduce emissions on the path
to the UK’s long-term Net Zero target.

This chapter sets out how ourrecommended Sixth Carbon Budget (requiring a 78%
reduction from 1990 to 2035, a 63% reduction relative to 2019) can be met on the
pathway to Net Zero, based on the detailed bottom-up scenarios that the
Committee has developed.

Our key messages are:

e  The UK's emissions fell by around 40% (365 MtCO-e) in the last three
decades. In the next three decades, emissions must fall by 100% (522
MtCO.e) to achieve the Net Zero goal.

¢ The Balanced Net Zero Pathway — the basis for our Sixth Caroon Budget
recommendation — represents a decisive fransition to Net Zero with over
60% of the necessary reduction to Net Zero achievedin the coming 15
years.

¢ This will require systematic changes in consumer and business behaviours,
our energy system, carbon capture and storage and how ourland is used.

¢ Success is contingent on taking actions in the 2020s across every sector of
the economy.

¢ Thereis flexibility to meet Net Zero in different ways depending on societal
changes and technologies. Some sectors face key decision points in the
2020s.

e OurTailwindsscenario gets to Net Zero in 2042 but itis a highly opfimistic
scenario, stretching feasibility in a wide range of areas and going beyond
the current evidence in others.

Chapter 3 provides more detail sector by sector while Chapter 4 sets out pathways
for Scotland, Wales and Northern Ireland. Costs and impacts of the scenarios are
set outin Chapters 5 and 6. Chapter ? explains why this is the right pace of action
to be on frack to Net Zero and meet our commitments under the Paris Agreement.
The accompanying Policy Report sets out the policy priorities o deliverthe actions
required to meet the recommended carbon budget.

This Chapter is set out in three sections:

1. The Balanced Pathway to Net Zero forthe UK

2. Alternative pathways to Net Zero by 2050

3. Canthe UK achieve Net Zero significantly before 20502

Sixth Carbon Budget - The path to Net Zero



1. The Balanced Pathway to Net Zero for the UK

This section sets out the actions the Committee has assessed as beingrequired in
the 2020s to get on frack to Net Zero and to meet our recommended Sixth Carbon
Budget. Itis set outin five parts:

a) The scale of the Net Zero challenge

b) Emissionsinthe Balanced Net Zero Pathway
c) Actionsinthe 2020s and beyond

d) Key phase out dates

e) Energy, carbon capture andstorage, and land use requirements

a) The scale of the Net Zero challenge

#JK e;t}ifgiqnik?olveff?ﬁn by The maijority of emissions in 2018 —the most recent year for which there is an

WO-TI sinthe las I edars. . . . . .

Emissions must fall by T00%n accurate estimate of emissions for all sectors — were associated with the

fhe next thirty years. combustion of fossil fuels in the ‘energy system': electricity production, transport,

heatin buildings, andindustry (Figure 2.1).

UK greenhouse gas emissionsin 2019 were 522 MtCOze.” By 2050 the UK’s net
emissions must fall by 100% from current levels to achieve Net Zero, with any
residual emissions offset by actions that remove CO, fromthe atmosphere.

Emissions have fallen by 40% in the last three decades, with the most rapid progress
over the most recent decade:

* Inthelast three decades, UK GHG emissions have fallen at an average rate
of 13 MtCO.e per year.

¢ Qutside of the electricity supply sector, emissions have fallen at an average
rate of just 7 MtCO.e per year.

* Progress has been quicker in recent years, primarily led by the UK's transifion
from coal-fired power generation fowards low-caroon generation. Since
2012, UK emissions have fallen on average by 19 MtCO.e per year. In the
last five years emissions have fallen by 16 MtCO.e on average.

fecg;g?srggfgg:g;%mc an Emissions must fall more quickly to meet the Sixth Carbon Budget (by around
just the power sector. 21 MICOqe per year). However, the power sector can no longer be relied upon to

deliver the majority of these reductions; progress must extend to all sectors of the
economy (Figure 2.2).

" Including emissions from international aviation and shipping and accounting forupcoming changes to the inventory
regarding peatlands and globalwarming potentials of greenhouse gases (Box 2.1).

Chapter 2: The UK path to Net Zero 60



61

Figure 2.1 UK emissions by sectorin 2018 m
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500 ——
P —

300
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M1CO,e

2018 emissions 2018 emissions
(more detailedsectors)

Waste and F-gases ;\I:N%?Tsees
B Agriculture and land E;%#C%Ej?: rces
. . B Fuel suppl
Manufacturing, construction & o Monufgﬁfﬁmg & construction
fuel su p;}ly OElectricity supply
Electricity supply B Non-residential buildings
- O Residential buildings
B Buildings B Shipping
B Aviation
B Transport B Surface transport
B LULUCF sinks

Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; CCC analysis.
Notes: Provisional emissions data for 2019 is not available for all sectors and for non-CO; emissions.
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Some low-carbon technology
has been deployedinthe UK
but not at alevel whichis

consistent with Net Zero. with Net Zero:

The UK is already meeting some of our energy and economic needs with low-
carbon technologies, but these are not yet deployed at the scale thatis consistent

¢ Emissions from electricity production have fallen by 74% since 1990 — and
65% in the last decade — as coal-fired power stations have closed,
electricity demand has fallen, andrenewable generation capacity has
increased. Half of UK electricity generation in 2019 was from low-carbon
sources, including renewables and nuclear.

e In othersectors, 99% of all miles driven on UK roads are in vehicles with
petrol and diesel engines, all commercial flights are powered by fossil fuels,
less than 5% of the energy used for heating homes and buildings is from
low-carbon sources, and only around 25% of industrial energy demandis
met by electricity or hydrogen.

Outside of energy use sectors, curent levels of tree planting and peatland
restoration are well below the required rate forNet Zero, emissions from agriculture
have not fallenin the last decade, andlarge volumes of biodegradable waste are

still sent to landfill.

thirty years

1000

Figure 2.2 To meet Net Zero, emissions must fall
in all sectors and at a fasterrate than the last

800

600

400

M1CO,e

200

1990

greenhouse gasremovals.

2018

O Waste and F-gases

B Agriculture and land use

O Manufacturing, construction & fuel supply
O Electricity supply

B Buildings

B Transport

Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; CCC analysis.
Notes: Net Zero emissionsin 2050 wil require any residual emissions to be offset by the UKland use sinkand
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The Balanced Net Zero
Pathway has the steepest
fransition inthe period 2025
10 2035. 60% of the total
emissions reductions required
for Net Zero are in the next
fifteen years.

63

b) Emissions in the Balanced Net Zero Pathway

Our Balanced Pathway reaches Net Zero in 2050 for all greenhouse gases (Figure
2.3), including the UK's share of emissions from international aviation and shipping

(IAS), andincluding the higher range of anficipated changes to the UK
greenhouse gas inventory (Box 2.1).

The Balanced Pathway represents a decisive fransition to Net Zero, with over 60%
of the necessary reduction to Net Zero achievedin the coming 15 years and the
fastest rate of decarbonisation occurring in the early 2030s.

The date for Net Zero would be earlier on other measurement bases that exclude
IAS emissions and/or are for CO;rather than the fullrange of greenhouse gases®
and/or assume the lower range of changes to the inventory (Table 2.1).

Figure 2.3 The Balanced Net Zero Pathway for
the UK
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Balanced Net Zero Pathway

= ee Outturn Baseline

Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; CCC analysis.
Notes:The fallin 2020 islargely due to COVID-19 impacts on aviation and shipping.

* Although all of the greenhouse gases (GHGs) contribute to warming temperatures, peak temperature change is
determined by when emissions of long-lived GHGsreach Net Zero (assuming that short-lived GHG emissions are not
rising). Of the long-ived GHGs, CO, contributes most to waming and therefore the date of Net Zero CO2is closely

linked with when the contribution to rising temperatures ends.
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Table 2.1
When the Balanced Net Zero Pathwayreaches Net Zero emissions on different bases

‘ ‘ ‘High-high'inventory changes ‘Low-low’ inventory changes

Including IAS, all greenhouse gases

Excluding IAS, all greenhouse gases

Including IAS, CO2 only

‘ Excluding IAS, CO2 only

Notes: High-high' refers to AR5 GWPs with climate-carbon feedbacks and a higher estimate of emissions from peatlands. ‘Low-low’ refers fo AR5 GWPs
without climate-carbon feedbacks and a lower estimate of emissions from peatlands.

The Balanced Pathwaywould

get to Net Zero slightly earlierif
adifferent accounting Box 2.1 ) )
methodology were used. Forthcoming changes to the UK greenhouse gasinventory

Future changes to the emissions inventory include the addition of emissions from peatland
andrevision of the Global Warming Potentials (GWPs) used to aggregate greenhouse
gas emissions:

* Peatland (expected to be included in the UK inventory by 2022).' The current inventory
only captures around 1.3 MICO2e of emissions from peatlands, but all sources of
peatland emissions will be included in the inventory in the near future:

— The ‘high’ range of emissions from peatland would add around 21 MiCO2e
to the inventory in 2018, and would also increase the 1990 baseline by 21
MICO2e. Thisis the basis upon which targets in this report are
recommended.

— The ‘low’ range of emissions from peatland could add around 17 MiCO2e
to the inventory, and would also increase the 1990 baseline by 17 MtCO 2e.

* Global Warming Potentials (expected to be updated in the UK inventory by 2024).
These are used to aggregate different greenhouse gases together into a common
metric, showing their equivalence to carbon dioxide. At COP24 in December 2018 the
international community decided to standardise reporting under the Paris Agreement
transparency framework using the GWP 100 metric.2 The valuesto be used are those
from the IPCC Fifth Assessment Report (ARS). There are two methodologies, and it is
not yet clear which will be used. Both are different from the values used in the current
emissions inventory and will lead to an increase in the estimate of UK emissions:

— The ‘high’ estimate of GWPs include climate-carbon feedbacks. Under this
methodology, the size of the existing inventory would increase by around
19 MtCO2e while the 1990 baseline would increase by nearly 47 MtCOoe.
Thisis almost entirely due to a 36% increase in the estimated global warming
impact of methane (CH4) emissions. This is the basis upon which targets in
thisreport are recommended.

— The 'low’ GWPs do not include climate-carbon feedbacks, and would lead
to a smaller increase in the size of the UK emissions inventory. The estimate
of the existing inventory would increase by around 5 MtCO 2e while the 1990
baseline would increase by 10 MtCO2e. Under this methodology CH4
methane emissions have a 12% higher warming impact than the current
estimate, while the warming impact of N2O emissions is 11% lower.

The two changes overlap because peatlands are a source of both CH4 and N2O
emissions. The range for the fotal combined impact of the peatland and GWP changes is
around an additional 27-70 MtCO2e in 1990 and 23-42 MtCO2e in 2019 compared to the
cumrent inventory.
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The electricity supply sector Emissions under the Balanced Pathway fall at different rates in different sectors
can decarbonise first because . . . . . A
of the progress dlready made (Figures 2.4 and 2.5), depending on the maturity of decarbonisation options and

in the last ten years. Most H e e
sectors see fha fastest rate of the policy framework, as well as sector-specific dynamics:

change in the 2030s.
¢ Emissions under the Balanced Pathway fall most rapidly in the electricity

supply sector. Mature decarbonisation options already exist for replacing
fossil fired generation with renewables, combined with a well-developed
policy approach that provides long-term certainty to the sector.

e Ofther sectors, including buildings and transport, build up to peakrates of
decarbonisation during the 2030s. Markets and supply chains for low-
carbon technologies such as heat pumps and electric vehicles developin
the 2020s, reaching the peak replacement rate of high-carbon capital
stock turnover in the 2030s.

e Emissions from manufacturing and construction and fuel supply also start to
fall faster from the late 2020s as industry switches to low-carbon production,
enabled by electrification and new hydrogen and carbon capture and
storage technology.

e Emissions from agriculture and aviation do not reach zero emissions and
need to be offset by removals from the forestry carbon sink — which grows
steadily overtime with free planting — and greenhouse gas removals which
are deployed at scale starting in the 2020s.

Figure 2.4 Sectoralemissions under the Balanced «
Net Zero Pathway
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The pace of transition to Net
Zerois not uniform across
sectors.

The key challengein the next
decadeis foscale up
investment, marketsand
supply chainsto enable all
new investments to be zero-
carbon by the early 2030s.

Figure 2.5 Change in sectoralemissionsin the
balanced Net Zero pathway compared to
2019 levels
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Source: CCC analysis.
Notes: Aviation and shipping pathways are lower in 2020 due to COVID-19. LULUCF = Land-use, land-use change
and forestry.

c) Actions in the 2020s and beyond

There are thirty years until 2050, the latest date by which the UK must reach Net
Zero emissions. Policy is required now to meet that deadline. Technologies in the
energy system frequently last for 15-20 years, and planning and consenting
developments can have lead-times of five to ten years. Similarly, in order to
maximise the role that natural carbon storage can play in contributing to Net Zero,
investment in afforestation and peatiand restoration must begin immediately to
ensure the benefits confribute towards the Net Zero target.

A key Net Zero challenge for the next ten years is to scale up investment so that
almost all new investments and long-lived purchases are zero-carbon by the early
2030s at the latest. Policies (many of which are under active development) to
deliver that scale-up must be fully implemented as soon as possible to work with
asset replacement lifetimes, with a full and credible plan for these policies outlined
well in advance of COP26in November 2021.

Our Sixth Carbon Budget recommendation reflects that need by assuming

progress in reducing emissions and creating options for the subsequent period
(Table 2.2).
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All our scenarios reflect strong contributions from a set of key fechnologies and
behaviours across fourkey areas (Figure 2.6, Table 2.3):

Lower-carbon choicesand . . . o exe
officiency oan make o * Reducing demand for carbon-intensive activities.

material contribution to .. . .
meeting the budget. — Reduced demand. Around 10% of the emissions savingin our

Balanced Pathway in 2035 comes from changes that reduce demand
for carbon-intensive activity. Particularly important in our scenarios are
an accelerated shift in diets away from meat and dairy products,
reductions in waste, slower growth in flights and reductions in fravel
demand. While changes are needed, these can happen overtime
and overall can be positive for health and well-being.

— Improved efficiency. A further 5% comes from improving efficiency, in
use of energy and resources, especially by better insulation of
buildings, improving vehicle efficiency and improving efficiencyin

industry.
The largest contibutionis from ¢ Take-up of low-carbon solutions. Over half the emissions saving is from
T e barbon people and businesses adopting low-carbon solutions as high-carbon
expansion of low-carbon opftions are phased out (Table 3). By the early 2030s all new cars and vans
fﬂffﬂgfy andhydrogen and all boiler replacements in homes and other buildings must be low-

carbon — we expect largely electric. By 2040 all new heavy goods vehicles
should be low-carbon. Industry must either adopt technologies that use
electricity or hydrogen instead of fossil fuels, or install carbon capture and
storage.

¢ Expansion of low-carbon energy supplies.

- Low-carbon electricity. Low-carbon electricity can now be produced
more cheaply than high-carbon electricity in the UK and globally. In
our Balanced Pathway the low-carbon share increases from 50% now
to 100% by 2035, cutting UK emissions by 18% compared to our
baseline. New demands from fransport, buildings and industry
(moderated by improving energy efficiency) mean electricity
demand rises 50% to 2035, doubling or even trebling by 2050. The
largest contribution is from offshore wind, reaching the Government’s
goal of 40 GWin 2030, on a path to 65-125 GW by 2050.

- Low-carbon hydrogen production scales up to 90 TWh by 2035 (i.e.
nearly a third of the size of the current power sector), produced using
electricity or from natural gas or biomass with carbon capture and
storage. Itis used in areasless suited to electrification, particularly
shipping and parts of industry, and is vital in providing flexibility to deal
with infermittency in the power system. It may also have a material
longer-termrole in buildings and other fransport, such asheavy goods
vehicles.

Changesin the UK'sland use

ore also needad. * Land andremovals. A fransformation is needed in the UK's land while

supporting UK farmers. By 2035 our scenariosinvolve planting of 440,000
hectares of mixed woodland to remove CO; from the atmosphere as they
grow, with a further 260,000 hectares of agricultural land shifting to
bioenergy production (including short rotation forestry) . This would see UK
woodland cover growing from 13% now to 15% by 2035. Peatlands must be
restored widely and managed sustainably. Low-carbon farming practices
must be adopted widely, while raising famm productivity. Alongside the
natfure-based removals, by 2035 the UK should be using bioenergy (largely
grown in the UK) with CCS to deliver engineered removals of CO, at scale.
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Table 2.2

Key mefrics for actions in the Balanced FPathvy

UK greenhouse
gas emissions

Demand
recduction

Efficiency

Electrification,
hydrogen and
carbon capture
and storage

Removals

UK greenhouse gas emissions
(MICOsze)

UK greenhouse gas emissions per
person (TCO-ze /capita)

W eekly meat consumption (g}
(includes fresh and processed meat)

W eekly dairy consurmption (g}

Plane-km per person

Car-km per driver

Remaining waste per person, after
prevention & recycling (kg)
Carborrintensity of a new

HGV (gCOs/km)

Increase in longevity of electronics

Carbonintensity of UK
electricity (gCO=e kW he)

Offshore wind (GW e)

Share of BEVs innew carsales

Heat pumpinstallations
(thousand per year)
Manufacturing energy use from
electricity or hydrogen

Low-carbon hydrogen (TW hj

CCS inmanufacturing (MTCO4)

CCS inrest of the economy (MICOy)

UK woodland area

Energy crops (kha)

Peat arearestored

Land-based carbonsinks (WMICO4)

Greenhouse gas remowvals (MtCOg)
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Figure 2.6 Types of abatementin the Balanced m
Net Zero pathway
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Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; CCC analysis.
Notes: ‘Other low-carbon technology’ includes use of bioenergy and waste treatment measures. ‘Producing low-
carbon energy’ requires the use of carbon capture and storage (CCS) in electricity generation.
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‘ Box 2.2

The role of individualsin achieving the Sixth Carbon Budget

To date, much of the success in reducing UK emissions has been invisible to the public.
Government policy has enabled emissions reductions to proceed in a way that has not
required mass engagement, by reducing the 'supply' of emissions into the economy. For
example, low-carbon power now provides over 50% of the UK's electricity supply, with no
change to the service that electricity provides. Reaching Net Zero will require more
involvement from people in engaging with the emissions reductions required, and
reducing or adapting demand for energy-intensive services:

* Over 40% of the abatement in our scenarios to 2035 involves at least some degree of
change from consumers (e.g. driving an electric car, or instaling a heat pump instead
of a gas boiler) (Figure B2.2).

* Over 15% of the abatement measures in our scenarios require consumer choices —
both toreduce demand andimprove efficiency. Shifting quickly towards healthier
diets, reducing growth in aviation demand and choosing products that last longer
and therefore improve resource efficiency are all key. In the Widespread Engagement
scenario thisis even higher, at 19%.

There are many reasons to think that these changes, and potentially much larger
changes, are feasible given suitable policy leadership. Alongside this advice, we have
published a note by Committee member Professor Nick Chater on the behavioural
principles underpinning this view.3

It will not be possible to get close to meeting a Net Zero target without engaging with
people or by pursuing an approach that focuses only on supply-side changes. The recent
Climate Assembly - which saw a representative sample of the UK's population deliberate
over how to achieve Net Zero - noted the importance of involving people in decision-
making, not just persuading them to change, as part of a nationalconversation on the
options available for achieving Net Zero and how these options should be pursued.

Figure B2.2 Role of societaland behavioural «
changesin the Balanced Net Zero Pathway
(2035)

® Low-carbon fechnologies or
fuels, not
societal/behavioural
changes

B lMeasures with a
combination of low-carbon
technologies and
societa/behaviour changes

B Largely societal or behaviour
changes

Source: CCC analysis.
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d) Key phase-out dates

The sale and construction of The dynamics of each sector, and the principle of minimising early scrappage,
new high-carbon assets should . L .

be phased out by specific point fo common timings on the phase-out of high-carbon assets on the path fo
dates to ensure that they are : .
removed from fhe economy Net Zero, regardless of what low-carbon solution replaces them (Table 2.3):
before 2050.

e Boilerlifetimes of 15 years imply a phase-out date for the installation of fossil
fuel boilers in advance of 2035, in order for uptake of low-carbon heat to
be sufficient to decarbonise buildings by 2050. Our Balanced Pathway sees
sales of oil boilers phased out by 2028, and gas bailers by 2033 inresidential
homes, with the exception of hydrogen-ready gas bailers in areaswhere
the gas grid is set to convert to low-carbon hydrogen.

e Salesof new fossil fuel cars, vans and motorbikes are phased out by 2032 in
our Balanced Pathway.

Where possible, new

equipment should be e Building onthe phase-out of coal-fired power generation by 2024, no new

designed fo allow retrofit of unabated gas plants should be built after 2030, and the burning of
ggé%?%bfdﬁgz(émo'Og'es“ke unabated natural gas for electricity generation should be phased out

entirely by 2035. Any gas plant built before 2030 should be made ready for
a switch to CCS or hydrogen (i.e. this should be both technically feasible
and the plant should be located in a part of the country that will be served
by the necessary infrastructure).

e Emissions from the UK's growing fleet of energy-from-waste plants will need
to be captured in order for energy-from-waste to be sufficiently low-carbon
by 2050. Waste should be minimised, and any new plants should be built
with CCS or CCSready.

Table 2.3

Phase-out dates of high-carbon activities under the Balanced Pathway

| Technology/behaviour | Phase-out date (new sales) Backstop date (operation)

New fossil-fuelled cars 2032 (including plug-in hybrids) 2050
and vans
Gas boilers 2033 (in residential homes) 2050
2030-33 (in commercial properties)
‘ Oil boilers 2028 (in residential homes) 2050
2025-26 (in commercial properties)
‘ Gas power generation (unabated) 2030 (no new build of unabated gas plants 2035
from this date)
| HGVs 2040 (<1% of sales by 2040) Beyond 2050
Biodegradable waste sent to N/A 2025 ban on all municipal &
landfill non-municipal
biodegradable waste going
to landfill
‘ Unabated energy-from-waste From today, new plants and extensions should 2050
plants be built with CCS or CCS ready
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The Balanced Pathwayseesa
significant fal in the
consumption of fossilfuel,
replaced by low-carbon
electricity, hydrogenand
bioenergy.

Electricity consumptionwould

more than double under the
Balanced pathway.

A new hydrogen economy
develops to ascale
comparable to today’s
electricity system by 2050.

Bioenergy transitions to
applications with CCS.

Our Balanced Pathwayhas
CCS deployed at scale,
primarily in manufacturing &
construction, hydrogen and
electricity production, and
greenhouse gasremovals.

e) Energy, carbon capture and storage and land use requirements

In our Balanced Net Zero Pathway, the economy becomes much more energy
efficient as a whole, with total energy demand falling by around 33% in end-use
sectors between now and 2050.

The energy system moves almost entirely from the existing, high-carbon fuel
sources to low-carbon alternatives (Figure 2.7):

¢ Fossil fuels largely phased out. Demand falls significantly to 2050 for ail (-
85%) and natural gas (-70%) as the energy system makes the fransition to
Net Zero. Petroleum use is mainly restricted to the aviation sector, while
natural gas use is limited to combustion with CCS for power generation and
industrial processes and phased out of use in buildings. Opportunities for
high-efficiency electrification (e.g. moving to EVs and heat pumps that are
three times the efficiency of conventional vehicles and bailers) mean that
demand for oil and gas falls more rapidly than the increase in electricity
demand.

e Low-carbon electricity becomes the dominant energy vector forthe UK,
with outputincreasing fo more than double current levels by 2050. This
rapid expansionin low-carbon electricity isused to transform othersectors.

e Hydrogen. Fromthe 2030s onwards a hydrogen economy develops from
virtually zero use in the energy system today, to a scale thatis comparable
to existing electricity use by 2050.

e Bioenergy and waste use is expected to grow modestly by 30% to 2050
(Figure 2.8). Resources are increasingly diverted to the most carbon-
efficient uses, including with carbon capture and storage (BECCS) which
uses 85% of bioenergy supplies by 2050. There may be a fall in total
bioenergy use to 2030 if unabated uses decline before BECCS applications
ramp up.

Atthe same time, carbon capture and storage (CCS) isused to avoid further
emissions fromindustry, alongside a role in permanent removal of CO, from the
atmosphere and in electricity and hydrogen production (Figure 2.9):

e CCSisapplied to the manufacturing & construction sector at scale in the
2030s, and continues to remove CO, at similar levels out fo 2050.

e By 2050, around 60% of the carbon capturedin the UK is in the greenhouse
gasremovals sector, primarily through the combustion of biomass for
electricity generation, with a further 20% used for the production of
hydrogen and 10% used with gas in the power sector.

The UK’s land also has a crucial role to play with shifts inland use fromtoday
(Figure 2.10):

* Around one-third of agricultural land is freed up throughreduced output
and more efficient farming practices.

* Intotal, 25% of the UK land areaiis forested or used for agro-forestry and
energy crop production by 2050 - compared to around 15% today.

e Harmful peat extractionis ended, and by 2050 nearly 80% of the UK's
peatiands are restored fo their natural state.
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Energy demand falls on
aggregate, with fossil fuels
replaced by low-carbon
electricity and hydrogen.
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Figure 2.7 Energy demand (TWh) by sectorin

The Balanced Net Zero Pathway
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Bioenergy transitions from
unabated usesin electricity,
industrial heat, buildings and
road vehicles, fo use with CCS
in electricity, hydrogenand
biojet applications. Energy-
from-waste plants add CCS.

Figure 2.8 Bioenergy and waste use in 2018, 2035
and 2050 in the Balanced Net Zero Pathway
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Over 100 Mf of CO2is
captured by 2050 in the
Balanced Pathway, mostly for
greenhouse gasremovals and
hydrogen production.
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Figure 2.9 Total amount of CO2capturedin the

Balanced Net Zero Pathway
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2. Alternative pathways to Net Zero by 2050

/7

This section addresses the implications of different pathwaysto Net Zero onthe
level of the Sixth Carbon Budget. This section presents results for all of our
exploratory scenarios, but primarily focuses on the Headwinds, Widespread
Engagement, Widespread Innovation scenarios. The Tailwinds scenario and the
potential to achieve Net Zero before 2050 are discussed in Section 3. This section is
set outin four parts:

a) Different emissions pathways forreaching Net Zero
b) Contributions of different decarbonisation options
c) Critical decision points

d) The impacts of uncertainties on meeting the budget
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There is flexibility fo meet Net
Zero in anumber of different
ways.

a) Different emissions pathways for reaching Net Zero

Our exploratory scenarios have different balances of measures to reduce emissions
(Figure 2.6). Each scenario has its own set of measures contributing fo differing
extents with differing timings, so the resultant emissions pathways deviate
somewhatin the tfransition fo Net Zero (Figure 2.11), although they are relatively
close together in the 2020s and by 2035, the middle of the Sixth Carbon Budget
period (Figure 2.12):

e Total emissions across the Sixth Carbon Budget period (2033-2037) inthe
Headwinds, Widespread Engagement, and Widespread Innovation
scenarios are all broadly comparable to the level of the Balanced
Pathway, ranging from 12% higher to 9% lower than the Balanced Pathway.

e The Tailwinds scenario diverges the most from the Balanced Pathway
during the budget period, with emissions 36% lower than the Balanced
Pathway over the course of the budget period.

Figure 2.11 The Balanced Net Zero Pathway «
and exploratory scenarios forthe UK
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Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; CCC analysis.
Notes:The fallin 2020 islargely due to COVID-19 impacts on aviation and shipping.
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The emissions frajectories show
asimilar path in the next
decades before the scenarios
diverge in the 2030s.
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Figure 2.12 Sectoralemissionsin 2035 «
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Each scenario shows similar dynamics to the Balanced Pathway in terms of
sectoral rates of reduction, albeit in some cases on the pathway to different levels
of sectoral emissions in 2050.

The level of remaining emissions in 2050 is most sensitive to activity inthe aviation
and agriculture sectors, which must then be offset by removals in the land use,
land-use change and forestry (LULUCF) and greenhouse gas removals sectors
(Figure 2.13):

* Inthe Headwinds scenario, in which residual emissions are highest due to
lower overall levels of behaviour change andinnovation, the Net Zero
targetis most dependent on engineered removals.

* Inthe Widespread Engagement scenario and Widespread Innovation
scenarios where residual emissions from aviation, agriculture and all other
sectors are lower than in Headwinds, a lower level of removals and forestry
sinks are needed to achieve the Net Zero godl.

¢ The Tailwinds scenario reaches net-negative emissions of more than
=100 MtCOqe by 2050, with a high level of removals and very low residual
emissions across the economy. We have assessed the potential for the
actions identified in the Tailwinds scenario to reach Net Zero by 2050 with
minimal use of CCS (Box 2.4).
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The scenarios foremissionsin
2050 are most sensitive fo the
balance of action across
aviation, agriculture, land use
and greenhouse gas removals.

Figure 2.13 Emissions scenarios for 2050 are most "
sensitive to the balance of action across aviation,
agriculture, LULUCF and greenhouse gas removals
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b) Contributions of different decarbonisation options

The ‘Balanced Net Zero Pathway’ has a relafively balanced mix of contributions
from demand-side action, electrification, hydrogen, and natural and engineered
greenhouse gas removals (GGRs).

The exploratory scenarios deliver Net Zero with different mixes of these measures.
To some extent, this affects the timings of their emissions reductions:

¢ Headwinds. The greater reliance of the Headwinds scenario on use of
hydrogen and carbon capture and storage (including forhydrogen
production) means that some of the emissions reductions in this scenario
happen less quickly than the other exploratory scenarios.

o Widespread Engagement involves greater societal shifts in behaviour,
including a reduction in consumption of allmeat and dairy of 50% by 2050
compared to today’s levels, a reductionin flying of 10% compared to pre-
COVID levels, and up to one third of all carjourneys beingreplaced by
walking, cycling or public fransport. Similarly, increased resource efficiency
and energy efficiency measures in homes are also prevalent in this
scenario.
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The Headwinds scenario is
most dependent on the use of
CCS,whereas the Widespread
Engagement scenarioand
Widespread Innovation
scenarios both use less CCS
than the Balanced Pathway.
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¢ Widespread Innovation sees the costs of low-carbon technologies fall
further than other scenarios, and technology efficiencies improve. New
technologies also play alarger role, such as Direct Air Carbbon Capture and
Storage (DACCS), high temperature heat pumps, autonomous vehicles
and lab-grown meat.

The choices within these exploratory scenarios have significantimpacts on the UK
energy system, CCSrequirements and land use (Figures 2.14,2.15,2.16).

Figure 2.14 Total amount of CO2capturedin "
2050 in the scenarios
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Notes: ‘Greenhouse gasremovals’ is aggregation of all UK negative emissions and is not entrely separate to the
other sectorslisted. It includes the combustion of biogenic waste and biomass with CCS in other sectors.

Sixth Carbon Budget - The path to Net Zero



Figure 2.15 Energy demand (TWh) in 2050 by
sectorin the scenarios
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Our scenarios explore arange
of ambition on land use, but
each scenarioinvolves
fransformational land-use
change.

In the next decade, the
Government wil need to
make choices on the future of
heating and HGVsin the UK.
Until those decisions are taken
itis prudent for the UK to keep
options open.
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Figure 2.16 UK land use in 2050 «
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in width) which are assumed to stay af current area. These areas are not accounted forin the Forestry Commission
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c) Critical decision points

While many choices can be made now over the broad shape of the transition,
there remain some decision points for Government in the coming decade:

o Electrification and hydrogen for buildings. Hydrogen has the potential to
replace fossil fuelsin areas where electrification may reach limits of
feasibility and cost-effectiveness, including a partial role for heatin
buildings. Gas distribution networks will not be able to confinue to provide
natural gas on a widespread basis by 2050 - they will either need to be
decommissioned or, if feasible, repurposed to hydrogen. Decisions will be
required from the mid-2020s on the balance between electrification and
hydrogen in decarbonising heating, and the implications for gas networks.

e HGVs should be decarbonised, although it is not yet clear whether through
hydrogen or electrification or a combination of the two. Given lead-times
forinfrastructure and the time needed to turn over vehicle stocks, decisions
will be needed from the Govemment in the second half of the 2020s on
how HGVs will be decarbonised, with commercial-scale trial deployments
of technologies (including electrification and hydrogen) needed prior to
this. Technological progress is likely to be driven globally and coordination
will be required with connected markets in Ireland and mainland Europe.
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Where possible, ouranalysis
makes conservative
assumptions about uncertain
factors including economic
growth and changesto the UK
greenhouse gasinventory.

The lasting impacts of the
pandemic are unclear, but
may cause emissions to fall
particularly if transport
behaviours change.

Our Balanced Pathway does
not assume lasting behaviourd
changes from the pandemic.

Changes to how UK emissions
are estimated can make the
budget easier or more difficult
to meet. Where we know of
changes in the nearfuture, we
have assumed the higher
range of possibleimpacts.

Until those decisions are made, the UK can keep as many options open as possible
by supporting pilot programmes and accelerating deployment of ‘low-regret’
opftions (such as heat pumps inhomes off the gas grid).

d) The impacts of uncertainties on meeting the budget

Beyond the factors considered within the scenarios, there is a range of
conceivable uncertainties, where our assumptions generally err on the side of
caution (i.e.if ourassumptions are wrong it would tend to make the
recommended budget easier to meet). Uncertainties include the performance of
the economy and forthcoming changes to the methodology for estimating
emissions within the inventory (Figure 2.17):

Level of GDP. Future performance of the economy —and hence the level of
economic activity that could cause emissions —is always uncertain fo some
degree. At the moment, the uncertainty is much greater than usual,
relating to how the economy willrecover after the COVID-19 pandemic.
Our analysis has assumed that there is no lasting impact on GDP, an
assumption at the optimistic end of the July scenarios from the Office for
Budget Responsibility (OBR). This compares to the OBR’s ‘Downside’
scenario for alasting 6% hit to GDP (Box 2.3). While the pattern of emissions
impacts under such a scenario is uncertain, a uniform 6% reductionin all
emitting activity relative fo the Balanced Net Zero Pathway would lead to
emissions being 11 MtCOqe lowerin 2035, or 57 MtCOq¢e across the five-year
Sixth Carbon Budget period.

Sustained behaviour changes post-COVID. While 2020 has seen some large
changes in patterns of behaviour due to the COVID-19 pandemic and
associated restrictions, it is unclear the extent to which these changes will
endure:

— In the Widespread Engagement scenario, we have explored the
impacts of some sustained societal and behavioural changes (e.g. a
sustained reduction in business aviation demand, due to greater
familiarity with videoconferencing). This does not represent the full
range of possible societal changes that result from the pandemic.

— Given the lack of clearevidence on how much behaviour may
change and for how long, in the Balanced Pathway we have
assumed that behaviour patterns return to how they were before the
pandemic. Sustained changes of some of the kinds seen during 2020
(e.g. increased working fromhome, more waling and cycling) would
tend fo reduce overall emissions and also have positive co-impacts for
health.

Changes to the UK Greenhouse Gas Inventory.

— There will be changes to how UK emissions are estimated, owing to
increasing the scope of the emissionsinventory to count all emissions
from wetlands and also because of changes in estimates from the
IPCC for the global warming potentials of methane and other non-
CO,gases (see Box 2.1). These changes are expected to be made
before 2025 and, in each case, there is a range of possible impacts
depending on the precise methodology chosen. We have included
those extra emissions at the upperend of current estimates. This means
there is a possibility that estimated emissions may end up being
around 15 MICOq¢e lower than we have assumed in our analysis.
Should this franspire, the Sixth Carbon Budget would have an effective
75 MtCOqe of headroom across the five-year budget period.
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— Bunker fuel sales are the currently agreed basis by which countries
report international shipping emissions to the UN. Were an alternative
methodology agreed, this would likely lead to an increase in the UK's
international shipping emissions (for example, the activity basis used for
the IMO's 4th GHG study could double UK international shipping
emissions to around 16 MICO»e).

— Estimates of UK emissions will continue to change in the future as
international understanding of the science improves and the IPCC
issues new guidance on reporting. These changes could potentially
shift the UK inventory in either direction.

Figure 2.17 Risks to achieving and opportunities «
to outperform the Balanced Net Zero Pathway in
2035
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Source: CCC analysisbased on BEIS (2020) Energy and Emissions Projections 2019, OBR (2020) Economic and Fiscal
Outlook-March 2020.

Notes: Emissions impact of COVID-19 based on a 6% reductionin emissions in 2035. Unknown future inventory
changes include further changes to globalwarming potential and otherIPCC guidance that reflects future
scientific understanding of climate science. We previously estimated the uncertainty in the UK inventory as +3%.
M&C = manufacturing & construction. BECCS = bioenergy with carbon capture and storage.

If the more back-ended Headwinds scenario is followed in some sectors, or there
are relatively short delays in decarbonising some sectors, this can potentially be
compensated for by faster reductionsin othersectors (e.g. more behaviour
change and/or innovationin the other exploratory scenarios).

It would also be possible o import more sustainable bioenergy on a temporary
basis (since our Balanced Pathway does not use all available sustainable supply in
2035), to bring earlier deployment of BECCS, before transitioning to UK-grown
feedstocks later on.
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The conservative assumptions
we have made about
uncertain factors make it more
likely that headroom develops
within the budget rather than
the budget becoming more
difficult to achieve.

We have attempted to quantify the impacts of some known uncertainties, but
there is clearly a range of unforeseen future outcomes that cannot currently be
quantified, whether wider mega-trends (e.g. digitalisation, Al, robotics), large-scale
disasters (e.g. another pandemic or climate-related catastrophes) or unforeseen
breakthroughs in reducing emissions.

Overall, these uncertainties point towards emissions being potentially lower than
we have estimated for a given set of policy actions. While the set of actions within
the Balanced Net Zero Pathway is very stretching, the level of the Sixth Carbon
Budget that we are recommending could therefore potentially be met even with
some limited delays in delivery.

Box 2.3

OBR medium-term scenarios published in July 2020

In July 2020, the Office for Budget Responsibility (OBR) published three exploratory
scenarios for the UK economy and public finances over the medium term.

* The OBR Central scenario assumes some economic scarming resulting in a 3% reduction
in GDP by 2025 compared to the pre-pandemic forecast.

* Therange of the lasting economic impact of the pandemic in the OBR scenarios is
zero to 6% lower GDP in 2025.

The assumption in our analysis is most comparable to the V-shapedrecovery shown in the
‘Upside’ scenario, under which GDP returns quickly to the level projected in March 2020.

The ‘Downside’ scenario, under which GDP in 2025 is 6% below the level consistent with
our analysis, would allow considerable headroom in the budget where economic activity
is still coupled to greenhouse gas emissions.

Chart 2: Real GDP scenarios versus our March forecast
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3. Can the UK achieve Net Zero significantly before 20502

The Tailwinds scenario is highly
opftimistic andrequires
everything to go right first fime
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As well as using our exploratory scenarios to explore a range of ways to achieve
Net Zero by around 2050, we also combined the more optimistic assumptions on
societal/behavioural change and on innovation to produce the ‘Tailwinds’
scenario, which aims to achieve Net Zero as eary as possible.

Tailwinds is a highly optimistic scenario, stretching feasibility in a wide range of
areas and going beyond the current evidence in others. Even then, this scenario
only reaches Net Zero in 2042, with a reduction of 87% by 2035 (Figure 2.18).

We consider it unlikely that the Tailwinds scenario could be delivered across the

board.

It requires that policy works first fime, with full effect and in all cases to drive cost
reductions and changes to behaviour, and that a range of uncertain technologies
turn out at the better end of the range of expectations. These include:

Diet change. A 50% reduction in meat and dairy consumption — whichis at
the highest range of ourmodelled scenarios — and a coresponding
reduction in emissions from agriculture while releasing additional land for
carbon sequestration.

Aviation demand and efficiency. A 15% reduction on 2018 passenger levels
as well as rapid improvements in efficiency and widespread use of biofuel
and carbon-neutral synthetic jet fuel by 2050.

Very low-cost renewable electricity. A further halving of the costs of
offshore wind and other renewables to £23/MWh by 2050.

Major improvements to energy- and resource-efficiency across all sectors:

- The fastest uptake of energy efficiency measures in buildings to the full
economic potential, in combination with higher efficiency heat
puUMPS.

— AllHGVs adopt efficiency measures (compared to an 80% uptake in
the Balanced Pathway).

Rapid uptake of new technologies including a 2030 switchover date for
electric vehicles; widespread acceptance of heat pumps in buildings, with
innovative solutions for less-suited homes; production and public
acceptance of lab-grown meat.

Energy networks and industrial clusters. Rapidroll-out of CCS and hydrogen
infrastructure atindustrial sites, as well as upgrade of electricity grids to
cope with widespread electrification.

Land use. Very high rates of free-planting (70,000 hectares per year) and
other land-based measures by 2050.

Engineered removals. The Tailwinds scenario contains the highest level of
engineered removals in any of our scenarios. Bioenergy with carbon
capture and storage scales up more quickly, a large increase in sustainable
biomass imports is assumed, and DACCS is available at commercial scale
of 15 MtCOy/year by 2050.
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There are genuinelimitsto the
pace of change thatis
possible.

The Tailwindsscenario shows a
possible scenario for getfting fo
Net Zero before 2050, but thisis
highly uncertain.

While Tailwinds outperforms our Balanced Pathway in almost every sector

(Figure 2.18), it sfill follows broadly similar dynamics — it is sfill necessary to scale up
markets, supply chains and infrastructure and then replace the stock of high-
carbon assets as they come to the ends of theirlives.

This reflects genuine limits to what can feasibly be achieved sustainably, while
minimising the risks associated with going too fast (see Chapter 9, section 4).

The Tailwinds scenario represents the furthest that even a highly optimistic set of
assumptions can go, without resorting to widespread early scrappage orimposing
strict limits on individual behaviours.

Figure 2.18 Comparison of sectoralemissionsin «
2035 and 2050 for the Balanced Net Zero Pathway
and Tailwinds scenario
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While faster emissions reductions could conceivably be achieved by including
such things, they would be inconsistent with the conclusions of the Climate
Assembly (see Table 1.1 in Chapter 1) andwould risk undermining public support
for the fransition to Net Zero.

The technical feasibility of some of the technological and behavioural
developments assumed in the Tailwinds scenario is uncertain, even with good
policy in place. The scenario raises the question of whether Net Zero could be
achieved before 2050, to which we do not yet have a clear answer.
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Net Zero in 2050 remains the
right target for the UK.
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Given these considerations, we continue to recommend Net Zero by 2050 at the
latest as the appropriate goal for the UK. Should it become evident Iater in the
2020s that we are in a positionto be able to take a path closer fo that outlined in
Tailwinds, it may be appropriate to revisit the date of Net Zero. This would require
most or all of the following:

Progress in deployment. It is critical that progress is made in the first half of
the 2020s on reducing emissions across a wide range of areas, in line with —
orideally ahead of — our Balanced Net Zero Pathway.

Behaviours. Policies for the 2020s must be designed to encourage the sorts
of societal and behaviour changes that would reduce emissions while also
providing co-benefits insome cases (e.g. to health). These include reduced
demand for flying and healthier diets that contain significantly less meat
and dairy, as well as uptake of unfamiliar technologies such as heat pumps.
Should it turn out that people are willing to embrace these changes, faster
progress may be possible to reduce emissions.

Learning by doing. Should the major cost reductions seen in the last
decade for solar, wind and batteries be repeated in those or other areas
over the next decade (e.q. in electrolysis, greenhouse gas removals, plus
further reductions in costs of zero-carbon electricity), emissions could fall
more quickly. Such cost reductions will require leaming-by-doing through
deploymentin the 2020s, supported where necessary by appropriate
infrastructure (e.g. COzinfrastructure for greenhouse gas removals).

Strategic decisions. The Government will need to make decisions on how
we will decarbonise heating and the future of gas networks in the mid-
2020s, and on heavy goods vehicles (HGVs) shortly thereafter, even under
the Balanced Pathway. There is no scope for this to slip, especially if
accelerated progress isintended.

Breakthroughs. There is also potential scope for more speculative
breakthroughs that are not evenincludedin the Tailwinds scenarios (e.g.
cheap and effective feed additives to reduce agricultural methane
emissions).

New scientific evidence - forexample on the relative waming potential of
methane or the rate at which UK peatlands emit greenhouse gases — could
affect the date at which Net Zero could be achieved.

Unftil then the priority must be fo put in place strong policies to drive changes
across the board and react to new developments.

Sixth Carbon Budget - The path to Net Zero



Box 2.4
Is it possible toreach Net Zero by 2050 with zero CCS?

All of the pathways explored in our Sixth Carbon Budget advice see the use of carbon
capture andstorage (CCS) as a critical and cost-effective means of meeting the UK's
2050 Net Zero target.

This exploratory ‘what-if’ sensitivity analysis fakes a snapshot of emissions in the Tailwinds
scenario in 2050 only, and illustrates what could happenif the use of CCS was minimised
across the economy. This sensitivity wasnot costed or explored prior to 2050, and so is not
arecommended pathway - particularly as exclusion of CCS is likely to significantly
increase cumulative emissions over the period to 2050.

Figure B2.4 The Tailwinds scenario in 2050 with "
mMinimal CCS
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Source: CCC analysis.

Noftes:Right-hand stack has nouse of CCS or Direct Air Capture in any sectors, except for 10 MtCO4/yr of CCS
across energy from waste plants and some parts of refiningand man ufacturing. Also uses 60 TWh/yr of biomass
freed up for biofuek production, and 50 TWh/yr of hydrogen freed up to displace / avoid fossil gas use.

The Tailwinds scenario, which reaches Net Zero by 2042 in our analysis, is the most
ambitious scenario on all fronts. The sensitivity in Figure B.2.4 illustrates that it is possible to
reach Net Zero by adjusting the Tailwinds scenario to limit CCS. However, the minimisation
of CCS results in Net Zero being achieved around eight years later, in 2050, with no
potential left to go faster in one sector if another sector under-delivers. This sensitivity has
particularly acute impacts on the overall level of GHG removals that can be achieved, as
well asimpacts on energy supply, waste and energy-intensive industry:

* CCS-based removals would no longer be possible. Only naturalremovals (i.e. free &
energy crop planting and peatland restoration) and wood in construction can offset
remaining residual emissions in 2050.
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CCS is essential to achieving
Net Zero. A sensitivity analysis
shows that getting to Net Zero
with minimal use of CCS would
be even more stretching than
the highly uncertain Tailwinds
scenario.
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* The best use of bioenergy would change. Given that bioenergy cannot be used with
CCS, bioenergy willachieve lower GHG savings. However, 60 TWh/year of biomass
would now be available that would otherwise have been used to fuel CO2 capture
equipment on CCS plant. This biomass could instead be converted into biofuels,
eliminating residual petroleum emissions in aviation and other parts of the economy.

* Gas-based power and hydrogen production, without CCS, would no longer be
consistent with Net Zero. However, most of the hydrogen in the Tailwinds scenario is
produced via renewable electricity, so this could be manageable under this scenario.
Additionally, excluding Direct Air Capture frees up 50 TWh/year of low-carbon
hydrogen, displacing fossil gas use in power and avoiding the use of fossil gas in
hydrogen production.

* Parts of manufacturing and refining, and energy from waste plants, would still need to
use CCS in order to decarbonise, as no other viable low-carbon alternatives are
available. This would require 10 MtCO2/year to be captured and stored by 2050.

Furthermore, the reliance only on natural removals to offset remaining positive emissions
(e.g. in agriculture) means that staying at Net Zero after 2050 would require ever-
increasing natural carbon stocks (e.g. in forests and peatlands), requiring a slow ly but
ever-increasing area of the UK to be devoted to sequestration.

Overall, this supports our message that CCS is essential to achieving Net Zero, at lowest
cost, in the UK. The importance of CCS globally further underscores the urgency of
progressing CCS plansin the UK.

Sixth Carbon Budget - The path to Net Zero
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Introduction and key messages

Achieving the Net Zero target requires all sectors of the economy to contribute,
including international aviation and shipping. This chapter presents the scenarios
shown in Chapter 2 at a sectorallevel and discusses the different options that are
available within each sector on the transition to Net Zero.

We also discuss the impacts of the choices made in each sectoron investment
requirements, cost savings and the wider co-impacts onsociety. The economy-
wide impacts, costs and benefits of each scenario are then assessed in more defail
in Chapter 5 of this report.

Policy recommendations, and additional detail behind the analysis for each sector
is provided in the accompanying Policy and Methodology Reports.

Key messages
Our key messages in this Chapter are:
o Delivering Net Zero GHGs by 2050 will require all sectors to contribute.

e Each area of the economy must make substanfial changes in the next
decade to get on the path to Net Zero emissions for the whole of the UK.
The transition must not be delayed.

e Allsectors have multiple options fo achieve a level of emissions reduction
thatis consistent with Net Zero by 2050.

e Most sectors can achieve near-zero greenhouse gas emissions by 2050 in
different ways. For many sectors, the shape of the overall emissions
frajectory thatis requiredis similar even where very different options are
deployed (for example the relative uptake of electrification compared to
the use of low-carbon hydrogen in manufacturing).

o The scenarios for the agriculture, land use, aviation and greenhouse gas
removals sectors have the most variation in emissions by 2050. The choices
made in these sectors have greatestimpact onthe UK's residual
greenhouse gas emissionsin 2050 and the scale and type of negative
emissions that are required to offset them.

o Different sector pathways bring different costs, benefits and impacts. The
choices made in each sector have wide-ranging impacts, including costs,
cost savings and co-impacts onsociety. Policymakers should look to
maximise the positive co-impacts of decarbonising each sector.

The analysis underpinning our key messages is set out foreach of the following
sectors in this chapter:

Surface transport

Buildings

Manufacturing & construction
Electricity generation

Fuel supply

Agriculture and land use, land-use change and forestry (LULUCF)
Aviation

Shipping

Waste

0. F-gases

1. Greenhouse gas removals

TSV NoOOA~AWN
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1. Surface transport

Surface fransport is currently
the UK’s highest emitting
sector.

Introduction and key messages

Surface transport GHG emissions were 113 MtCOqe in 2019, comprising 22% of total
UK GHG emissions. This could fall to 32 MtCOqe by 2035 in our Balanced Net Zero
Pathway. Delivering this transition will require take-up of low-carbon technologies,
low-carbon fuels and efficiency improvements for petrol and diesel vehicles and
behaviour change to reduce fravel demand and shift journeys onto lower-carbon
modes of fransport.

Achieving this reduction will require significant investment in technology and
infrastructure but these will be more than offset by savings in operational
expenditure, delivering an estimated net benefit to consumers of £8 billion per year
in 2035.

Our assessment is based on detailed modelling, literature review and stakeholder
engagement. We commissioned Element Energy to assess trajectories for uptake of
zero-carbon options for HGVs.

The rest of this section is set out in three parts:
a) The Balanced Net Zero Pathway for surface transport
b) Alternative routes to delivering abatement in the mid-2030s

c) Impacts of the scenarios: costs, benefits and co-impacts on society

a) The Balanced Net Zero Pathway for surface transport

In our Balanced Pathway, options to reduce emissions, including take-up of zero-
emission technologies and reduction in fravel demand, combine to reduce
surface fransport emissions by around 70% to 32 MtCO»e by 2035 and to
approximately 1 MtCOqe by 2050 (Figure 3.1.q).
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Factors such as increased
home-working and greater use
of active modes of transport
couldreduce UK demand for
car travel.

Sales of new petrol and diesel
cars and vans, including plug-
in hybrids, should end by 2032
at the latest.

97

Figure 3.1.a Sources of abatementin the «
Balanced Net Zero Pathway for the surface
Transport sector

Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; CCC analysis.
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The Balanced Pathway covers low-cost, low-regret options as well as more
challenging and/or more expensive measures needed to meet Net Zero (Table
3.1.a). The key elements of this are:

Reduction in car travel. Our demand scenarios are based on modelling by
the UK Cenftre for Research into Energy Demand Solutions (CREDS), along
with other literature and evidence across UK cities andin other countries.
Compared to baseline growth, we assume that approximately 9% of car
miles can be reduced (e.g. throughincreased home-working) or shifted to
lower-carbon modes (such as walking, cycling and public tfransport) by
2035, increasing to 17% by 2050. The opportunities presented to lock-in
positive behaviours seen during the COVID-19 pandemic and societal and
technological changes fo reduce demand (e.g. shared mobility and focus
on broadband rather than road-building) are key enablers.

Cars and vans. A high take-up of electric vehicles (EVs), resulting in the end
of sales of new conventional cars, vans and plug-in hybrids (PHEVs) by 2032
at the latest. From 2030, regulatory approval to drive fossil fuel cars, vans
and motorbikes should be limited fo 2050 so that remaining fossil fuel
vehicles are removed from the fleet at that point. High take-up of EVs will
require significant roll-out of charge poinfts:

Sixth Carbon Budget - The path to Net Zero



By 2035, there could be 25
million fully electric carson UK
roads.

Significant public charging
infrastructure needs to be
rolled out during the 2020s and
2030s, includingon-street
charging for those without
private car-parking and inter-
urban infrastructure for
charging during long journeys.

- The number of battery-electric vehicles (BEVs) willneed to scale up
rapidly in the 2020s from 5% of new sales today, reaching 100% by 2032
atf the latest. By 2035, we estimate that there could be around 28
million EVs on the road®, comprising 25 million BEVs and 3 million PHEVs.

— Analysis shows that BEVs have considerably lower lifecycle emissions
than petrol and diesel cars, but that PHEVs are only marginally better
(see the Methodology Report).

— Charge points for electric vehicles will also need to be scaled up
rapidly in the 2020s to support the phase-out of new petrol and diesel
cars and vans by the early 2030s. These will comprise a mix of private
chargers at homes and workplaces and public on-street charge points
for those without off-street parking, around towns and cities for top-up
charging and on the strategic road network for longer-distance inter-
urban charging. The most cost-effective mix is expected to focus
primarily on 22kW, 50kW, 150kW and 350kW chargers (Figure 3.1.b).

Figure 3.1.b Total electric cars on the road and «
supporting charging infrastructure in the
Balanced Net Zero Pathway
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Source: CCC analysis. 2020 figures based on DfT, OLEV, SMMT and Zap-Map statistics.
Notes:Includes all small, medium and large cars and allpublicly accessible charge pointsin the Balanced Net Zero
Pathway.

" This is based on car ownership forecasts from the Department of Transport’s National Transport Model, which

anficipate growthin line with population and GDP. If rates of car ownership fall, then the total number of electric
cars could be lower.
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Decarbonisation options for
heavy-goods vehicles include
battery-electric trucks,
hydrogen fuel-cell trucks, and
overhead catenarysystems.

Greater use of consolidation,
changes to supply chains and
innovationssuch as e-cargo
bikes could lower the adverse
impacts of road freight.
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Heavy goods vehicles. There is currently considerable uncertainty overthe
most cost-effective and feasible decarbonisation option for heavy goods
vehicles (HGVs), and Government will need to fund large-scale trials of
different technologies to gain a better understanding of options and for the
market o develop. We commissioned Element Energy to assess trajectories
and costs for the roll-out of zero-emission HGVs to 2050.1 Based on this
evidence, our Balanced Pathway assumes that the roll-out of zero-emission
HGVs accelerates to reach nearly 100% of sales by 2040. Decisions on the
UK approach to HGVs must also integrate with the decarbonisation
strategies in mainland Europe. The scenario willrequire:

— Lero-emission vehicles (ZEVs) to make up 96% of new sales of HGVs,
buses and coaches by 2035 and almost 100% by 2040.

— There to be around 170,000 zero-emission HGVs and coaches
(approximately 33% of the fleet) in operation by 2035, rising to 67% of
the fleet by 2040.

— Publicinfrastructure to support this, which is likely to require over 300
ultra-rapid public charge points and 100 hydrogen refuelling stations
by 2035, increasing to around 650 and 250 respectively by 2040. These
are in additionto depot charge points and refuelling facilities.

Emissions reductions in the Balanced Pathway are also delivered through improved
efficiency of conventional vehicles, logistics improvements and decarbonisation of
the rail network:

Efficiency improvements. New petrol and diesel cars, vans and HGVs
confinue to be fitted with cost-effective technologies and design
improvements to improve fuel efficiency, leading to reductions in CO-
intensity of 12% (cars and vans) and 21% (HGVs) for new models by 2030.
Biofuels are usedin surface transport, with E10 petrol infroduced from 2021.
Biofuels are phased out from cars and vans by 2040 and in HGVs by 2050 as
they are best used in other sectors.

Shifts in van usage. Van tfravelis the fastest growing sector, with total van
miles increasing by 70% since 2000.2 Around a quarter of this can be
explained by the growth ininternet sales and the associated parcel
delivery sector. We assume that 3% of van miles can be reduced by 2035
through measures such as last-mile deliveries by portering/e-cargo bikes,
micro-consolidation centres in urban areas, reductionin delivery failures,
use of experienced driver androuting technologies and encouragement of
‘green’ delivery choices.

HGYV logistics. There is potential for HGV logistics measures to reduce miles
driven by lorries, through measures such as expanded use of consolidation
centres, extended delivery windows, higher loading and reduced empty-
running. Our Balanced Pathway, drawn from a study by the Centre for
Sustainable Road Freights, assumes a reductionin total HGV miles of
around 10% by 2035 through these measures.

Buses. Take-up of low-carbon buses and infrastructure is already occurring
across the UK. The Confederation of Passenger Transport (the frade body
for bus and coach operators) has set a target for all new buses to be ultra-
low or zero-emission by 2025. Our Balanced Pathway assumes that all sales
of new buses are zero-carbon (largely hydrogen or BEV) by 2035.

Sixth Carbon Budget - The path to Net Zero



¢ Rail. Government has set an ambition to phase out diesel trains by 2040,
while the Rail Industry Decarbonisation Taskforce (supported by the Rail
Safety and Standards Board) published pathways to decarbonise rail in
2019. Our Balanced Pathway assumes the Government ambition is
achieved for passenger rail, with almost half of the network electrified
where this is cost-effective and a mix of hydrogen, battery-electric and
electric hybrid frains replacing existing diesel trains where it is not. Several
key freight corridors are also electrified. These measures combine to reduce
emissions fromrail by around 55% by 2035.

Table 3.1.a
Summary of key assumptions used for the Balanced Net Zero Pathway in 2035

Balanced Net Zero Pathway - assumptions in 2035

Behaviour change Total car miles fall by 9% by 2035 relative fo the baseline. Thisis driven by modal shift from
and demand cars to walking, cycling (including e-bikes) or public transport, anincrease in average
reduction car occupancy and a reduction in tfravel from factors such asincreased working from
home.

* For vans, demand isreduced by 3% through measures such asincreased use of urban
consolidation cenfres and e-cargo bikes.

* Factors such asimproved logistics lead to 10% lower total HGV miles, relative fo baseline
forecasts.

Efficiency * The average real-world CO2intensity of new conventional cars and vansneeds to
improve by around 12% relative to today’s levels, before these are phased out in the
early 2030s.

* Efficiency of new HGVsincreases by up to 21% through measures such asimproved
aerodynamics and lighter-weight construction. Most existing HGVs realise efficiency
savings of 13-22% due to measures including retrofitting aerodynamic improvements
and eco-driving training.

* 47% of the UK’s railways are electrified by 2035, and diesel engines are 18% more
efficient than today.

Low-carbon * Sales of new petrol and diesel cars and vans (including PHEVs) are phased out by 2032
technology at the latest. BEVs make up 64% of all cars and 68% of all vans on the road.

¢ Zero-emission HGVscomprise 6% of all sales and 99% of bus and coach sales are zero-
emission. Diesel venhicles still comprise 67% of the HGV fleet.

* Alldiesel trains have been removed from operations on category A passenger routes.
These are mostly replaced by electric trains, with increasing numbers of battery-electric
trains. Electric and diesel-electric trains make up 44% of the freight fleet.

b) Alternative routes to delivering abatement in the mid-2030s

There are alternative technical or behavioural approaches that could deliver
emissions reductions. These are represented in our exploratory scenarios, which
consider how emissions can be reduced across a variety of consumer and
technology contexts (Figure 3.1.c and Table 3.1.b).
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Figure 3.1.c Emissions pathways forthe surface «
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These scenarios demonstrate that options remain to go further in some areas as
technology choices and the extent of possible behaviour change become

clearer.
Higher levels of demand e GCreaterreductionsin fravel demand through a higher shift to lower-carbon
reduction could be achieved . . . . .
through significant investment fravel modes, ride-sharing solutions or societal shifts would mean that fewer
in active fravel, enabling electric cars and vans would be needed, with comresponding savings on EV
widespread behavioural R i X K .
change. capital costs and in charging investment and running costs.

— Our most ambitious scenario for car demand results in a reduction in
miles driven of 34% by 2050 relative to baseline demand. This is
achieved through greater ambition on modal shift to active fravel and
public fransport, a higher level of car-sharing and higher behavioural
change through measures such as working fromhome and a
reduction in business frips through greater use of technology.

— Across our scenarios, the assumed demandreductions are partially
offset by rebound effects due to the fuel cost savings fromEVs, which
are much cheaper to run than fossil fuel vehicles.
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Electric cars and vans are
likely to be cost-savingfor
society by the end of the
decade.

Phasing out the sale of new
conventional carsand vans
earlierin the 2030sis expected
foreduce emissions and
deliver increased cost savings.

e There are also risks that travel demand could be higher than in our

Balanced Pathway. We have modelled this in the Widespread Innovation
scenario, where the infroduction of connected and autonomous vehicles
(CAVs) is assumed to lead to higher fravel demand throughimproved
mobility options and better utilisation of road space. In this scenario, overall

car demand is 5% higher than in the baseline by 2050.

e An earlier switchover date for ending petrol and diesel cars sales could be
possible and deliver cost reduction and emissions benéefits.

— Our analysis suggests that new electric cars and vans are likely to be
cost-saving from a social perspective during the 2020s, with upfront
cost-parity reached by 2030. On this basis, the cumulative costs of
passenger cars and vans are likely to be lowerif the end of sales is
brought forward to 2030 compared with a later date (Figure 3.1.d).

— A 2032 phase-outis expected to deliver almost 90 MtCO2e lower
cumulative emissions and £6 billion additional cost-savings across the
period from 2020-2050, compared to continuing to allow conventional
vehicles to be sold until 2035. Moving the phase-out date forward to
2030 could deliver evenlarger cost savings and a small amount of

further abatement.

Figure 3.1.d Impacts of alternative phase-out
dates fornew petrol and diesel cars and vans
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Battery-electric cars are
expected fo make up over
90% of all new sales bv 2030.
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e Ourscenarios consider the impact of various phase-out dates for new
petrol and diesel vehicles: 2032 in the Balanced Pathway; 2035 in
Headwinds; and 2030 in all other scenarios (Figure 3.1.e). Analysis and
evidence suggest that raw materials and supply chains canscale up fo

support a phase-out of all new petrol and diesel cars and vans by 2032 (see
Methodology Report), and there is a clear economic and climate case to

deliverit by then at the latest.

e Ourscenarios allassume that PHEVs are phased out at the same time as
conventional fossil fuel vehicles. If this does not occurand PHEVs are
instead allowed to be sold for longer, there is a risk that this could lead to
greater uptake of PHEVs and undermine the switchover to fully zero-

emission options. Real-world emissions from PHEVs are often only marginally

lower than emissions from conventional vehicles.

Figure 3.1.e Proportion of all new car sales that «
are battery-electric vehicles
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Source: CCC analysis.
Notes:Includes all new sales of small, medium and large cars — note that EV uptake in the Taiwinds scenario is
aligned to the Widespread Innovation scenario.

e OurBalanced Pathway for HGVs assumes the most cost-effective
technologies are taken up, resulting in a mix of hydrogen and battery-
electric vehicles using ultra-rapid chargers. Our exploratory scenarios
consider HGV costs and take-up under alternative technological
development assumptions (Figure 3.1.f).
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Battery-electric HGVs are likely
to be cost-optimal eventually,
but battery technology will
need to continue to develop
for this to be achieved.

Atleast one zero-emission
option for HGVs islikely to be
suitable for 90%+ of fleet
operators by 2035.

- In each exploratory scenario there is focus on one main zero-carbon
technology:in Headwinds, hydrogen refuelling stations are the only
publicly available refuelling option; Widespread Engagement focuses
on bafttery-electric with ultra-rapid public chargers; and Widespread
Innovation assumes an electric road system (ERS) with both BEV and
hydrogen vehicles recharging at depofs.

— Each of battery-electric, hydrogen and ERS could play arole in
decarbonising the HGV sector. Small rigid trucks are likely to
predominantly adopt BEVs, while hydrogen or ERS could be valuable
for heavier vehicles with longerrange requirements. By 2050, BEVs with
ultra-rapid public chargers are likely fo become the cost-optimal
choice.

— Whichever technologies emerge, there needs to be significant HGV
infrastructure investment in the 2020s and 2030s. This will give
confidence to fleet operators that they will be able o refuel as part of
their daily operations. The fotal investment requirement (including the
cost of infrastructure and new vehicles, and comprising both public
and private investment) is estimated to be £35-65 billion across the
period 2020-2050, which is expected to be partly offset by operational
savings of £30-55 billion.

Figure 3.1.f Proportion of all new HGV sales in «
2035 by powertrain type
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Source: Element Energy analysis forthe CCC (2020).
Notes: Assumes that sufficient financial support is available to make zero-emission options cost-competitive versus
diesel vehicles from 2035.
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Table 3.1.b

Behaviour
change and
demand
reduction”

Efficiency

(in addition
to efficiency
improvemen
ts for new
ICEs, which
are
assumed in

all
scenarios)

Low-carbon
technology

The transition to zero-emission
vehicles will lead to an overall
annual saving of £8 billion in

2035.
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Balanced Net
Zero Pathway
Moderate
behavioural
change, with
gradual
reduction up to
17% of total car
miles by 2050

Headwinds

Limited levels of
behavioural
change, with
cardemand
falling to 12%
below baseline
by 2050

Widespread
Engagement
High demand
reduction,
modal shift and
ride-sharing,
leading to 34%
lower car
demand and
11% higher rail
demand by 2050

Summary of key differences between our scenarios for the surface transport sector

Widespread
Innovation
Introduction of
connected and
autonomous
vehicles leads to
anet 5%
increase in total
cardemand by
2050

Tailwinds

High levels of
societal change
leading to a 34%
reduction in car
demand by 2050

80% of HGVs
adopt efficiency
measures; up to
200km/year of
rail
electrification
and diesel
efficiency
improving by
2050 to
0.5kgCO2/kWh
(from current
levels of
0.8kgCO2/kWh)

Slower BEV
uptake so higher
biofuel use; 50%
of HGVs adopt
efficiency
measures; up to
200km/year of
rail electrification
and diesel
efficiency
improving by
2050 to
0.5kgCO2/kWh

80% of HGVs
adopt efficiency
measures; up to
250km/year of
rail electrification
and diesel
efficiency
improving by
2050 to
0.5kgCO2/kWh

80% of HGVs
adopt efficiency
measures; up to
200km/year of
rail electrification
and higher
diesel efficiency
improvements to
0.45kgCO2/kWh
by 2050

AllHGVs adopt
efficiency
measures; up to
250km/year of
rail electrification
and higher
diesel efficiency
improvements o
0.45kgCO2/kWh
by 2050

2032 phase-out
date for fossil
fuel cars and
vans; no clear
technology
choice for HGVs,
so most cost-
effective
technology mix
is deployed

2035 phase-out
of fossil fuel cars
and vans; large-
scale use of
hydrogen in
HGVs

2030 phase-out
of fossil fuel cars
and vans, with
rapid EV uptake
driven by
engagement;
deployment of a
substantial ERS
network for
HGVs

2030 phase-out
of fossil fuel cars
and vans, with
rapid EV uptake
driven by cost
reductions;
battery density
and cost
improve leading
to high use of
BEV HGVswith
ultra-rapid
charging

2030 phase-out
of fossil fuel cars
and vans, with
rapid EV uptake
driven by cost
reductions; max
roll-out rates for
technology and
infrastructure
allow
deployment of
mix of low-
carbon HGV
options atpace

c) Impacts of the scenarios: costs, benefits and co-impacts on
society

Delivering the Balanced Pathway results in a cost saving to the economy of £8
billionin 2035 compared with a theoretical counterfactual without any action on

emissions, as investment costs are offset by lower operational expenditure (Figure
3.1.g). Most measures in the Balanced Pathway are cost-effective.

Average lifetime abatement costs forthe key surface transport sectors are
cost-effective at BEIS carbon values (Table 3.1.c).

"These figures are before rebound effects, which will increase demand as EV uptake grows, due to lower fuel costs.

Sixth Carbon Budget - The path to Net Zero




Table 3.1.c

Abatement costs for key surface transport sectors in 2035 (£/1CO2e)
Average abatement cost Marginal abatement costs for a new measure
across fleet Conventional vehicle New battery-electric

efficiency vehicle

The annual capital cost of e Significantinvestment in vehicles and charging infrastructure starting from
decarbonising transport wil be .. e . N .

£12 billion in 2035. Thisincludes now and rising to £12 billion per year in 2035 will be required. Investment
public investmentin charging : : _ e H

infrastructure and privae pos’rs co n’rlnue"rg rise to 2050 as zero-emission ’rechnology and infrastructure
spending on new vehicles. isrolled out. This includes both public investment (including on deployment

of public charging infrastructure) and private expenditure (such asfor
purchase of vehicles).

Drivers willbenefit from e AsEVsare much more efficient than conventional vehicles, these will be
e M offset by lower operational expenditure from around 2030, with annual

operating cost savings of around £20 bilionin 2035.

Figure 3.1.g Additional capital expenditure and «
operationalcostsavingsin the Balanced Net
Lero Pathway
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Source: CCC analysis.

Notes: Chart displaysin-year societal capital and operationalcostimpact relative to the baseline. Segments
above the horizontal axis represent additional capitalexpenditure (infrastructure and the purchase of new
vehicles), while segments below the horizontal axisrepresent operational cost savings (reduced consumption,
efficiency improvements and fuel / maintenance cost savings).
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Battery costs are falling rapidy.
By 2030, a battery-electriccar
is expected to be no more
expensive to purchase thana
conventional vehicle.

The electricityrequired to
power an electricvehicleis
significantly cheaperthan
petrol or diesel.

In 2030, the total cost of
owning an electric car wil be
substantially lower than that
for a petrol or diesel vehicle.
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By 2025 we estimate that a new battery-electric car will be cost-saving compared
with a petrol or diesel car over the lifetime of the vehicle, even when including
costs of developing charging infrastructure and upgrading power networks to deal
with increased demand for electricity and taking account of the need to replace
exchequer revenue from fuel duty (Figure 3.1.h).

e Atypical BEV car todayis around 35% more expensive to purchase than a
comparable conventional car. By 2030, we expect these upfront costs to
reach parity, and by 2035 a typical BEV would offer a small upfront cost
saving.

¢ Overthelifetime of the vehicle, the total societal cost of fuel fora typical
conventional caris around £2,900. By comparison, the cost of electricity is
lower at around £2,200. If fuel duty is included, the cost saving to a private
owner is around £6,700 (around £500 per annum) in cash terms.

e BEVshave fewer moving parts, so also typically have lower maintenance
costs than conventional vehicles. This can save the owner up to £170 per
year.

e The costof installing a home charger is expected to fall by around 25% by
2035.

Figure 3.1.h Cost comparison fornew BEV, PHEV «
and conventional vehiclesin 2030
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Source: CCC analysis.
Notes:Societal costs are discounted at the social discount rate of 3.5% and represent net costs to society overthe

lifetime of the vehicle (i.e. excluding taxes and duties). Private costs are discounted at a private discount rate of
7.5% andinclude all taxes and duties.
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Demand reduction, shifts to
lower-carbon modes of
fransport and widespread EV
uptake will bring significant co
benefits alongside emissions
reduction.

In addition to significant emissionsreductions and operating cost savings, many of
the measures we outline have wider benefits to society:

e Reduced demand for cartravel andimproved delivery logistics will lead to
lower levels of congestion and better air quality, particulady in urban areas.

e Switching fo active forms of fravel, such as walking and cycling, should
offer health and wellbeing benefits.

e Widespread uptake of zero-emission vehicles will deliver improvements in
air quality (particularly in NO2, and CO») and noise reduction.
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2. Buildings

Our pathways reduce
emissions in buildings to zero
by 2050 at the Iatest, whilst
adapting to a changing
climate.

They require a major ramp up
in supply chains for insulation,

heat pumps and heat

networks, which our analysis

shows is feasible.
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Introduction and key messages

Direct buildings emissions were 87 MICO-e in 2019. Progress in delivering emissions
reductions has broadly flatined since 2015, when comparing on a temperature
adjusted basis.

Our pathways to 2050 aimto reduce emissions in buildings to zero by 2050 at the
latest, based on the findings of our Net Zero report. They also aim to ensure
buildings of the future are comfortable, healthy spaces to be year-round, which
areresilient to overheating and other climate risks.

Our Balanced Net Zero Pathway reflects four priorities over the coming decade or

SO:

Deliver on the Government's energy efficiency plans to upgrade all
buildings to EPC C over the next 10-15 years.

Scale up the market for heat pumps as a critical technology for
decarbonising space heating, while maintaining quality.

Expand the rollout of low-caroon heat networks in heat dense arecs like
cities, using anchorloads such as hospitals and schools. Prepare to shift
away from using fossil fuel Combined Heat and Power (CHP) as a supply-
source towards low-carbon and waste heat by preference from the mid-
2020s.

Prepare for a potentialrole for hydrogenin heat through a set of frials
building on the current innovation programme.

This programme requires a majorramp-up from what is happening foday in supply
chains for insulation, heat pumps and heat networks. Our detailed analysis
demonstrates that this is feasible:

We commissioned Element Energy to undertake bottom-up modelling of
heat decarbonisation for existing homes. Alongside modelling undertaken
in house, the assessment indicates that delivering net zero emissions in
buildings is feasible.

This assessment is underpinned by the latest available evidence onthe cost
and performance of measures, and on deployment constraints, informed
by a literature review and through evidence gathering from expert
stakeholders.

The installation rates for insulation measures such as lofts and cavity walls
are within the range previously achieved under the supplier obligations in
the early 2010s. Solid wallinstallation rates are more ambitious but
considered achievable with strong policy in our testing with stakeholders.

The rest of this section is set out in three parts:

a) The Balanced Net Zero Pathway for buildings

b) Alternative routes to delivering abatement in the mid-2030s

c)

Impacts of the Scenarios — costs and benefits

Sixth Carbon Budget - The path to Net Zero



Buildings shift on to low-carbon
heat networks, high efficiency

and flexible electrification,
along with some hydrogen
near industrial clusters.

Our pathways take
Government policy as their
starting point:including the
major programme to improve

the efficiency of buidings and

phase out oil and coal
heating.

We look at aset of additional
policy levers: a phase out date
for the installation of natural
gas boilers in 2033, alongwith
new standards on mortgage
lenders and at point of sale to
drive efficiencv renovations in

a) The Balanced Net Zero Pathway for buildings

Across all buildings, around 34% of abatement o 2030 comes from energy
efficiency measures, with a growing share of abatement from low-carbon heating,
which dominates the picture from 2028 on (Figure 3.2.a). Buildings shift on to low-
carbon heat networks, high efficiency and flexible electrification, along withsome
hydrogen nearindustrial clusters from 2030.

Our Balanced Net Zero Pathway takes Government policy priorities as its starting
point—in particular the plans to improve the energy efficiency of all buildings over
the next 10-15 years, to phase-out the installation of new high-carbon fossil fuels in
the 2020s, and to expand heat networks through to 2050. We have assessed what
additiondl levers are required in order to remove allremaining fossil fuel emissions
from buildings, while minimising costs and disruption:

e Minimising costs and disruption means working as much as possible with
existing fechnology lifetimes — particularly the heating technology stock.

o Atthe same time, we wantto move quickly enough to be able to reach
Net Zero without scrapping existing heating system:s.

Figure 3.2.a Sources of abatementinthe
Balonced Net Zero Pathway for Buildings
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Source: BEIS (2020) Provisional UK greenhouse gas statistics 2019; Element Energy for the CCC (2020) Development
of trajectories forresidential heat decarbonisation toinform the sixth carbon budget; CCC analysis.
Notes: Residential low-carbon heatincludes some efficiency associated with new homes. Non-residential energy

efficiency also includes some behavioural measures. Non-residential other includes catering and other non-heat
fossil fuel uses.
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Given boiler lifetimes of around 15 years, we have looked at phasing out the
installation of fossil fuel boilers, in advance of 2035. We adopt a central date of
2033 for gas boilers across buildings, with public buildings moving faster:

e Forhomes, we pick a central phase out date of 2028 for high-carbon fossil
fuel boilers not connected to the gas grid, and a phase out date of 2033
for gas boilers.

o The key date of 2033 balances the need to scale up heat pump supply
chains sustainably, while allowing for a small amount of headroom over a
typical 15-year boiler stock turnover before 2050.

¢ In non-residential buildings we use 2025 for high-carbon fossil fuel boilers in
public buildings and 2026 in commercial buildings, based on the feasibility
and benefits of moving faster. We use phase out dates for gas boilers of
2033 in commercial buildings and 2030 in public buildings in the Balanced
pathway. The faster pace in public buildings allows the Government to
meet ifs targeted 50% reduction in emissions by 2032.

o These dates operate alongside the deployment of low-carbon heat
networks and a regional rollout of hydrogen conversion of the gas grid,
informed by our industry scenarios. This means that the phase-out does not
apply in any areas designated for these alternatives.

The other key dates are then based on the need to build critical supply chains and
skills, and prepare the building stock for the transition to low-caroon heating, with
most of the energy efficiency programme completed by the time fossil fuel boiler
installations are phased out from 2033 (Table 3.2.a).

This energy efficiency programme is also underpinned by a timetable of standards
—rented homes achieve EPC C by 2028 in line with new Government proposals,
with social homes aligned to the same timetable.

We test two new policy proposals for the two-thirds of homes which are owner-
occupied, and therefore not covered by existing proposals outside of Scotland.
This includes a requirement onlenders to first report on and then improve the
average efficiency of their mortgage portfolios, covering just under half of the
owner-occupied stock. A further subset are captured by regulations at point of
sale, drawing on proposals published by the Scottish Government.

Sixth Carbon Budget - The path to Net Zero



Table 3.2.a
Implications in the Balanced Pathway for buildings

Balanced Scenario implications
Net Zero

Pathway

date

Efficiency
All new buildings are zero- 100% of buildings built with high-levels of energy efficiency and

carbon 2025 at low-carbon heating (e.g. heat pumps or low-carbon heat
the latest
networks).
Rented homes achieve EPC C Rented homes to achieve EPC C by 2028, such that all
practicable lofts and cavities are insulated alongside other
2028 . ) . .
low-regret measures, with solid wall insulation deployed where
this supports low-carbon heat and wider benefits.
Standards for lenders targeting Homes with mortgages achieve EPC C by 2033, such that all
EPC C across the housing practicable lofts and cavities are insulated alongside other
ortfolio 2025 - . i . !
P 2033 low-regret measures, with solid wallinsulation deployed where

this supports low-carbon heat and wider benefits. This covers
just under half of all owner-occupied homes.

All homes for sale EPC C 2028 No dwellings can be sold unless they meet the minimum
standard. At the cument housing furover of once every ten
years for mortgagors and once every 24 years for outright
owners, regulations at point of sale would be expected to
result in a further 15% of owner occupied homes meeting the
required standard by 2035 (with further upgrades driven by the
standards on lenders, totaling at least 60% of owner-occupiers

overall).
All commercidal efficiency 2030 Allenergy efficiency improvements are made by 2030 to meet
renovations completed the Government’s target of reducing business and industrial

energy consumption by 20%.
Heating

All boilers are hydrogen-ready By 2025 atthe latest, all new gas boilers are hydrogen-ready.

Oil and coal phase out 2028 100% of heating system sales off the gas grid are low-carbon
(outside of any zones from 2028, with exemptions for any buildings in zones
designated for low-carbon designated for low-carbon district heat. Earlier dates may be
district heat) possible in public and commercial buildings.

Natural gas phase out 2033 100% of heating system sales are low-carbon from 2033, with
(outside of zones designated exemptions for any buildings in zones designated for low -

for low-carbon district heat or carbon district heat or hydrogen-conversion. We assume an

hydrogen-conversion) earlier date of 2030 in public buildings so as to achieve the

Clean Growth Strategy target of 50% emission reduction by

2032.
CHP phase out for low-carbon 2025 Currently, around 93% of district heat networks use a fossil fuel-
district heat based primary fuel source. We assume that all new district

heat network connections from 2025 are low-carbon. All heat
networks supplied by legacy CHP schemes convert to low-
carbon heat sources by 2040.

Notes: The fossi phase-out dates drive uptake of building-scale low-carbon heating— predominantly heat pumps, with some flexible resistive
electric heating such as storage heating and panels.
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Our assumed household
energy efficiency programme
over the next 10-15 yearsis
broadly in line with
Government ambition.

15 million homes get one of
the main measures
(wall/roof/floor insulation).

We conservatively estimate
heat efficiency savings of 12%
based on evidence ofhow
measures curently performed
when instdled.
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Energy efficiency in the Balanced Net Zero Pathway

The household energy efficiency programme in our Balanced Net Zero Pathway
corresponds to a similar level of ambition as the Govemment’s EPC C targefs:

* It entails £55 billion of investment in home energy efficiency to 2050.

e BEIS's published estimate of £35-65 billion to achieve the EPC C standard
implies a broadly consistent level of ambition.

e [t remainsimportant that EPCs are reformed to ensure they drive the energy
efficiency measures needed, as detailed in our accompanying Policy
report.

In total, 15 million households receive one of the maininsulation measures
(loft/wall/floor) and a further 8 million benefit from draught-proofing. Most homes
with hot water tanks benefit fromhot water tank insulation. All fuel poor homes
receive a high efficiency upgrade:

¢ We deploy low-cost measures such as draft proofing and hot water tank
insulationin all homes, as well as insulating all practicable cavities and lofts
(including top-ups where existing insulationis below 200mm).

¢ QOurassessment is that this leads to the deployment of around 3 million
cavity insulation measures and 11 million loft insulation measures to 2050.

*  We include solid wallinsulation injust under half of all uninsulated solid -
walled homes (3.4 million in total) including all those in fuel poverty.

Energy efficiency and behavioural measures in our Balanced Pathway deliver a
12% reduction in heat demand to 2050 (compared to a 22% reduction in our
Tailwinds scenario).” This is a conservative estimate whichreflects how measures
are currently performing when installed in existing homes (further detailed in the
accompanying Method report). Higher savings are possible with greater
improvements in tackling the performance gap. innovation and public
engagement.

There remains uncertainty overthe balance of costs and benefits for wall insulation
in solid walled homes in particular, as well aslevels of public support. This includes
uncertainty overthe energy savings which can be achieved and the potential for
innovative new approaches which minimise cost and disruption (detailed inthe
separate Methodology report). Further researchis needed here to inform
deployment. To the extent there is any under delivery of solid wall insulation relative
to our scenarios, the abatement would need to be delivered in other ways e.g.
through increased uptake or performance of other energy efficiency measures, or
through a faster rate of heat pump deployment.

" This represents an aggregate reduction in heat demand across the stock, takinginto account technical and
economic potential, andis notreflective of the savings which might be delivered in an individual home which has
minimal existing insulation. A typical household in our Balanced Pathway which installs cavity wall insulation, loft
insulation, and floorinsulation sees heat demand savings of 30%, while very deep refrofits might deliver savings in the
region of 57% (Element Energy for the CCC (2020) Development of trajectories for residential heat decarbonisation
to inform the sixth carbon budget).The lowerstock-levelheat demandsavings relative to our Net Zero analysis
reflect a number of factors, including updatedsavings assumptions based on data from the National Energy
Efficiency Database, and the latest evidence on costs and technical and economic potential. These factorslead fo
lower deployment relative to Net Zero, but similar deployment to that modelled for the Fifth Carbon Budget.
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Public willingness to adopt
solid wall insulation is highly
uncertain, as are the cosfs and
benefits. Our Balanced
Pathway insulates 3.5 million
solid walls (out of a total of 8
million).

Public and commercial
buildings benefit from around
25% energy efficiency savings.

The timetable associated with our Balanced Net Zero Pathway allows for rapid
scale-up of supply chains for critical insulation measures (Figure 3.2.b):

¢ Total loftinsulations rise rapidly from just 27,000 lofts insulated in the past
year to back to over 700,000 installations per year by 2025. This compares fo
1.6 millionwhich were insulated in 2012 under the supplier obligations.

e The rate of cavity wall insulationrises from 41,000 cavities to over 200,000 a
year by 2025.

* Solid wdllinsulation measures also increase to just over 250,000 a year by
2025 from just 11,000 in the past year. This puts us onfrack for insulating 3.4
million by 2050, orjust under half of the total UK stock of solid wall buildings.

Figure 3.2.b Uptake of heating efficiency «
measures in existing homes
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Source: Element Energy forthe CCC (2020) Development of trajectories forresidential heat decarbonisation to
inform the sixth carbon budget.

Notes: This does not include measures which save other electricaldemand such as LEDs, wet and cad appliances.
Behavioural measures include multi-zonal heating controls and pre-heating (i.e. turning heating on early, off-peak).

Our non-residential building scenarios include a 27% reduction in energy
consumption compared to our 2018 baseline. In our Balanced Pathway,
commercial energy efficiency is fully deployed by 2030 in line with the Clean
Growth Strategy target and public sector measures are fully deployed by 2032 to
confribute to the Government’s emission reduction target.
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By 2030, most heating
installations are low-carbon—
predominantly heat pumps.

Public buildings move at a
faster pace, leading to higher
levels of low-carbonheatin
non-residentid buildings by
2030. A greater share of
demand is met through heat
networks than for homes.
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Low-carbon heating in the Balanced Net Zero Pathway

Our Balanced Net Zero Pathway implies that by 2030, low-carbon heat installations
in homes couldrepresent up to around 80% of sales.” Of these low-carbon heat
installations, 75% are heat pumps (including hydrogen hybrids), 19% are low-
carbon heat networks, and 5% are other flexible electric heating with space heat
storage or solar thermal.

e By 2030, heat pump sales reach just over 1 million per yearin new and
existing homes of a tfotal market of 1.8 million boilerinstallations currently.
There are a total of 5.5 million heat pumps installed in homes by 2030, of
which 2.2 million are innew homes (Figure 3.2.c).

e Hydrogen frials are scaled up rapidly in the 2020s to enable rapid grid
conversion from 2030 onwards (as detailed in the separate Policy report).

¢ Low-carbonheat networks are built through 2020-2050, with scaling up
through to 2028, from which point around 0.5% of total heating demandiis
converted per year. By 2050, around a fifth of heat is distributed through
heat networks.

Figure 3.2.c Uptake of heat pumps in «
residential buildings
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Source: Element Energy forthe CCC (2020) Development of trajectories forresidential heat decarbonisation to
inform the sixth carbon budget.

By 2030 37% of public and commercial heat demandis met by low-carbon
sources. Of this low-carbon heat demand 65% is met by heat pumps, 32% district
heating and 3% biomass. By 2050 all heat demand is met by low-carbon sources of
which 52% is heat pumps, 42% is district heat, 5% is hydrogen boilers and around 1%

* Based on low-carbon heat installationsin existing homes in 2030 of 1.2m, low-carbon heat installationsin new homes
of 0.3m, and current annual boiler sales of 1.8m per year.
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We explore arange of
scenarios which achieve 45-
65% reduction in emissions by
2035, against current levek.

is new direct electric heating.
b) Alternative routes to delivering abatement in the mid-2030s

All buildings scenarios achieve close to zero emissions by 2050. The Tailwinds and
Widespread Engagement pathways are faster than the Balanced Pathwayy,
reducing to close to zero by 2044 (Figure 3.2.d).” By 2035, the pathways achieve
reductions of 45% - 65%, relative to current emissions.

We explore different contexts by varying the key timings, costs and performance
assumptions and by exploring the impact of innovation such asnew business
models (Table 3.2.b):

¢ Widespread Engagement. Households and businesses are prepared to
undertake renovations at scale through the 2020s, with highlevels of pre-
heating and other behaviour change in homes.t They also support earlier
regulatory approaches.

¢ Innovation. Power sectorinnovation drives down electricity costs.
Households adopt smart, flexible electric heating including hybrid heat
pumps, as well as high-temperature heat pumps (which are able to
operate at higher temperatures, reducing the need for radiator
upgrades) .4 New business models such heat-as-a-service and new
financial models for deep retrofits become common, delivering high
performance solutions. High levels of cost reduction through learning, and
increases in performance over time.

* Headwinds. People change behaviour and new technologies develop, but
there are no widespread behavioural shifts or innovations that significantly
reduce the cost of green technologies ahead of current projections.
Alongside strong electrification, there is widespread use of hydrogen, led
by the conversion of industrial clusters.

* Tailwinds. Households and businesses support early regulatory approaches,
and minimise their use of energy through behaviour change and the
highest uptake of energy efficiency measures. At the same time, innovation
drives down costs (with 40% reductionsin heat pump costs to 2050) and
drives up performance.

Availability of hydrogenin Headwinds is increased at an ambitiousrate in the
2030s, implying that some possible hydrogen-dominated pathways could lead to
lower emissions in the budget period. However, as a result this scenario has
considerably higher overall hydrogen demand, creating a substantially bigger
challenge to source sufficient volumes of low-carbon hydrogen. Inturn, this is likely
to lead to more use of fossil gas reforming with carbon capture and storage (CCS),
increasing residual emissions from hydrogen production and increasing reliance on
CCS and fossil gas imports (see section 5). While higher buildings demands could
be conceived of, they are notincluded in our scenarios due to these supply
challenges and residual emissions.

" Some additional rollout of low-carbon heat networks occurs to 2050.

T Where homes are sufficiently well insulated, it is possible to pre-heat ahead of peak times, enabling access to
cheaper tariffs whichreflect thereduced costs associated with running networks and producing power off-peak.
Other behavioural measures are summarised in table 3.2.a.

t While high temperature heat pumps are specificdly designe d forhigh temperature operation, the designs of
‘conventional’ heat pumps are increasingy being improved to reach 60-65°C at reasonable efficiency. We assume
that radiator upgrades could be avoided where flow temperatures of 65-70°C arereached. An efficiency penaltyis
associated with operation at these highertemperatures, although discussions with manufacturers suggest efficiency
benefits relative to resistive heating are maintained evenin very cold weather.
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Figure 3.2.d Emissions pathways for the m
buildings sector
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Table 3.2.b

.

Behaviour
change and
demand
reduction

Efficiency

Low-carbon
fuels/
technology

Balanced Net
Zero Pathway

Moderate levels

of behaviour
change
(homes).

25% of eligible
households pre-
heat, 3%
reduction in
space heat
demand from
smarter heating
management
and use, low-
flow shower

High levels of
behaviour
change
(homes).

50% of eligible
households pre-
heat, 6%
reduction in
space heat
demand, 50°C
hot water
temperature
with daily

low flow shower

legionella cycle,”

Summary of key differences in the buildings sector scenarios

Widespread
Engagement

Widespread
Innovation

High levels of
behaviour
change
(homes).

50% of eligible
households pre-
heat, 6%
reduction in
space heat
demand, heat-
as-a-service
delivering higher
performance,
low flow shower

Headwinds

Moderate levels

of behaviour
change (homes)

25% of eligible
households pre-
heat, 3%
reduction in
space heat
demand, low
flow shower
heads

Tailwinds

High levels of
behaviour
change (homes)

50% of eligible
households pre-
heat, 6%
reduction in
space heat
demand, heat-
as-a-service
delivering higher
performance,
low flow shower
heads

heads. heads heads
Moderate Moderate-high Lower energy Lower energy High energy
energy energy efficiency efficiency efficiency
efficiency efficiency uptakein homes. uptakein uptakein homes
uptake in uptakein homes. Loft and wall homes. Loft and (full economic
homes. Loft and Loft andwall insulation for all wallinsulation for potential). Loft
wadll insulation for insulation for all fuel poor. all fuel poor. and wall
all fuel poor. fuel poor. Innovation drives insulation for all
down energy Slow commercial fuel poor.
Fast commercial Fast uptake of efficiency costs uptake;
uptake; energy and delivers high moderate- Fast uptake of
Moderate- efficiency in performing deep paced public energy
paced public other buildings. retrofits. uptake. efficiency in
uptake. other buildings.
Moderate-
paced uptakein
other buildings.
Hybrid hydrogen Fully electrified Hybrid hydrogen Widespread Buildings fully
scenario in scenario scenario in network electrified,

homes, with 11%
of homes using
hydrogen for
heat. Limited use

(including heat
networks). No
biofuels in
homes.

homes, with 10%
of homes using
hydrogen for
heat.
Widespread

conversion to
hydrogen, with
71% of homes
using hydrogen
for heat. Smaller

except for areas
around industrial
clusters which
use Hz boilers.
11% of homes

" Legionella bacteria are widespread in naturalwatersystems and can cause Legionnaires’ disease where conditions
are conducive e.g. where water is maintained at a temperature high enough to encourage growth. Legionella
bacteria can multiply where temperatures are between 20-45°C, but do not survive above 60°C. HSE is currently
undertaking work with CIBSE looking at guidance for low-temperature systems to manage legionella risk.
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of biofuels in
homes.

Heat networks
fully electrified.”

Non-residential
buildings heat
and catering
demands mainly
electrified with
some hydrogen.

uptake of high-
temperature
heat pumps and
flexible
technology. No
biofuels in
homes.

Heat networks
fully electrified.
Lower levels of
low-carbon heat
networks in non-
residential
buildings.

Non-residential
buildings heat
and catering
demands mainly
electrified with
some hydrogen.

Higher efficiency
of heat pumps
and greater
reduction in cost
over time.

role for heat
pumps across all
buildings; 13
million in homes.

In homes,
hydrogen boilers
in north and
heat pump-
hydrogen
hybrids in south.
Limited use of
biofuels.

Heat networks
supplied by
hydrogen and
large-scale heat
pumps.

Catering and
cooking
demands
predominantly
met with
hydrogen.

using hydrogen
for heat. No
biofuels in
homes.

Higher efficiency
of heat pumps
and greater
reduction in cost
over time.

Table 3.2.c

Critical dates and scenario metrics in the Balanced Net Zero Pathway

Balanced Net Zero Pathway
date
All new homes are zero-carbon 2025 at the latest 2024-2025

| Rented homes achieve EPC C 2028 2027-2030

Standards for lenders targeting EPC C across
the housing portfolio 2025 - 2033 From 2025 to 2030/2035

All homes for sale EPC C 2028 2025-2030

Commercial energy efficiency complete 2030 2030-2035

Public sector energy efficiency complete 2032 2030-2032

Oil and coal phase out Residential: 2028 Residential: 2026-2028
(outside of any zones designated for low- Commercial oil: 2026 Commercial: N/A
carbon disfrict heat) Public oil and all coal: 2025 Public: N/A

Residential: 2033 Residential: 2030-2035
Commercial: 2033 Commercial: 2030-2033
Public: 2030 Public: 2030-2033

Natural gas phase out
(outside of zones designated for low-carbon
disfrict heat or hydrogen-conversion)

* Dominated by water- and sewage-source heat pumps and waste heat fromindustrialsources.

] ] 9 Sixth Carbon Budget - The path to Net Zero



The Balanced Pathway
requires investment at an
average rate of around ~£12
billion per year to 2050, offset
by reductions infuel costs of
~£5 billion per year.

Totalinvestment costs are less
than £10,000 per household.

c) Impacts of the scenarios: costs, benefits and co-impacts on
society

In our 2019 Net Zero report, we identified buildings as one of the most costly
challenges across the economy, with in-year costs in 2050 of around £15 billion per
year and uncertainty around the total costs throughout the period fo 2050. Our
updated Sixth Carbon Budget pathways estimate these full costs.

The Balanced Pathway requires investment across all buildings (residential and
non-residential) at an average rate of around ~£12 billion per year to 2050, offset
by reductions in operating costs of ~£5 billion per year:

e Totalinvestment costs are £360 billion to 2050, of which around £250 bilionis
for the programme of upgrading homes (Figure 3.2.e) and £110 billionin
public and commercial buildings.

e Totalinvestmentin the programme of efficiency in existing homes in this
scenario is around £45 billion to 2035 with a total spend of £55 billion by
2050. This compares to BEIS's published estimate of £35-65 billion to achieve
the EPC C standard.s

¢ Totalinvestment costs are less than £10,000 per household on average in
our Balanced Pathway. 63% of homes need spend no more than £1000 on
refrofitting energy efficiency measures.

o The deployment of all energy efficiency potential in public and
commercial buildings entails £2 billion per year of commercialinvestment
to 2030 and £0.5 billion per year of public sector investment to 2032. Annudl
operating cost savings of around £1.5 billion and £0.5 billion result for
commercial and public buildings respectively.

¢ Including low-carbon heatincreases this to £2.8 billion per year investment
in commercial buildings and £0.9 billion in public buildings through the
2030s and 2040s. This is associated with fotal operating cost savings of £3
billion per year across public and commercial buildings.

Energy efficiency is projected to deliver ongoing operating cost savings (Figure
3.2.e), resulting in lower overdll bills for households in all scenarios apart from
Headwinds (Chapter 6). Behaviour change in our Balanced Pathway is estimated
to contribute around £0.4 billion of savings per year by 2050.
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Figure 3.2.e Householdinvestment and operating
costs for existing homes, Balaonced Net Zero
Pathway
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Source: Element Energy forthe CCC (2020) Development of trajectories forresidential heat decarbonisation to
inform the sixth carbon budget; CCC analysis.
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This major investment
programme can actas an
economic stimulus and create
over 200,000 new jobs.

Figure 3.2.f Operating costsin existing homes, «
Balanced Net Zero Pathway
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Source: Element Energy forthe CCC (2020) Development of trajectories forresidential heat dec arbonisation to
inform the sixth carbon budget; CCC analysis.

Notes: Opexnot calculated for transition to low-carbon cooking or for decarbonisation of household and garden
machinery.

Reduction of costs — through learning by doing and by incentivising flexibility —is
essential (see accompanying Policy report).

This is a major investment programme which, if managed well, can have strong
economic benefits. In particular, the investment can act as a stimulus and create
skilled employment throughout the UK, with the Construction Industry Training
Board (CITB) estimating over 200,000 new jobs in this scenario (Figure 3.2.9).There is
strong reason to believe these jobs would be additional to the current workforce.
Energy efficiency retrofits are expected to provide new jobs and have already
been recognised as an important part of the green recovery. Low-carbon heat
installations, while replacing fossil fuel installations, are expected to drive additional
jobs due to the additional labour required for more complex installations and
household conversion.’

" Recenfly published evidence from BEIS suggests that the labour costs for installing an airsource heat pump are
roughly double those fora conventional gas boiler, with the costs being around three times higher fora ground
source heat pump (Delta EE for BEIS (2020), Cost of installing heating measures in domestic properties). These
increased costs arerepresentative, in part, of the increasein effort required. While thereis potential for labour
differentials to be more limited forhydrogen boilers and heat network connections to homes, the need forregional

conversions could drive additfionaljobs relative to the installations which might otherwise be associated with natural

replacement cycles.
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Wider benefitsinclude

improved health outcomes,

levels of comfort and
adapting to achanging
climate.
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Upgrading the building stock will deliver a significant set of wider benefits in terms
of improved comfort and health, particularly for the fuel poor. The current
estimated cost fo the NHS from poor quality housingis £1.4-2 billion per year, in
England alone.s Energy efficiency —done alongside ventilation and shading
upgrades — can improve comfort levels year-round and guard against damp (Box
3.2.a). The refrofit of homes to both address and adapt to climate change has
potential to deliver regeneration benefits. More widely, the shift to electrification
and heat networks can also deliver improved energy security and improved air
quality. There is some evidence to suggest that there could also be air quality
benefits from switching to hydrogen heating in terms of reduced NOx emissions,
although further research is needed.”

Figure 3.2.g Additional FTE requirements foreach ‘«
qualificationleveland specidalist skill

&
o

o)
o)
o

o]
S

FTE skill requirement (thousands)

100
50
0
I & 8 3 - e 3
o o o] S o o o
o o™ o™~ o™ o™ [} o™
B TrustMark refrofit coordinator @ TrustMark retrofit other specialisms
@ General construction training B Window installation
B Renewables specialisms OSmart metering
@ Electricals @ Heat pump installation
B Hydrogen boiler conversion mHVAC specialisms

Source: CITB (2020) Building Skills for NetZero (draft report); CCC analysis.

Notes: Figures adjusted to represent a 2-year ralling average. ‘TrustMark retrofit otherspecialisms’ includes retrofit
designers, installers, advisers and assessors. FTE equivalent by skills do not sum exactly to equivalent numbers by
frade due to mapping.
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Box 3.2.a

A holistic approach to retrofit

Measures to address thermal efficiency, overheating, indoor air quality and moisture
must be considered together when retrofitting or building new homes.

There are zero cost actions householders can take now to better ventilate and shade
their homes, including shutting curtains during the day to limit solar gains, and opening
windowsto improve ventilation.” There are also home upgrade measures which can
improve overheating and ventilation further.

* Shading measures can include high specification blinds (e.g. with reflective backing)
and/or external shading or awnings. We estimate thatinstaling moderate cost
measures to the most at-risk property types would add £4-£5 billion of total investment
costs to 2050.18

* Venftilation measures (which can also help mitigate overheatingrisk) include extract
fans, mechanical extract ventilation (MEV) and mechanical extract ventilation and
heat recovery (MVHR). Instaling extract fansis estimated to cost around £550 per
home, while MEV or MVHR could add between £1,700-£4,100 per home.?

Wider adaptation needs, such as waterefficiency and flood resilience, should be
considered as part of retrofit needs but have not been costed as part of this work.

Sources: CCC and Element Energy analysis.

*

Windows should be opened whenroom temperaturesreach 22 degrees, but should remain closed if outdoor
temperatures rise above indoortemperatures. Overheating and ventilation can both be improved by opening
windows during the night to purge heat.

T This assumes all flats within the housing stock install high specification blinds designed to reflect solar gain and/or
allow for windows to be open during use. These costs would be additional to those presented in Figure 3.2.e.
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3. Manufacturing and construction

Our Balanced Net Zero
Pathway involves
manufacturing and
construction (M&C) emissions
cuts of 90% by 2040.

The pathway requires policy to
drive emissionsreductions ina
way that does not drive
manufacturers overseas.
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Introduction and key messages

Our Balanced Net Zero Pathway sees manufacturing and constfruction emissions
reduced by 70% by 2035 and 90% by 2040 from 2018 levels, based on fuel-
swifching, CCS and improvements to resource and energy efficiency (Figure 3.3.q).

This pathway has faster reductions than the pathway underpinning our 2015 Fifth
Carbon Budget advice. This reflects substantially improved knowledge of deep
decarbonisation and resource efficiency options (see Methodology Report) and
the shift to an economy-wide Net Zero target.

The pathway assumes that the Government establishes a policy framework to
support UK manufacturing to reduce emissions in a way that does not drive
manufacturers overseas and that benefits jobs and investment in UK
manufacturing (see Chapter 4 in the accompanying Policy Report and Chapter 6
in this report for more on competitiveness and jobs).

Figure 3.3.a Sources of abatementin the «
Balanced Net Zero Pathway for the
manufacturing and construction sector
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During the 2020s the Balanced
Pathway has increasing
implementation of new
technologies, policy, resource
efficient approaches, and
development of infrastructure
and supply chains.

Recycling, reusing and sharing
products,increasing product
longevity and reducing
material use through better
design, all play arole in
reducing M&C emissions in the
Balanced Pathway.

This section is split info three sub-sections:
a) The Balanced Pathway for manufacturing and construction
b) Alternative routes to delivering abatement in the mid-2030s

c) Impacts of the scenarios: costs, benefits and co-impacts on society

a) The Balanced Net Zero Pathway for manufacturing and
construction

The pace of decarbonisation in the Balanced Pathway for manufacturing and
construction gradually accelerates through the 2020s to mid-2030s with the
increasing implementation of new technologies, policy, resource efficient
approaches, and development of infrastructure and supply chains. Most
decarbonisation of the sector is complete by 2040. Figure 3.3.a presents an
overview of the emissions reduction actions and timing of the Balanced Pathway
actions.

¢ Improvementsinresource and energy efficiency lead to the largest
emissions reductions in the early 2020s, with smaller conftributions from
electrification, biofuel use and material substitution. Fuel-switching and CCS
deployment scale up from 2025.

¢ Infrastructures for CCS and hydrogen are deployed from 2025 in the
pathway, starting near industrial clusters. Electricity network connection
capacity is also increased around newly electrifying sites. The 2030s sees
substantial scale-up across these three major networks.

¢ Policy develops rapidly to ensure that it pays forcompanies to implement
societally cost-effective measures and that non-financial barriers are
addressed. See the accompanying Policy Report for policy
recommendations.

¢ Supply chains scale up at pace inthe pathway. More workers acquire skills
to implement low-carbon measures, the supply of necessary technologies
and equipment grows, and the availability of finance increases.

Improvements inresource and energy efficiency and material substitution in the
Balanced Pathway reduce emissions by 12 MtCOqe per year by 2035, confributing
8 MICO2e, 3 MICO2e and 1 MICO.e respectively:

¢ Resource efficiency abatement gradually increases from 2020 to 2035.

« Improvements that reduce end-user consumption of new resources
cut emissions by 3 MtCOqe per year in 2035 (Figure 3.3.a). This includes
measures such as consumers using clothes and electronics products
forlonger, which may require improved durability.

* Measures that improve resource efficiency in productionreduce
emissions by 5 MICOse per year in 2035. This includes measures such as
opftimising building design to reduce material use.

» The resource efficiency measures can alternatively be split into the
following groups: design optimisation to reduce material inputs (3
MtCOqe per year in 2035), increasedrecycling and reuse (3 MtCOqe,
of which half is through reuse of construction materials), increasing
product longevity (2 MtCO.e, largely from electronics), and increased
product utilisation and sharing (1 MtCO-e, including sharing leisure
equipment and car clubs).
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Improvements in resource and
energy efficiency lead to the
largest emissionsreductionsin
the early 2020s.

Switching fromfossilfuels to
low-carbon fuels contributes
the largest emissions
reductionsin theBalanced
Pathway from the early 2030s.

With falling electricity costs,
the Balanced Pathway has an
importantrole for
electrification.
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¢ Energy efficiency improvements achieve emissions reductions of 4 MtCO-e
per year by 2050. Measures in the most energy-intensive sectors are divided
between heatrecovery (0.5 MICO2¢e), process upgrade (1 MICO-¢e),
equipment upgrade (1 MtCO2e) and integration/clustering (0.5 MtCO-¢),
with a further 1 MICOse in less energy intense sectors.

¢ Material substitution measures in the pathway include partial substitution of
clinker in cement and the use of wood in construction, and increase
steadily overthe period to 2050.

Figure 3.3.b Manufacturing and construction «
abatement and residual emissionsin 2050 in

Balonced Net Zero Pathway against

counterfactual processes
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Source: CCC analysis.

Fuel-switching reduces sector emissions in the Balanced Pathway in 2035 by 18
MICOqe per year, increasing to 30 MtCOqe in 2045 (Figure 3.3.a). In the 2020s, a mix
of fuel-switching technologies are deployed to keep options open for subsequent
deployment, given uncertainty about which fuel-switching options will prevail in
the 2030s. In the 2030s options are deployed where they are cost-effective under
our cost assumptions - this results in a mix of electrification, hydrogen and
bioenergy deployment, reflecting variationin cost-effectiveness between different
applications and locations.

* Electrification reduces emissions by 9 MtCO.e per year by 2035, increasing
to 14 MtCOqe by 2045. Electrification measures include electric boilers,
switching from on-site generation to a grid connection, electric arc
furnaces, electric mobile machinery, electric dryers and electric infra-red
heaters (Figure 3.3.b).
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Hydrogen usedin boilers, CHP,
generators, mobile machinery,
furnaces and kilns reduces
M&C emissions by 7 MtCOqe
per year by 2035.

CCS reduces emissions where
itis the only deep
decarbonisation option
available. It is also applied to
fertiliser plants in the mid-2020s

The Balanced Pathwayhas
substantial action focussedin
industrial clusters. However,
decarbonisation of dispersed
sites is still considerable.

Some electrification options are infroduced in the early 2020s due o high
levels of technology and commercial readiness. Some electrification
measures involve scrapping existing assets before the end of their
expected lifespan. This reflects preferable economics over the alternatives
and the inability to retrofit some electrification options.

Hydrogen use reduces emissions by 7 MICOqe per year by 2035, increasing
to 14 MtCOqe by 2045. Hydrogen measures include hydrogen boilers, CHP,
generators, mobile machinery and kilns. Our latest evidence suggests that
these measures can typically be refrofitted, limiting the need to wait fora
replacement cycle or to scrap assets before fitting.

Bioenergy use reduces fossil emissions by 2 MtCOqe per year by 2035
increasing to 2.5 MtCOqe in 2045. Its use is prioritised for sectors already
using bioenergy, such as cement and pulp, orwith the potential to fit CCS.
CCS is applied to all new bioenergy use in manufacturing and
construction®, apart from biofuel use in mobile machinery. In 2035, biofuels
contribute 0.5 MtCO.e per year of abatement, falling fo zero by 2040. The
application of CCS to bioenergy results in further abatement of 3 MICO- in
2045 - this fraction of the BECCS is not accounted forin our manufacturing
results, but rather in greenhouse gasremovals (see section 11).

CCS reduces manufacturing emissionsin the Balanced Net Zero Pathway by é
MtCOqe per yearin 2035, increasing to ? MICO.e by 2045 (Figure 3.3.0). In the
pathway, CCSis applied to fertiliser plants, half of the UK’s integrated steelwork
capacity, and processes where it is the only deep decarbonisation option
available.

There is 5 MICO»e per year of abatement in 2045 from processes where we
have notidentified alternative options to reduce emissions to near-zero. This
includes processes that a) produce CO;from non-combustion processes,
such as cement production and b) combust fuels (sometimes called
internal fuels or off-gases) that are produced as part of the industrial
process.

CCSis also applied as a lower-cost measure to existing ammonia/fertiliser
plants in the mid-2020s and half of the UK's integrated steelwork capacity in
the early 2030s. This conftributes 4 MtC Oqe per year of abatement in 2045.

Smaller scale, more expensive CCS is deployedin the late 2030s and 2040s.

The geographical distribution of fuel-switching and CCS measures is focussed
around industrial clusters. However, there is still substantial abatement outside of
the clusters (Figure 3.3.c).

The location of sites may affect the choice of deep decarbonisation opfion
when multiple options are possible — our evidence suggests that
electrification has an advantage over hydrogen at dispersed sites, due to
differences in electricity and hydrogen distribution options and availability.

Pipeline, frain, fruck or shipping are considered as options to transport CO,
from dispersed sites where CCS is their only deep decarbonisation option,
such as cement, lime and other minerdl sites.

" We have not accounted forthe smallamount of bioenergy that we expect may be introduced prior to the fitting of

CCs.
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Sectors with fewer sites, such
as iron and steel, can see fast
decarbonisation once stated.
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Figure 3.3.c Map of deep decarbonisation «
measuresin the manufacturing and construction
sectorsin the Balanced Net Zero Pathway in 2050
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Source: CCC analysis.

Notes:The individual piesrepresent emissions within a certain geographical radius and may include more than one
site. Map excludes small sites where geographical data was not available, which includes all industrial off-road
mobile machinery, together these constitute 42% of manufacturing and construction deep decarbonisation
abatement. Map does notinclude abatement of emissions from electricity generation, fuelsu pply or waste. It does
notinclude abatement fromresource efficiency or energy efficiency measures.

The different subsectors of industry have different mixes of abatement measures
and slightly different paces of decarbonisation (Figure 3.3.d), reflecting their
different technology options, geographical distribution, underpinning infrastructure
requirements and opportunities for energy and resource efficiency.

* Resource efficiency measures have the most substantialimpact on the
cement & lime and iron & steel sectors, particularly as a result of measures
in the construction, vehicles and fabricated metal sectors. The paper sector
has the highest fraction® of abatement from energy efficiency (38%in
2050), with a substantial saving from clustering and using waste heat from
other sites. The largest absolute abatement from energy efficiencyis in the
chemicals sector (1 MtCO»e in 2050), drivenlargely by equipment
upgrades.

* Compared to other sectors.
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e Sectors with larger numbers of sites, smaller sites and more dispersed sites
decarbonise slower, such as food and drink, other manufacturing and
construction and off-road mobile machinery (which doesn’t have fixed
sites). Sectors with fewer sites, such as iron and steel, can see faster
decarbonisation once started.

Figure 3.3.d Abatement and remaining emissions '«
formanufacturingand construction subsectorsin
2050
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Consumption emissions also
decline in ourBalanced
Pathway, with arole for policy
on the carbon intensity of
imports.
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Consumption emissions also decline on our Balanced Net Zero Pathway, reflecting
domestic decarbonisation actions, reductions in consumption that reduce imports,
and policy on the carbon intensity of imports (see accompanying Policy Report)
and international decarbonisation action. Exploratory analysis of the effect of
these actions on consumption emissions is set out Figure 3.3.e.

Figure 3.3.e Indicative consumption emissions for '«
the combinedmanufacturing and construction
and fuel supply sectors and effect of import
policy under the Balanced Net Zero Pathway for
two scenarios of international action
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Notes: Calculations are indicative. The consumption emissions baseline assumes simple % growth in consumption of
different sectors combined with NDC level actionintemationally. The territorial emissions baseline uses a different
methodology based on Government emissions projections (see Methodology Report). Import policy is assumed to
gradually improve the carbonintensity of imports to manufacturing, construction and fuelsupply is a production
basis.
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Our four exploratory pathways
see different levels of
electrification and hydrogen
use.This reflectsuncertainty
about the relative
competitiveness of the options
in the future.

Low-regret options include
CCUS on process emissions
and energy efficiency.

b) Alternative routes to delivering abatement in the mid-2030s

Our four exploratory scenarios vary by pace (Figure 3.3.f), the measures they
contain, such as resource efficiency, fuel-switching, and CCS (Table 3.3.0) and
assumptions (see Methodology Report).

The main divergences in pace are inthe Headwinds and Tailwinds scenarios
(Figure 3.3.f). In Headwinds, pace is slower because technology and fuel costs are
higher, there is less resource efficiency and companies are less willing to electrify
because itinvolves a full equipment refit and possibly scrapping assets. In Tailwinds
the combination of lower technology costs, more Government support, businesses
acting beyond incentives and faster development of supply chains increase pace.

The most substantial variation in outcome between the scenariosis in the fuel-
switching options. This reflects the uncertainty around whether, where and when
electrification, blue hydrogen or green hydrogen will be most competitive,
although all scenarios have a mix of electrification and hydrogen.

Outcomes that vary less include energy efficiency and CCUS on process emissions.
Both are low-regret actions. The former islow-cost and for the latter there is no
alternative option.

Figure 3.3.f Emissions pathways for the «
manufacturing and construction sector

100

\
\ COVID-19
\ uncertainty

Emissions (MtCO,e)

Tailwinds

Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; CCC analysis.
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Table 3.3.a

Summary of key differences in the manufacturing and construction sector scenarios

N

Resource
efficiency

Balanced Net
Zero Pathway

Headwinds

Widespread Widespread Tailwinds
Engagement Innovation

Fuel-switching
and CCS

Business attitude

High level Moderate levels High level driven Moderate-high High level driven
driven by mix of by consumer level driven by by behaviour
behaviour and and business innovative and innovation
innovation engagement techniques and
business models
Balance of More blue Mostly Electrification Electrification
electrification hydrogen than electrification, and green and green
and (mostly) electrification. some green hydrogen. hydrogen.
blue hydrogen Wider use of and blue Higher CCS Higher CCS
CCSon hydrogen. capture rates. capfture rates.
combustion
emissions
Most businesses Business resistant Most businesses Most businesses Businesses follow
follow to change, follow follow incentives and
incentives. prefer to retrofit incentives. incentives. go beyond.
despite of Faster supply Faster supply
incentives. chain chain
development. development.

The average cost of
abatementin the M&C
Balanced Pathway is
£75/1COze.

Fuel switching and CCS in
the Balanced Pathway
increase M&C capital and
operating costs by £3
billion/yearinthe eary
2030s.
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c) Costs and benefits of the Balanced Net Zero Pathway

The Balanced Net Zero Pathway will incur additional financial costs inthe
manufacturing and construction sector, as well as some savings from resource and
energy efficiency improvements. With well-designed policy, it can drive investment
and support jobsin the manufacturing and construction sectors (see chapter 5).

We estimate the annualised cost* of the Balanced Net Zero Pathway for
manufacturing and construction to be around £1 billion/year in 2030, £2
billion/year in 2035 and reaching £4 billion/year through the 2040s. In 2040 this
represents an average cost of abatement across all measures of around

£75/1COze.

* Additional capital costs are around £1 billion/year in the late 2020s
increasing to £2 bilion/year inthe early 2030s and peak at around £3
billion/year in the late 2030s, before falling to around £2 billion/year in the
2040s.

¢ Additional operational costs fromfuel-switching and CCS are around £0.5
billion/year in late 2020s, increasing to £1 billion/ yearin the early 2030s, £2.5
billionin the late 2030s and reaching £3 billion/yearin the 2040s. These may
be partially offset by savings of up to £1bilion/ year from the late 2020s from
energy efficiency.

We estimate that the cost to the exchequer of enabling the deep decarbonisation
measures - fuel switching and CCS - in the Balanced Net Zero Pathway, in a way
that protects trade-exposed subsectors, would be around £2 billion/year in 2030.
This cost could reduce over time as policy is applied to imports and industry are
subsequently able to pass through costs to consumers. There may also be a further
cost fo remove legacy levy control framework costs from industry power bills,
which is not accounted forin these estimates.

" Where capital costs are spread overthe lifetime of the investment.
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4. Electricity generation

The Balanced Pathwayhas a
doublingin demand by 2050
comparedto 2019 levels.

Electricity generation isentrely
low-carbon by 2035.

Renewablesformthe
backbone of the electricity
system, representing 80% of
generation in 2050.

Introduction and key messages

In this section we set out how fo reduce emissions from electricity generation to
near-zero. This will require a significant expansion of low-carbon generation, in
particular low-cost renewables and decarbonised back-up generation, in
conjunction with more flexible demand and use of storage.

Our Balanced Net Zero Pathway decarbonises electricity generation by 2035, with
action thereafter focused on meeting new demandsin a low-carbonway. We set
out the analysis underpinning these conclusions in the following three sub-sections:

a) The Balanced Net Zero Pathway for electricity generation
b) Alternative routes to delivering abatement in the mid-2030s

c) Impacts of the scenarios: costs, investment, and co-impacts

Further detail on the approach to developing the scenarios is set outin Chapter 5
of the accompanying Methodology Report.

a) The Balanced Net Zero Pathway for electricity generation

Our Balanced Net Zero Pathway very largely decarbonises electricity generation
by 2030, and decarbonises it completely by 2035, with action thereafter focused
on meeting rising demand with low-carbon generation.

The key features of the scenario are an increasing demand for electricity,
decreasing carbon intensity of generation, and a more flexible system:

* Increasing demand for electricity. Thisreflects increasing electrification of
the economy (e.g. use of electric vehicles in fransport). There is a doubling
of demand, from around 300 TWh today fo 360 TWh in 2030, 460 TWh in
2035, and 610 TWh in 2050 (Figure 3.4.q). That excludes the production of
hydrogen using surplus generation, which accounts foran additional 30
TWh of electricity generationin 2035 and 120 TWh in 2050.

¢ Decreasing carbon intensity of electricity generation. Carbonintensity of
generation falls from 220 gCO2/kWh in 2019 to around 50 gCO2/kWhin
2030, 10 gCO2/kWh in 2035, and 2 gCO2/kWh in 2050 (Figure 3.4.b).

— Phasing out unabated fossil fuel generation by 2035. Electricity
generation willbe completely low-carbon once unabated coal and
gas plants are no longer generating. Following the coal phase-out by
2024, almost all remaining emissions will come from unabated gas. The
Balanced Pathway phases out use of unabated gas by 2035, meaning
electricity generationis completely low-carbon from that date. That is
achievable with the cost-effective deployment ofrenewables, gas
CCS, andhydrogen at scale. Chapter 5in the Methodology Report
sets out further detail on why this is an achievable date, and Chapter
5in the Policy Report sets out the policy implications.

- Increasing variable renewables to 80% of generation by 2050. Under
the Balanced Pathway variable renewables reach 60% of generation
by 2030, 70% by 2035, and 80% by 2050. This generation allows new
electricity demands to be met with minimal emissions and at low cost.
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Dispatchable low-carbon
generation is needed to

balance variable renewables.

Flexible demand s also
important for managing the
system.
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« Wind, particularly offshore, is the backbone of the system,
providing 265 TWh of generation in 2035 and 430 TWh in 2050. That
requires deploying 3 GW per year of new wind capacity, plus
repowering of older sites as they reach the end of their (25-30 year)
operating lives.

+ Solar generation increases from 10 TWh in 2019 to 60 TWh in 2035
and 85 TWhin 2050. On average, 3 GW per year will need to be
installed to reach this level of solar generation.

- Dispatchable low-carbon generation. Some flexible low-carbon
generation (e.g. gas or bioenergy with carbon capture and storage
(CCS), or hydrogen) will be required, in particular during periods of low
production from variable weather-dependent renewables.

+ Gas with CCS. From the second half of the 2020s, the Balanced
Pathway sees the development of CCS infrastructure, which
enables the deployment of gas CCS. By 2035, 30 TWh of
generation comes from gas CCS, meeting 6% of demand.

» Bioenergy with carbon capture and storage (BECCS).
Development of CCS infrastructure also enables deployment of
BECCS plants. These could provide 3% of generation by 2035.
Although they have higher costs than other ways of generating
electricity, these plants provide an additional benefit ofremoving
carbon from the atmosphere (see Section 3.11).

» Hydrogen can provide a flexible form of dispatchable generation
similar to unabated gas. In the Balanced Pathway, some gas
plants start to switch to hydrogen in the 2020s. By 2035, hydrogen
gas plants provide 20 TWh of generation, meeting 5% of demand.

— Nuclear. Despite retirements of existing nuclear plants in the 2020s, this
scenario sees new nuclear projects restore generation to current levels
by 2035. The Balanced Pathway reaches 10 GW of total nuclear
capacity by 2035, with 8 GW of new-build capacity.

¢ A more flexible electricity system will help balance out the variability in
renewable generation. Increasing flexibility comes from both demand (e.g.
demand-side response, and use of surplus renewable generation to
produce hydrogen) and supply (e.g. use of electricity storage).

- Storage. With an increasing share of variable renewables, storage can
capture surplus energy when demand is low and provide backup
generation when demand is particulary high.

» The Balanced Pathway uses hydrogen as the primary source of
storage. However, a similarrole could also be performed by other
medium-term storage technologies.

+ Pumped hydro storage offers dispatchable flexibility. Our analysis
assumes capacity at similarlevels to the currently installed 3 GW.
However, there are already plansto develop new schemes and
new sites have been identified which could provide an additional
7 GW.10

» Batteries can provide within-day flexibility. The Balanced Pathway
assumes 18 GW of battery storage capacity by 2035.
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Electricity demand doubles to
2050, reflecting electification
of sectors across the
economy.

- Flexible demand. Our analysis assumes that pre-heating and storage
in buildings, and smart charging in fransport can provide flexibility to
the power system, by shifting electricity demand away from peak
hours. The Methodology Report chapters on surface transport and
buildings set out further detail on this.

— Use of surplus electricity. The Balanced Pathway has an important role
for electrolysers to produce hydrogen atlow cost fromsurplus
generation. Inthe Balanced Pathway 25% of hydrogen supply comes
from electrolysisin 2035, increasing fo 45% by 2050 (see Section 3.5 on
Fuel Supply).

— Interconnectors. Inferconnections between the UK and neighbouring
countries have a fotal current capacity of 6 GW.1 These allow the sale
of surplus energy to neighbouring markets and provide access to
resources in other countries. Under the Balanced Pathway
interconnector capacity increases to 18 GW by 2050. However, until
the power systems in the rest of Europe become fully decarbonised,
there is uncertainty around the carbon intensity of imported electricity.

Figure 3.4.a Electricity demand by sectorin the «
Balanced Net Zero Pathway (2020-50)
800
700
4600
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-
g 400
|—
300
200
100
0
2020 2025 2030 2035 2040 2045 2050
B Residential buildings B Non-residential buildings
D rManufacturing & construclion B Surface fransport
B Fuel Supply B Other
O Hectrolysis
Source: CCC analysis.
Notes: Other category includes agriculture, aviation, direct air capture, shipping and F-gases.
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There are clearly defined
phases to the Net Zero
fransition.

Carbon intensity in the
Balanced Pathway falls rapidly
in the 2020s, reflecting the
fransition to a fulllow-carbon
system by 2035.
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The transition to a near-zero emission electricity system will have several phases:

e 2020s - Deploying low-cost renewables at scale and developing the
markets for gas CCS and hydrogen, with some new build nuclecr.

e 2030s - Transitioning to a completely low-carbon system by displacing

unabated gas with low-carbon alternatives by 2035, alongside ramping up
deployment of zero-carbon generation to keep pace with electrification of

end-use sectors and increasing potential for demand-side flexibility via
electric vehicles, heat pumps, and hydrogen production.

e 2040s - Running a near-zero emission electricity system, with variability in
renewable generation managed through flexible demand, medium- and
long-term storage, and use of dispatchable low-carbon generation.

The result is that generation under the Balanced Pathway is completely low-
carbon by 2035 (Figure 3.4.c) and close to zero emission before 2050.

Figure 3.4.b Carbonintensity in the Balanced Net «
ZLero Pathway (2010-50)
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Historical carbon intensity Balanced Pathway

Source: BEIS (2020) 2018 UK greenhouse gas emissions: final figures. BEIS (2020) 2019 UK greenhouse gas emissions:
provisional figures; CCC analysis.

Notes:Rate of reductionin carbon infensity accelerates from 2025, reflecting a rapid expansion of low-carbon
generating capacity.
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Variable renewables fom the
backbone of the future
electricity system, withno
unabated fossilfueluse after
2035.

Demand increases across all
scenarios to 2050.

Figure 3.4.c llustrative generation mix forthe m
Balanced Net Zero Pathway (2020-50)
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OElectricity for hydrogen production  BFirm power
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Source: CCC analysis.

Notes: Chartreflects UK electicity generation. Additional capacity is available through interconnection. Unabated
fossil fuel generationincludes coal and gas. Variable renewables include wind and solar. Firm power includes
nuclear. Dispatchable low-carbon generationincludes gas CCS, BECCS and hydrogen.

b) Alternative routes to delivering abatement in the mid-2030s

In addition to the Balanced Pathway, we have developed four exploratory
scenarios. The overall approach to these is set outin Chapter 1.

These scenarios explore alternative ways of reaching near-zero emissions from
electricity generation over the period to 2050. They have a similar pathway for
emissions but reflect different levels of electrification across the economy, as well
as different technology mixes to generate that electricity.

Across the exploratory scenarios, electricity demand ranges from 350 to 370 TWh in

2030, 420 to 490 TWh in 2035, and 550 to 680 TWh in 2050 (Figure 3.4.d), compared
to around 300 TWh today.
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The Widespread Innovation
scenario hasthe most
extensive electification,
reflecting the low-cost of
renewablesin this scenario.
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Figure 3.4.d Electricity demand across the
exploratory scenarios (2010-50)
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Source: BEIS (2020) Digest of UK Energy Statistics; CCC analysis.
Notes: Excludes demand from electrolysis using surplus electricity generation. That accounts for an additional 65-
290 TWh in 2050, depending on the scenario.

These ranges for electricity demandreflect different patterns and levels of
electrification in other sectors:

¢ Headwinds. This scenario has the least amount of electrification across the
economy, and therefore the lowest demandlevel. Cars and vans are
electrified, asin all the scenarios, andin this scenario heat and industrial
processes in manufacturing are partially electrified, in total adding 245 TWh
of electricity demand by 2050.

* Widespread Engagement. In this scenario Heavy Goods Vehicles (HGVs)

are also electrified, but a switch tfowards active fravel and public fransport
moderates transport demand. A greater proportion of manufacturing and
most heat energy demand is electrified. Together this leads to 310 TWh of
new electricity demands by 2050.

Widespread Innovation. This is a scenario with widespread electrification, as
aresult of low electricity costs. Heating, surface transport (including HGVs),
and manufacturing and construction electrify extensively. In addition, there
are new demands from Direct Air Capture and to a lesser extent from
agriculture and aviation. Overall, these sectors add 375 TWh of electricity
demand by 2050.
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¢ Tailwinds. This scenariois similar fo Widespread Innovation, but with a lower
degree of electrification of heating and surface transport. There is an
additional 315 TWh of new demand by 2050.

Onto these different demand levels, we overlay scenarios for future low-carbon
technologies. The range for carbon intensity under these scenarios is less than 50
gCOo/kWhin 2030, 10-15 gCO2/kWh in 2035, and 1-2 gCOy/kWhin 2050. These
compare to a carbon intensity of 220 gCOy/kWhin 2019.

Decarbonisation is similar across our scenarios over the 2020s, with variable
renewables reaching 65-70% of electricity generationin 2030. However, the pace
of low-carbon deployment and the mix of generation technologies in the
scenarios start to diverge after 2030 (Figure 3.4.e). Table 3.4.a sets out the key
differences across scenarios.

The Headwinds scenario has : ; : : ;
the lowest dermand anel fhe * Headwinds. This scenario has the lowest share of variable renewables in
lowest share of renewablesin 2050, with a greater role for dispatchable low-carbon generation and
2050.

nuclear.

— Past 2030, the share of renewable generation increases to around
75%. Nuclear also meets some of the growth in the 2030s, while
dispatchable low-carbon generation plays an increasingly important
role, meeting 20% of demand by 2050. Unabated gas generationis
phased out by 2040, later thanin the Balanced Pathway.

— Atthis level of variable renewable generation, there could be 70 TWh
of surplus electricity production. Most of that could be used to
produce green hydrogen, withinstalled electrolyser capacity of 10
GW in 2030 and 50 GW in 2050.

* Widespread Engagement. In this scenario there is a greater emphasis on
variable renewables and dispatchable low-carbon generation.

— Despite higher levels of demand, this scenario sees the renewable
share of generation grow to 85% by 2050. Dispatchable low-caroon
generation and nuclear play a consistent role in providing about 15%
of generation intotal. In thisscenario, hydrogen plants or storage
solutions are particularly important to ensure security of supply.

— The surplus electricity that stems from variable generation can help
produce 95 TWh of green hydrogen in 2050. In order to capture that
there is 10 GW of installed electroyser capacity in 2030 and 100 GW in

2050.
The Widespread Innovation ¢ Widespread Innovation. This scenario has the highest share of variable
scenario hasthe highest . K .
demand and the highest share renewable generation, reaching 90% in 2050.

of renewablesin 2050.
— With 90% of generation being met by variable renewables in 2050, the
remaining 10% of generation is delivered by a mix of nuclear, gas CCS,
BECCS, andhydrogen.

- The high level of demandin this scenario requires high andrapid
deploymentrates for low-carbon capacity, including an average of 6
GW per year of wind and 2 GW per year of hydrogen plant between
2030 and 2050.

— The high level of renewables also provides more opportunity for use of
energy that could produce up to 180 TWh of green hydrogen in 2050.
This would require 10 GW of electrolysers by 2030 and 95 GW by 2050.
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Scenarios with higher
deployment of renewables
have greater potentialfor use
of surplus generation.
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¢ Tailwinds. This scenariois very similar to Widespread Innovation, with
variable renewables making up 90% of generation in 2050, with a mix of
low-carbon generation to balance the system.

For the Sixth Carbon Budget period (2033-37), emissions from electricity generation
across the exploratory scenarios are very low (Figure 3.4.f) and range from 23 to 35
MtCO.e over the five years. The range largely reflects the differing dates for
phasing out unabated gas generation. Once this happens, all electricity is from
decarbonised sources, with any residual emissions only coming from the small
proportion of CO, emissions not captured at fossil CCS plants. This occurs by 2035
across all scenarios except for Headwinds, in which it happens by 2040.

Figure 3.4.¢ lllustrative generation mix for the '«
exploratory scenarios (2035 and 2050)
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Source: CCC analysis.
Notes: Chart reflects UK electricity generation. Additional capacity is available throughinterconnection. Unabated

fossil fuel generationincludes coal and gas. V ariable renewablesincludes wind and solar. Firm power includes
nuclear. Dispatchable low-carbon generationincludes gas CCS, BECCS and hydrogen.
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Emissions over the Sixth Caron
Budget Period (2033-37) from
electricity generation are very
low, because the systemis
entirely low-carbon by 2035.

Figure 3.4.f Emissions pathways forelectricity
generation (2010-50)
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Table 3.4.a
Summary of key differences in the electricity generation scenarios (2050)

I

Demand (TWh)

Balanced Net

Zero Pathway

Headwinds

Widespread
Engagement

Widespread
Innovation

680

Tailwinds

Extent of
electrification

Cars & vans
Partial heating
Partial
manufacturing

Cars & vans
Partial heating

Partial Heo.’rlng Partial Partial '
manufacturing Partial manufacturing manufacturing
manufacturing DACCS DACCS

Cars & vans*
HGVs

Cars & vans
HGVs
Partial heating

Cars & vans*
Partial heating

Renewable
generation &
capacity**

80% of total

75% of total

85% of total

90% of total

90% of total

Dispatchable
generation &
capacity***

Nuclear
capacity

Phase out of
unabated gas

Wind: 125 GW Wind: 90 GW Wind: 130 GW Wind: 175 GW Wind: 160 GW
Solar: 85 GW Solar: 85 GW Solar: 80 GW Solar: 90 GW Solar: 75 GW
10% of total 15% of total 10% of total 8% of total 7% of total

65 GW 50 GW 55 GW 65 GW 65 GW
Mulfiple Multiple Contracted Conftracted Contracted
projects projects capacity capacity capacity

10 GW 10 GW 5GW 5GW 5GW

2035 2040 2035 2035 2035

Source: CCC analysis

demand for electricity.

Notes: *Although carsand vans electrify, these scenarios see a wider use of public fransportation and active fravel, thus reducing overal demand.
**V ariable renewablesinclude wind and solar, including generation for electrolysis. ***Dispatchable low-carbon generation includes gas CCS, BECCS
and hydrogen. These numbers do not include demand for producing hydrogen with electricity. Our scenarios produce electrolytic hydro gen using
surplus electricity only, and with methane reformation if surplus electricityis n ot available. It does not therefore necessarily reflect an additional
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c) Impacts of the scenarios: costs, investment, and co-impacts

Our overall approach to assessing costs and benefits isset outin Chapter 5 of this
report. This section sets out the implications for electricity generation, covering
costs, investment requirements, and co-benefits.

i) Costs

We compare the costs of running the low-carbon electricity systems in our
scenarios to the cost of running a high-carbon system (i.e. one based on unabated
gasin thelong-run). Although each scenario follows a broadly similar pathway for
emissions, they do so with different levels of demand and different mixes of
technologies. Both of these influence total costs:

Scenarios with higher levels of demand tend to have higher total costs,
because more generating capacity and network investment is required.

Scenarios with more deployment of relatively expensive technologies have
higher total costs. Table 3.4.b sets out the cost of different technologies.
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Table 3.4.b
Costs of generation technologies

Unabated gas plant (excluding carbon price) 60

Variable renewables 65 40-45 25-40
Firm power - 85-105 85-105
Dispatchable low-carbon power - 100-205 110-220

Source: CCC analysisbased on BEIS (2020) Electricity Generation Costs, CCC (2018) Hydrogen Review, Wood Group (2018) Assessing the Cost
Reduction Potential and Com petitiveness of Novel (Next Generation) UK Carbon Capture Technology.

Notes: Costs in 2019 prices. Costs based on a central gas price scenario. V ariable renewables include wind and solar. Firm po werincludes nuclear.
Dispatchable low-carbon generation includes gas CCS, BECCS, and hydrogen.

60

There are limited additional
costs of decarbonisation by
2035, and the Balanced
Pathway is cost-saving by
2050.

Costs of decarbonisation have
reducedsinceour2019 advice
on Net Zero, reflecting a
reduction in cost of renewabe
generation.

The additional investment
required to decarbonise
electricity generation peaksin
the 2030s at around £15 billion
per year.

Our analysis shows that a near-zero electricity system has limited additional costs in
2035 compared to a high-carbon system (e.g. up to £3 billion). By 2050 the annual
additional cost ranges between -£5 bilion and £9 billion across the scenarios.

e Balanced Pathway. In this scenario, there is an additional costin 2035 of £3
billion compared to a high-carbon system. By 2050, costs decrease with the
uptake of relatively cheap renewables, resultingin cost savings of £5 billion.

¢ Headwinds. The additional costin this scenariois £2 billion in 2050. With the
lowest level of demand (550 TWh) and the highest share of the most
expensive technologies, thatimplies a relatively high average cost of
generation compared to the other scenarios.

¢ Widespread Engagement. In 2050 there is no additional cost for delivering
this scenario. Despite a higherlevel of demand (610 TWh), this is achieved
through a greater use ofrrelatively cheap renewables compared to the
Headwinds scenario.

e Widespread Innovation. This scenario has an additional cost of £2 billionin
2050, but with the lowest average cost of generation. Compared to the

Headwinds scenario it meets 25% more electricity demand for the same
total cost.

e Tailwinds. This scenario has an additional cost of £2 billion in 2050, which is
the highest across all of the scenarios. That reflects the higher share of more
expensive technologies in the generation mix (e.g. BECCS), combined with
relatively high demand.

These estimates compare to an additional annual cost of £4 bilionin our 2019 Net
Zero advice for moving to a low-carbon system in 2050. Since then renewables
costs have fallen (e.g. offshore wind costs in the Government’s latest auction were
£45/MWh for 2025 (in 2019 prices), compared to our previous assumption of
£50/MWh in 2050), helping to reduce overall costs andincrease the share of
renewables in the scenario generation mixes.

i) Investment

Delivering our scenarios will require significant investment in deploying the low-
carbon technologies needed to reduce emissions and meet new electricity
demands.
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Figure 3.4.g shows the additional capital expenditure, and operational cost
savings, forthe Balanced Pathway compared to a high-carbon baseline.

e The total additional capital investment required (compared to a high-

carbon system) rises to around £15 billionin 2035 and £5 billion in 2050.

- Investment requirements peak in the 2030s, and are lower inthe
following period as costs of low-carbon technologies fall.

— These investment costs include the additional cost of strengthening
the electricity network to accommodate higher levels of demand.
These costs make up around 30% of the tfotal on average.

— Capital investment in electricity generation helps avoid operational
costs in other sectors, as those sectors electrify.
This capital investment is more

than offset by the operational
costsavings it enables.

Total costs are lower than investment costs, given the significantly lower
operational costs of running low-carbon technologies (i.e. renewables
have no fuel input costs). The Balanced Pathway saves £10 billion in
operational costs in 2050 compared to the high-carbon baseline.

Overall, by 2050 the operational cost savings under the Balanced Pathway more
than offset the additional investment required in electricity generation.
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Capital investment peaksin
the 2030s and by 2050 is more
than offset by operationalcos
savings.

Figure 3.4.g Additionalinvestment requirements «
For electricity generationin the Balanced Net
Zero Pathway (2020-50)
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Source: CCC analysis.
Notes: Chart shows additionalcapital and operationalexpenditure in the Balanced Net Zero Pathway compared
to a high-carbon baseline.
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i) Co-impacts

There could be significant co- Reducing emissions in line with our scenarios will bring a range of co-benefits:
benefits from decarbonising

power, including for air quality, . . . . . L.
electricity prices, exports, and e Air quality. Switching fromuse of unabated fossil fuel for electricity

Jobs generation to zero-carbon generation (i.e. variable renewables, nuclear)
will help improve air quality, given these have no emissions. In addition,
there will be wider improvements in air quality through the electrification of
buildings, transport, and industry.12

e Electricity prices. Policy should ensure that electricity prices are cost-
reflective (i.e. they reflect the low cost of adding low-carbon capacity and
account for any system costs they impose), so that barriers to electrification
are reduced and electricity consumers benefit from cost reductionsin
these technologies. That could include moving some costs away from
electricity bill payers and onto general taxation, including for legacy costs
of early renewables deployment. Chapter 6 sets out our analysis on energy
bills.

¢ Industrial opportunities and Just Transition. The investment required to
expand renewable generation, and to develop new markets in CCS and
hydrogen, will help create new opportunities for firms, exports, andjobs. A
strong signal from Government on the long-term pathway for these new
sectors will help give industry and investors confidence to undertake the
long-term investments required fo unlock these benefits.

— Exports. There is a significant opportunity for the UK to export
engineering expertise, components, and services to the rapidly
growing EU and global market for offshore wind. Similar opportunities
would exist for CCS, where the UK is well placed to develop this
industry, and hydrogen.

— Just Transition and employment. New offshore wind, hydrogen and
CCS industries could help support the Government’s ‘levelling up’
agenda through investment in regional economies, and by providing
new jobs. A recent Policy Exchange study 3 estimated these could
lead to a net gain of 40,000 direct jols, plus more across the wider
supply chain.

Further detail on the economy-wide co-benéefits of the transition fo Net Zerois set
outin Chapter 5.
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5. Fuel supply

Renewable electrolysis plays
an increasingly important role
in hydrogen supply, with CCS
importantin the mediumterm.

Growth in UK forestry and
perennial energy cropsis
needed to supply sustainable
biomass across the economy.

The Balanced Pathway also
requires actiontoreduce
emissions from the remaining
fossil fuel supply.

Introduction and key messages

Our Balanced Net Zero Pathway for Fuel Supply involves a fransition from
producing 1,100 TWh of fossil fuels and 170 TWh of bioenergyin 2018 to producing
425 TWh of low-carbon hydrogen and bioenergy in 2050, for sectors of the
economy that are likely to use fuels, rather than electricity. Production of fossil fuels
will be much lower by 2050.

Recent cost reductions for renewables mean that electrolytic hydrogen plays a
greaterrole than in our previous work, especially after 2035. However, there is an
importantrole for hydrogen produced from fossil gas with CCS inthe medium term
to enable applications for hydrogen to grow as necessary.

Bioenergy resources increase in line with expanding UK production of forestry
residues and perennial energy crops, with a wholesale shift to use with CCS
accelerating during the 2030s.

The Balanced Pathway also requires action to reduce emissions from the remaining
fossil fuel supply (the main source of Fuel Supply emissions) by 75% by 2035 from
2018 levels. Mitigation actions include fuel switching, CCS and technologies to
reduce methane flaring, venting and leakage.

The analysis draws on new consultancy work from Element Energy, existing
bioenergy resource work from our 2018 Biomassin a low-carbon economy report,
and aligns with our new waste resource assumptions from the Waste sector
(section 9). Further details are set outin our Methodology Report.

This section is split into three sub-sections:
a) The Balanced Net Zero Pathway forFuel Supply
b) Alternative pathways to delivering abatement and fuel supplies

c) Scenario impacts
a) The Balanced Net Zero Pathway for Fuel Supply

The Balanced Net Zero Pathway includes actions to i) reduce emissions from Fuel
Supply, which mainly derive from fossil fuel supply ii) scale up hydrogen supply to
enable decarbonisation in other sectorsiii) provide bioenergy to other sectors
while managing sustainability and achieving negative emissions.

i) Decarbonising fuel supply

Our Balanced Net Zero Pathway requires fossil fuel supply emissions to be reduced
by 75% by 2035 from 2018 levels. While the Fuel Supply emissions category is
dominated by emissions from fossil fuel supply, there are also some new emissions
arising from future production of low-carbon hydrogen fuel.” This is reflected by the
emissions wedge from hydrogen production above the baseline in Figure 3.5.a.

" Existing UK high-carbon hydrogen production foruse as an industrial feedstock isincluded within our manufacturing
sector. Our Fuel Supplysector containslow-carbon hydrogen to be used as a fuel.
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In our pathway, emissions from
fossil fuel supply are reduced
by 75 % by 2035 from 2018
levels, through fuel switching,
CCS andreduction of
methane flaring, venting and
leakage.

Refinery output willfall as a
result of decarbonisationin the
fransport sector. Remaining
refinery sites can be largely
decarbonised.
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Figure 3.5.a Sources of abatementin the
Balanced Net Zero Pathway for the fuelsupply
sector
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Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; CCC analysis.

Notes: New hydrogen supply arising due to climate mitigation policy increases emissions relative to the baseline, so
emissions appearabove the baseline. As aresult the Balanced Net Zero Pathway appears sightly above the
bottom of the lowest wedge of emissions abatement. The biomethane abatement reflects biomethane use
displacing residualnatural gas use across the economy, not onlyin the fuel supply sectors. This means that the
lowest emissions wedge drops slightly below zero in 2050.

In this report, we have also accounted for abatement from the additional use of
biomethane to displace fossil gas across the economy.” After accounting for
hydrogen production and biomethane abatement, our Balanced Pathway for the
whole Fuel Supply sector requires emissions to be reduced by around 80% by 2035
from 2018 levels (Figure 3.5.0).

The emissions from fossil fuel supply include those directly from cil refining, oil and
gas production, oil and gas processing terminals, gas tfransmission and distribution
networks and open and closed coal mines (see Methodology report for further
details).Oil refineries emissions are abated throughreduced oildemand, CCS and
energy efficiency improvements.

e Fuel switching away from petroleum across the economy, such asin
surface fransport, is the largest emissions reduction action. This reduces oll
refining in the UK and the associated emissions by 5 MICO.e/year by 2035.
(Figure 3.5.q).

*

While we have aggregated biomethane abatement and included this all within Fuel Supply, in practice the
biomethane would abate emissions within the sectorswhere the use of fossil gasis displaced by biomethane.
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Emissions from oil and gas
production can be reduced
by measures including
increased electrification and
reduced venting and flaring of
gas.

Monitoring systems are
important to catch methane
leaks from the gas network
quickly.

Low-carbon hydrogen wil
mainly be usedin
manufacturing, shipping and
back-up power.

e CCSisthe main emissions reduction measure for the remaining emissions
from oil refineries, with 1.5 MtCOqe/year of abatement in 2030, 3
MICO.e/yearin 2035 and 4.5 MtCOq.e/year in 2040. Energy efficiency
measures also reduce emissions by 0.5 MtCOze/yearin 2035.

Emissions from oil and gas production, predominantly from offshore platforms and
from onshore processing terminals, are decarbonised mainly by fuel switching and
measures to reduce methane flaring and venting:

e Electrification of offshore platforms and processing terminals contributes 5
MtCOqe/year of abatement in 2035. This involves 4 MtCOye/year of
electrification of compressors and generators on oil and gas platforms,
which requires connecting the platforms to either the onshore electricity
grid or offshore wind generation. The remaining 1 MtCO-e/year of
electrification is at oil and gas processing terminals. These actions startin
the mid-2020s, with some action electrification of platforms assumed to
occur within our baseline.

e Use of hydrogen plays a smaller role in the fossil fuel abatement pathways,
providing 1 MICO.e/year of abatement across platforms and terminals.

e Measures to reduce methane flaring and venting, such as capturing the
gas and selling it, and switching from venting to flaring (where safety
requires at least one or the other) save 1.5 MiICO»e/yearin 2030 and 1
MtCOqe/yearin 2035.

Methane leaks from the gas distribution and transmission networks are reduced in
the Balanced Pathway using a combination of Leakage Detection and Repair
(LDAR) technologies and continuous monitoring technologies, resulting in 3.5
MICOze/yearin 2035.

Other abatement measures in the fuel supply Balanced Pathway include 0.5
MtCO.e/year of abatement in 2035 from a variety of resource efficiency measures
across the economy and 1.5 MtCO»e/year of abatement from the use of
biomethane to displace fossil gas inthe gas grid.

The largest sources of remaining emissions from fossil fuel supply in 2050 is from
closed coal mines (0.4 MtCOe/year). From the wider Fuel Supply sector, there is
also 1 MtCOq2e/year remaining from hydrogen productionin 2050.

ii) Low-carbon hydrogen supply

The role for the hydrogen supply sector is to enable decarbonisation in other
sectors while managing costs and wider energy system impacts. Hydrogen
appears to be essential for reaching Net Zero, but itis important for it fo be
focused on the applications of highest value, where electrification is less feasible,
and for it to be produced in a low-carbon way.

Hydrogen demandsin the Balanced Pathway start growing in the second half of
the 2020s, before strong growth over the period 2030 to 2045. Manufacturing,
shipping (as ammonia), and back-up power generation are the largest three
sectors in terms of demand, with smaller contributions from other sectors including
buildings and surface transport.
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Hydrogen starts being used at

scalein the late 2020s,

ramping up significantly to
045.

Hydrogen is supplied to UK
users from a mix of renewable
electrolysis, fossil gas with CCS,
bioenergy with CCS, and
imports.
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Net Zero Pathway

Figure 3.5.b Hydrogen demandsin the Balanced

Source: CCC analysis.
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Notfes:Demand in shipping is likely to be as ammonia ratherthan compressed hydrogen. Demand givenis for H2
producedin the UK or for imports of H2. Imports of ammonia (used in shipping) and imports of synfuels (used in
aviation) are notincluded, but on a H2 feedstock basis would equate to another23 and 5 TWhrespectively by
2050 (i.e. 18 TWh of ammonia and 2.6 TWh of synfuels).

In the Balanced Net Zero Pathway, hydrogen production is from a mix of supply
routes, with differing confributions over fime:

Electrolysis:

— The relativelylow costs of variable renewables, especially offshore
wind, make it atfractive to err on the side of ‘over-building’ renewable
capacity relative to electricity demands, which generates a surplus of
generation at some points of the year. Some of this generation that
would otherwise be curtailed is then used to produce hydrogen,
providing extra value from the renewable capacity.

— However, over the period to 2035 the volumes of electrolytic hydrogen
are consfrained by how much renewable capacity can be built and
conftribute economically to meeting demands for electricity as well as
hydrogen. Electrolysis comprises 21% of hydrogen supply by 2035, but
this rises to 44% by 2050 as costs fall and supply constraints ease.
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Hydrogen made from fossi gos
with CCS willhave an
important supply role,
particularly in the 2030s while
electrolysisramps up.

Hydrogen made from
bioenergy with CCS can also
provide negative emissions.

The conftribution of electrolysis
increases over time, but
reforming of fossil gas with CCS
has an important fransitional
role.

e Fossil gas with CCS: Reformation of fossil gas with CCS is capable of

producing low-carbon hydrogen at scale. However, it is not zero-carbon,

with lifecycle emissions savings of up to 85% relative to unabated fossi

gas.4So, while reforming of fossil gas with CCS is important in establishing a

mass market for hydrogen, providing around 60% of hydrogen supply
2035, it falls into more of a supporting role by 2050, providing 32% of

by

hydrogen supply. The smaller share forhydrogen from fossil gas in 2050 limits
emissions from the production process and upstream emissions from fossil

gas supply.

e Bioenergy with CCS (BECCS): Biomass undergoes gasification to produce
biohydrogen, with the biogenic CO, being captured and stored. This route

provides 5% of supply by 2035 and 11% by 2050.

e Imports: In the Balanced Pathway, imports of hydrogen made from
renewable electrolysis abroad amount to 13% of total hydrogen

consumption by 2050. There are also further imports of renewable ammonia

used for shipping, andimports of synthetic jet fuel used foraviation.

Figure 3.5.c Hydrogen supply in the Balanced
Net Zero Pathway

OElectrolysis  BFossil gas + CCS  BBiomass + CCS B Imported hydrogen

Source: CCC analysis.

Notes:This onlyincludes H2 produced in the UK, or imports of H2. Imports of ammonia and synfuels are not pl
but on aH2 feedstock basis would equate to another 23 TWh and 5 TWh respectively by 2050 (i.e. 18 TWh of
ammonia and 2.6 TWh of synfuels).
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Sustainable bioenergy supply
limitations mean that GHG
savings fromthe use of
biomass must be maximised.

Biojet and biohydrogen are
significant growth markets for
bioenergy with CCS. Biomass
power transitions to with CCS
starting in the late 2020s.

The majority of UK bioenergy
supplies are currently solid
biomass feedstocks. Use in
building heating and
unabated power plants will
phase out.
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iii) Bioenergy supply

Sustainable bioenergy is essential for reaching Net Zero. Givenresource supply
limitations, it must be used inthose applications with the highest GHG savings
(those with CO; sequestration and/or displacement of high carbon alternatives).

By 2050, the large majority (85%) of bioenergy will need to be used with CCS,
achieving negative emissions, across electricity generation, industrial heating,
biohydrogen production, biofuel production and waste incineration (Figure 3.5.d).

Figure 3.5.d Bioenergy and waste use in the «
Balanced Net Zero Pathway
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Notes:These values are TWh/yr HHV, given as the startihng CCC ‘Primary’ bioenergy and waste resources, i.e. solid
biomass, gaseous biogas, liquid bioethanol and waste biodiesel, and solid wastes. There are minor differences
between these total supply estimates and the total use estimates due to manufacturing and energy fromwaste
modelling approximations.

In the Balanced Pathway, bioenergy production occurs via a mix of supply routes,
with differing contributions over time (Figure 3.5.€). A number of these routes
involve CCS, with further details of the GHG removadls involved givenin section 11:

e Solid biomass. Domestic and imported biomass feedstocks are supplied
directly (without conversion) to the Power, Manufacturing & Construction,
Residential & Non-residential Buildings and Agriculture sectors. Use of solid
biomass in combustion boilers phases out in Buildings and Agriculture by the
early 2040s. Manufacturing & Construction continues to use biomass, with a
gradual decline over time, and with a small amount also used with CCS by
2050.
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Waste fats/oils curently used
forroad transport biodiesel will
fransition to biojet during the
2030s.

Biodiesel has a potential
fransitional role inHGVs and
buses, but over time wil
increasindy focus on biojet for
aviation.

Biomethane & biogas could
displace up to 10% of UK gas
demand, and biomethane
injection info the gas grid more
than trebles in the next 10
years.

Use in unabated biomass power plants quickly phases out in the late 2020s,
while use in power with CCS starts to slowly ramp-up from the late 2020s (via
refrofits and newbuild BECCS plants) to reach significant levels by 2040,
providing 4% of electricity generation. Biomass imports comprise 21% of
total bioenergy & waste supplies by 2050.

Biohydrogen. Solid biomass feedstocks are gasified then converted into
hydrogen, with CCS. Deployment starts in 2030, and ramps-up as described
in section i) above.

Biojet. Solid biomass feedstocks are gasified then converted into aviation
biofuel, with CCS. Starting from the mid-2020s, this route ramps-up to meet
11% of aviation fuel demand by 2050. In addition, waste fats/oils are
converted into biojet, with a fransition from biodiesel in the 2030s, with their
use alongside limited biojet imports ultimately meeting 6% of aviation
demand by 2050.

Biodiesel. Solid biomass feedstocks are gasified then converted into
biodiesel, with CCS. Starting from the mid-2020s, this route increases
productionto meet 2% of car/van diesel demand by the early 2030s, and
10% of HGV/bus diesel demand by 2040. As liquid fuel volumes fallin each
road transport mode, these plants fransition to focus on biojet production.
Biodiesel made from waste fats/oils in existing facilities, and imports,
continue to supply 3% of road diesel. There is some additional use in off-
road machinery and agricultural equipment ramping up to the early 2030s,
before phasing out by 2040.

Heating biofuels. A range of liquid biofuels made from biomass (with CCS)
or from waste fats/oils can be used for home heating, including bio-LPG
and biokerosene amongst other options. Starting from the mid-2020s, use of
bioliquids ramps up to 5 TWh/year in the 2040s, supplying hybrid heat pump
systems situated in homes off the gas-grid.

Bioethanol. Arable crops are fermented into bioethanol in existing facilifies.
After the 2021 increase of bioethanol blended into petrol (to 10% by
volume, 7% by energy), supplies stay at this % of road petrol use.

Biomethane & biogas. Biogas produced from anaerobic digestion of food
waste, sewage sludge & animal manures, plus captured landfill gas, can
be upgraded to biomethane for gas grid injection, along with the capture
of biogenic CO; for sequestration. Biomethane injection more than trebles
by 2030 from today’slevels. Biogas also continues to be used in Power and
Manufacturing, although its use declinesin the near-term with the fall in
landfill gas. Combined, these routes could displace 10% of fossil gas in 2050.

Residual waste. After re-use & recycling, any residual waste volumes not
exported or landfiled are predominantly incinerated in energy from waste
plants, with some small use in Manufacturing. All energy from waste plants
fit CCS by 2050, to capture the fossil and biogenic CO. emissions resulting
from the mixed fossil/biogenic waste fractions.
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Imports are expected to go
negative (i.e.the UKbecomes
anet biomass exporter) for a
few years around 2030 if
unabated biomass power
plants close down faster than
BECCS power plants start
operating.

Hydrogen could play arolein
decarbonising oil andgas
platforms.
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Figure 3.5.e Bioenergy and waste supply in the «
Balanced Net Zero Pathway
300
250
200
L
< 150
—
100
50
0
-50
2020 2025 2030 2035 2040 2045 2050
I Forest residues N Fnergy crops
C— Agriresidues = Waste wood
C—Biomass imports B \\/ aste biodiesel, bioethanol
B Biofuel imports CBiogas
CMSW, C&l (biogenic) I SV, C &I (fossdl)
= = = Available supply (full imports)
Source: CCC analysis.
Notes:These values are TWh/yr HHV, given as the startihng CCC ‘Primary’ bioenergy and waste resources, i.e. solid
biomass, gaseous biogas, liquid bioethanol and waste biodiesel, and solid wastes. The dashed line shows the
supply available to the UK were the UK to, in all years, use all of its fairshare in the globally traded sustainable
resource.

b) Alternative pathways to delivering abatement and fuel supplies

Our Fuel Supply scenariosi) set out different abatement pathways; i) present a
variety of hydrogen supply mixes; andiii) use different allocations of bioenergy for
each end use sector.

i) Decarbonising fuel supply

The four exploratory pathways contain similar emissions abatement measures
(concentrated in fossil fuel supply) to the Balanced Pathway. There could however
be a greater role for hydrogen in the reducing emissions from offshore platforms
and onshore processing terminals than reflected in the scenarios. Decaroonisation
of emissions from increased onshore petroleum production, such as shale gas, is
considered in our Widespread Innovation Scenario.

The pace of decarbonisation differs slightly between scenarios, as a result of

different future energy prices, supply-chain capacities and the varying levels of
hydrogen production (Figure 3.5.f).
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The rate of progress
decarbonising Fuel Supply
since the 1990s to today needs
to continue untilthe 2040s.

Our exploratory scenarios
have awide range for low-
carbon hydrogenuse in 2050,
due fo end-use sectorchoices

Figure 3.5.f Emissions pathways for the fuel supply «
sector
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i) Low-carbon hydrogen supply

Low-carbon hydrogen demands vary considerably across the exploratory
scenarios, with a range fortotal demandin 2050 of 160-375 TWh/year (Figure 3.5.9).
This reflects different mixes of decarbonisation solutions being applied in the end-
use sectors, with the role in buildings heating particulary contributing to the upper
end of demand. Hydrogenis also usedin Direct Air Capture with CCS orsynthetic
jet fuel productionin the Widespread Innovation and Tailwinds scenarios.

Based on our assessment of available supply routes for hydrogen and the
challenges they face, our scenarios for hydrogen demand are considerably lower
than could be the case if hydrogen were used in all conceivable uses across the
energy system (e.g. exceeding 800 TWh in 2050 compared to 225 TWhin the
Balanced Pathway).

This is due to limits on scaling up further the confributions on hydrogen supply from
electrolysis (e.g. due to build rates for zero-carbon capacity and costs) and from
BECCS (i.e. due to finite bioenergy supplies) — as a result, higher hydrogen demand
would be likely to lead to much greater dependence onreforming fo ssil gas with
CCS. Inturn, this would increase residual emissions from hydrogen production and
fossil fuel production, aswell as increasing reliance on CCS and imported fossil gas.
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Scenarios demanding a lot of
low-carbon hydrogen use
more fossil gas with CCS,
whereas scenarios with lots of
renewableson the grid use
more electrolysis.
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Figure 3.5.g Sectoralhydrogen demandsin 2050 «
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Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; CCC analysis.
Notes:Demands in shipping is likely to be as ammonia rather than compressed hydrogen. Demand given is for H2
produced in the UK or for imports of H2. Demands forimports of ammonia (for shipping) and imports of synfuels (for
aviation) are notincluded.

The mix of hydrogen supply routes that meet these demands also vary, depending
on total hydrogen demand, technology costs and the development of the
electricity system. High demand for low-carbon hydrogen leads to a higher
contribution from fossil gas with CCS, whereas more renewables on the grid leads
to more electrolysis (Figure 3.5.h):

¢ In Headwinds, low-carbon hydrogen demandi s relatively high (around 375
TWh in 2050). This is primarily due to the high demand from buildings, which
is around half of the total. The role of variable renewables on the electricity
grid is lower than in other scenarios, which limits the role of electrolysis in
2050 to 13% of supply. There are also relatively modest roles for BECCS (11%)
and imports (14%). As a result of the higher demand, there is an increased
role for hydrogen supply from reforming of fossil gas (63%), leading to a
relatively high reliance on fossil gas imports and CCS.

¢ In Widespread Engagement, low-carbon hydrogen demand is relatively low
(around 160 TWh/year in 2050). Electrolysis supply follows a similar path fo
the Balanced Pathway, but due to the lower level of total hydrogen
demand, electrolysis plays a bigger relative role in this scenario, meeting
59% of supply by 2050. However, there is animportant role for fossil gas with
CCS, especidlly in the fransition, which confributes 34% of supply in 2035
and falls to 18% in 2050. Imports are also 23% in 2050, and there is no BECCS
hydrogen assumed in this scenario.
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Low cost renewableson the e Widespread Innovation has a similar overall level of low-carbon hydrogen
gridleads to cheaper

electrolysis but also cheaper demand (233 TWh/year in 2050) as in the Balanced Pathway, as low-cost

S o en e renewables enable electrification to outcompete hydrogen across a

g;:r*?néggfe hydrogen supplies number of applications. However, the high share oflow-cost variable

’ renewables in the power system also means that electrolysis is particularly

cost-effective compared to other low-carbon hydrogen supply options,
and so electrolysis contributes strongly to UK supply (76% by 2050). Again,
there is an important role for fossil gas with CCS in the fransition, which
provides 46% of supply in 2035 before falling into a back-up role supplying
just 5% in 2050. The contribution of BECCS hydrogen productionrises to 9%
by 2050, and imports supply 10%.

Scenarios witha very rapid ¢ Tailwinds is similar to the Widespread Innovation scenario by 2050, although

uptake in demand for low- . A e i N ) )

carbon hydrogenwil rely on it has significantly higher total hydrogen demand in earlier years, peaking

fossll gas with CCS In the atjust over 250 TWh at the point this scenario reaches Net Zero in the early

2040s. Electrolysis dominates the supply mix again, reaching 59% by 2050,
with BECCS supplying much of the rest (26%). Due to the more rapid uptake
of hydrogen in the period to 2035, fossil gas with CCS plays a crucial
fransitionalrole, supplying 66% of hydrogenin 2035 before falling into a
back-up role of 2% by 2050. Imports provide 12% of supply in 2050.

Figure 3.5.n Hydrogen supply in 2050 across «
the scenarios
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Our exploratory scenarios
have awide range for
bioenergy use by 2050, due to
different assumptions on
supply availabilities.

The largest differences
between the scenarios are
due to differing use in BECCS
power, hydrogen and energy-
from-waste.

Domestic feedstockshave a
larger role than biomass
imports, which only contribute
significantly in high bioenergy
demand scenarios.
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iii) Bioenergy supply

Demands for bioenergy and waste vary considerably across the exploratory
scenarios, with a range fortotal primary bioenergy supplies used in 2050 of 210-390
TWh/year (before any further conversion within the Fuel Supply sector). This reflects
different mixes of feedstocks, conversion fechnologies and end-use solutions, with
the role of BECCS power and BECCS hydrogen confributing to the largest
differences between the scenarios.

Figure 3.5.1 Bioenergy and waste use in 2050
across the scenarios
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gaseous biogas, liquid bioethanol and waste biodiesel, and solid wastes.

Domestic bioenergy compromises the large majority of our supply estimates, with
biomass imports only contributing significantly to the higher supply scenarios. The
mix of domestic bioenergy and waste supplies that meet these demands also vary:

e Inthe Headwinds scenario, bioenergy demandis relatively high. The role of
variable renewables in electricity is lower than in other scenarios, allowing a
larger role for BECCS power, and high hydrogen use allows a large role for
BECCS hydrogen. Less waste prevention & recycling also leads to more use
in energy from waste. By 2050, 42% of total supply is from biomass imports.
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Waste could be usedin jet fuel
production instead of
generating electricity in
energy-from-waste plants.

Biomass imports can be
phased out by 2050 if UK
supplies of forestry and
perennial energy crops are
expanded significantly.

Across ourscenarios, biomass
imports make up between 0%
and 42% of total supply.The
Balanced Pathway has 21%.

¢ In Widespread Engagement, bioenergy demandis low. Due to lower
hydrogen demand, there is no role for BECCS hydrogen. Waste prevention
and recycling, and allocation to jet production, results inlow use in energy
from waste plants. By 2050, 25% of total supply comes from biomassimports,
with very limited uptake of domestically grown perennial energy crops.

¢ The Widespread Innovation scenario hasless hydrogen demand across the
economy, and very high levels of low-cost renewable electricity, resultingin
more modest roles for BECCS power and BECCS hydrogen by 2050. There is
earlier use of biomass gasification fo biomethane, before these plants
fransition to biohydrogen and retrofit CCS from the mid-2030s. This scenario
relies heavily on domestically grown perennial energy crops, making up
36% of total supply by 2050, and biomass imports phase out by 2050.

¢ The Tailwinds scenario combines the most ambitious elements of the above
three scenarios, with the high biomass imports from Headwinds (providing
40% of total supply by 2050), the high deployment of domestically grown
perennial energy cropsin Widespread Innovation (providing 23% of total
supply by 2050), and ambitious action on waste prevention & recycling as
in Widespread Engagement. The result is significantly more biomass
available for BECCS power and hydrogen. As in Widespread Innovation,
there is also a fransitional role for biomass gasification to biomethane.

Figure 3.5.] Bioenergy and waste supply in 2050 «
across the scenarios
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these total supply estimates and the total use estimates due to manufacturing and energy from waste modeling
approximations. MSW = Municipal Solid Waste. C&l = Commercial and Industrial.
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We estimate the annualised
cost of our Balanced Pathway
to decarbonise fossil fuel
supply is around £1 billion fyear
in 2030.
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c) Scenario impacts

The Balanced Pathway will incur additional financial costs in the Fuel Supply sector
associated with reducing emissions from fuel supply, and the production of low-
carbon fuels. Essential to this transition from fossil fuel production to low-carbon fuel
production, is a just fransition for workers in the declining fossil fuel sectors (see
Chapter 6).

We estimate the annualised cost of the Balanced Pathway for decarbonising
(mainly fossil) fuel supply to be around £1 billion /year in 2030, peaking just below
£2 billion/year in 2040 before declining to £1 billion/year in 2050s. In 2035, this
represents an average cost of abatement across all measures of around
£70/1COqe. The costs of producing hydrogen and bioenergy supply are accounted
forin abatement costs in those sectors in which the hydrogen and bioenergy are
used fo reduce emissions.

Figure 3.5.k setfs out the capital and operational costs across the Fuel Supply sector.
This includes the capital and operating costs of low-carbon fuels — these costs are
also accounted forin the operational fuel costs paid for by sectors that use low-
carbon fuels (e.g. shipping, aviation, manufacturing).

Figure 3.5.k Additional capitaland operating «
costsfor the fuel supply sectorin the Balanced
Net Zero Pathway

Capital and operating
costs (Ebn/year)
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Source: CCC analysis.
Notes: Hydrogen supply wedges also account for costs associated with production of ammonia and synthetic
fuels. Opex costs are positive in the fuel supply sector.
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Low-carbon hydrogen supply
investment costs are
dominated by storage and
network costs.

Ammonia and synthetic jet
fuel plants willrequire
significant investment, and
local low-cost hydrogen
sources.

Bioenergy conversion costs
within the Fuel Supply sector
are dominated by
biohydrogen and biojet routes

Investment costs for hydrogen supply result from development of hydrogen
storage and network infrastructure, plus investment in electrolysis and fossil gas with
CCS capacity. Overadll capital investment for hydrogen supply increases to around
£4 billion/year by the 2040s, with operating costs peaking at around £4 billion/year
during the 2040s.

These hydrogen supply cost wedges include the investment and operating costs
for new ammonia (for shipping) and synthetic jet fuel (for aviation) production
facilities, that use some of the low-carbon hydrogen producedin the Fuel Supply
sector. In the Balanced Pathway, building UK ammonia plants will require capital
investment of around £400 million/year in the early 2030s and early 2040s, and UK
synthetic jet fuel plants will require investment of £250 million/year by 2040.

There is also a share of ammonia and synthetic jet supplied via imports (25%
assumed for both sectors in the Balanced Pathway). These imports are assumed to
be produced from renewable electrolysis and air separation/direct air capture,
and this fuel costis only counted in the relevant end-use sectors.

Investment costs for bioenergy supply result from the construction of new bigjet,
biodiesel, heating bioliquids, biomethane and biohydrogen conversion facilifies.
These are capital intensive, as well as having significant ongoing operating costs
due to biomass feedstock costs. However, the added costs of installing CCS onto a
biofuel/biohydrogen plant are generally modest, given the availability of high
concenfration CO; streams at these facilities.

Bioenergy conversion plant investment costs peak at £670 million/year around
2030, due to this being the fastest period of growth in these bioenergy facilifies,
before falling to £200 milion/year by 2050. Operating costs, including biomass
feedstock costs, ramp-up over time to reach £2.8 bilion/year by 2050. On both
capital and operating metrics, biojet and biohydrogen conversion plants
dominate these bioenergy fuel supply costs.
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6. Agriculture andland use, land-use change and forestry

Landis a critical natural asset
providing arange of essential
goods and services as well as
carbon storage.
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Introduction and key messages

Combined agriculture and land greenhouse gas (GHG) emissions were 67 MICO-e
in 2018, which could fall to 40 MtCO-¢e by 2035 in our Balanced Net Zero Pathway.
Annual savings total 25 MICO.e when compared to emissionsin the Business as
Usual scenario in 2035 (Figure 3.6.a). By 2050 residual emissions reach 16 MtCO.e
under the Balanced Pathway but fall to Net Zero by 2047 in the Wider Innovation
and Tailwinds scenarios.

Delivering this transition requires a tfransformation in the use of land. Around 9% of
agriculturalland will be needed for actions to reduce emissions and sequester
carbon by 2035 with 21% needed by 2050." Improvements in agricultural
productivity and a frend towards healthier diets are key to releasing land for
afforestation, peatlandrestoration and bioenergy crops.

Investment of £1.5 billion per year by 2035 will be required to implement the
necessary changes, but there will be co-benefits for health and recreation, air
quality, flood alleviation and biodiversity.

Our analysis balances the need to reduce emissions from land with other essential
functions of land including maintaining food production and adapting fo climate
impacts. We draw on our previousreports, s new modelling work by the Centre for
Ecology and Hydrology (CEH) onland-based pathways,'¢ and Scotland’s Rurall
College (SRUC)'7 on options to reduce agricultural emissions as well as extensive
literature reviews and stakeholder engagement.

The rest of this section is set out in five parts:
a) The Balanced Net Zero Pathway for agriculture
b) Alternative routes to reducing agriculture emissions
c) The Balanced Net Zero Pathway forthe land use sector

d) Alternative routes to reducing land use emissions

e) Scenario impacts: costs, benefits and co-impacts on society

* Rises to 11% and 23% when including land for settlement growth.
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Our scenarios assume land for
food and housing objectives
are met first.

Figure 3.6.0 GHG savings from measures to «
Reduce agriculture and land use emissions,
2035 (MtCO2¢e)
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Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; Centre for Ecoogy and
Hydrology (2020); CCC analysis.

Notes: ‘Other’ forestryand energy cropsis the additional savings elsewhere in the economy by displacing fossi
fuels with biomass material. These are annualsavings compared to emissions in the baseline in 2035. Numbers are
rounded.

a) The Balanced Net Zero Pathway for agriculture

Agricultural emissions were 54.6 MICO2e in 2018, 10% of UK greenhouse gas
emissions (GHGs). Completely decarbonising the agricultural sector is not possible
(on current understanding) due to the inherent biological and chemical processes
in crop and livestock production. However, there are options to reduce these
emissions covering behaviour change, productivity improvements and the take-up
of low-carbon farming practices. Our analysis starts with the assumption that land is
prioritised for housing and other economic activity and food production before
climate objectives. We estimate that sectoral emissions could fall to 39 MICOqe in
2035, and to 35 MICOqe by 2050 in the Balanced Pathway (Figure 3.6.b.).”

e Low-carbon farming practices. We commissioned SRUC to assess the
abatement potential from measures to reduce emissions from soils (e.g.
grass leys and cover crops), livestock (e.g. diets and breeding) and waste
and manure management (e.g. anaerobic digestion). These reduce
agricultural emissions by 4 MtCO2e in 2035. This takes account of the
interaction with other actions, notably diet change, which reduces the
abatement potential of these measures over time (Table 3.6.a).

" All abatement savings are in reference to GHG emissions under the Business as Usual (BAU) scenarioin that year.
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Deep emissionsreductionin
agriculture and land cannot
be achieved without changes
in the way landis usedinthe
UK

Productivity improvement in
agriculture throughinnovation
and better agronomy are vitd.
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Fossil fuel use in agriculture. Currently 18 TWh of fossil fuels are used in
agricultural vehicles, buildings and machinery, resultingin emissions of 4.6
MICO.e. Options to decarbonise fossil fuel use are similar to those in surface
fransport, off-road machinery in industry and commercial buildings. These
cover electrification, biofuels, hydrogen and hybrid vehicles. Our Balanced
Pathway assumes biofuels and electrification options are taken-up from the
mid-2020s and hydrogen from 2030, reducing emissions o 2 MtCO»e in
2035.

Measures torelease land. Changes in consumer and farmer behaviour can
release land from agriculture while maintaining a strong food production
sector. We considered five measures that could release land covering
societal changes and improvements in agricultural productivity. Our
analysis implies that these five measures could reduce annual agricultural
GHG emissions by 8 MtCO.e by 2035, rising to just over 11 MtCOqe by 2050,
with diet change the most significant:

- Diet change. Our Balanced Pathway involves a 20% shift away from
meat and dairy products by 2030, with a further 15% reduction of meat
products by 2050. These are substituted with plant-based options. This
is within range of the Climate Assembly’s recommendations for a 20-
40% reduction in meat and dairy consumption by 2050. 8@ Our pathway
results in a reduction inlivestock numbers and grassland area,
delivering annual abatement of 7 MtCO-e by 2035, rising to nearly 10
MICO.e by 2050.

— Food waste. We assume food waste is halved across the supply chain
by 2030 in line with the Waste and Resources Action Programme’s
(WRAP) UK Food Waste Reduction Roadmap. Thiswould reduce UK
emissions by almost 1 MICO»e in 2035.

— Productivity improvements. There is scope for further abatement from
measures to increase agricultural productivity, whichin our Balanced
Pathway could reduce emissions by 1 MICOqe in 2035 and 2050. These

cover crops and livestock:

» Improving crop yields without the need for additional inputs such
as ferfiliser and pesticides can be achieved through improved
agronomic practices, technology and innovation while taking
account of climate impacts. Our Balanced Pathway assumes that
wheat yields increase from an average of 8 fonnes/hectare
currently to 11 tonnes/hectare by 2050 (with equivalent increases
for other crops).

+ Stocking rates for livestock can be increased through improving
productivity of grasslands and management practices such as
rotational grazing. Evidence suggests there is scope to sustainably
increase stockingrates in the UK.1?

— Moving horticulture indoors. Shifting 10% of horticulture production
indoors under a controlled environment reduces the carbon, nutrient,
land and water footprint.

Delivering emissionsreduction should not be at the expense of increasing food
imports thatrisk ‘carbon leakage’. Therefore, both production and consumption of
the highest carbon foods need to fall.
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Our analysis assumes that the same proportion of UK food demand is met by UK
food production in 2050 as is the case currently.” The carbon footprint of the UK's
imported food would also fall, with the change in diefs reflected in reduced
imports of meat and dairy products. Policy willneed to be carefully designed to
ensure thatrisks of carbon leakage are avoided (see the accompanying Policy
Report: Policies for the Sixth Carbon Budget & Net Zero).

Figure 3.6.b Sources of abatementin the «
Balanced Net Zero Pathway for the agriculture
sector
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Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; SRUC (2020); CCC analysis.

b) Alternative routes to reducing agriculture emissions

We explore alternative pathways for fransitioning to Net Zero by varying the
deploymentrate, timing and ambition of the measures outlined above. We also
consider other options that could emerge over time, given investment in R&D and
innovation as well as wider public acceptability for options that require behaviour
change (Table 3.6.q).

The alternative pathways deliver annual emissions savings ranging between 9-19
MtCOqe by 2035 relative to the baseline. Apart from the Headwinds scenario, these

deliver higher GHG savings than the 13 MtCO-e in the Balanced Pathway (Figure
3.6.c).

" Taking account of the nutitional composition of different food after diet change.
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Implementing low-carbon
practices offers some emissions
reduction butisnot enough for
Net Zero.

Diet change away from meat
and dairy offers the biggest
potential torelease
agricultural land for otheruses.

167

Low-carbon farming measures. We assume the take-up of measures associated
with changing farming practices (e.g. planting cover crops, livestock health
measures and feeding cattle a high starch diet) is highest in the Widespread
Engagement scenario, and take-up of more innovative options (e.g. SNOP
additives, GM cattle, and breeding) is highest in Widespread Innovation.
However, there is relatively little difference in emissions savings across these
scenarios, which vary from 4 MtCO2¢e in Widespread Engagement to 5 MICO.e
under Headwinds by 2035.

Agricultural machinery. While the mix of technologies differ across the
pathways, they all achieve the same level of abatement by 2050. Which
technologies emerge will depend on technology development and costs.

Measures to release land. Among the measures to release land, moving diets
away from the most carbon-intensive foods delivers the highest emissions
savings. A higher or lower willingness to act on changing diets, reducing food
waste and productivity improvements could change emissions relative to the
Balanced Pathway:

— Under the Widespread Engagement scenario, a greater shift away
from meat and dairy (e.g. a 50% switch by 2050) and a greater
willingness to act onfood waste results in additional GHG savings of 2
MICOse in 2035.

- In the Widespread Innovation scenario, we assume that technology
develops lab-grown meat for the market, such that 30% of the higher
level of diet shift is towards lab-grown meat rather than plant-based
alternatives. This results in 5 MICO2e additional GHG savings by 2035.

- In the Headwinds scenario we assume a 20% shift away from meat
and dairy products is achieved by 2050 instead of 2035. There is no
further reduction in food waste beyond the 50% targetreachedin
2030. This results in 6 MICO.e lower GHGs savingsin 2035 than the
Balanced Pathway.

— Crop breeding (e.g. development of new cultivars /iraits) couldlead
to higheryields (e.g.to 13 tonnes/hectare for wheat by 2050). Higher
livestock stocking densities on permanent grassiand releases around
0.8 million more hectares of land out of agricultural production under
the Widespread Innovation and Tailwinds scenarios compared with
the Balanced Pathway. These resultin 1 MICO-»e additional GHG
savings in 2035.
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Figure 3.6.c Emissions pathways forthe ‘«
agriculture sector
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demand
reduction

Other land
release
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Low-carbon
farming
practices

Agricultural
machinery
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Summary of key differences in the agriculture sector scenarios

Balanced Net
Zero

Headwinds Widespread Widespread Tailwinds
Engagement Innovation
Medium level: Low level: High level: High level: Diet change
20% cut in meat 20% shift away 50% less meat 50% less meat aligned to
and dairy by from all meat and dairy by and dairy by Wider
2030, rising to types and dairy 2050. All 2050 with 30% of Innovation.
35% by 2050 for products to all replaced with meat replaced
meat only. All plant-based by plant-based; with lab-grown
replaced with 2050; and and meat.
plant-based;
and
Low level: 50%
Medium level: fall in food High level: 50% Medium level: Food waste
50% cut in food waste by 2030, fall in food 50% cut in food reduction
waste by 2030, with no further waste by 2030, waste by 2030, aligned to
60% by 2050. reduction. 70% by 2050. 60% by 2050. Widespread
Engagement.
Aligned to Medium level Medium level High level for Aligned to
Headwinds. for increasing for increasing increasing Widespread
average crop average crop average crop Innovation.
yields, livestock yields and yields, livestock
stocking rates shifting stocking rates
on grassland horticulture on grassland
and shiffing indoors. and shiftfing
horticulture horticulture
indoors. Low level for indoors.
increasing
livestock
stocking rates
on grassland.
Aligned to Lower uptake: High uptake of High uptake of Aligned to
Headwinds. 50-75% for both behavioural innovation Widespread
behavioural measures 60- measures 60- Innovation.
and innovation 80%; and lower 80%; and lower
measures. uptake 50-75% uptake 50-75%
for innovative for behavioural
measures. measures.
Aligned to Mix of Focus on Hydrogen, Aligned fo
Headwinds. electrification, electrification electrification Widespread
hydrogen and and biofuels. and biofuels. Innovation.

later phase-out
of biofuels.
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c) The Balanced Net Zero Pathway for the land use sector

Land sector emissions were 12.8 MICOqe in 2018, equivalent to 2% of UK GHG
emissions. The land-based measures in the Balanced Pathway could deliver annual
savings (against a baseline) of 12 MtCO,e in 2035, and 30 MtC O.e by 2050, moving
the sector to a net sink of 19 MtCO-e by 2050 (Figure 3.6.d). Further emissions
reduction could be delivered in other sectors fromthe use of biomass material e.g.
in displacing fossil fuels or when used with Carbon Capture and Storage (CCS). Key
measures to achieve this are:

Planting 50,000 hect : ; :
y:gr'vggul A naeearesa o Afforestafion. Scaling up afforestation rates to 30,000 hectares a yearby

woodland cover from 13% to 2025 in line with the UK Government’s commitment, rising to 50,000

18% of UKland area by 2050. hectares annually by 2035. This would increase woodland cover from 13%
of UK land area to around 18% by 2050, with a mix of tree types that focus
on broadleaves. This could deliver annual savings of over 2 MtCO-e in 2035
and 12 MtCOqe in 2050. Itis important that the right tree is planted inthe
right place. Decisions on tree planting should take account of biophysical
suitability of different species, projected climate impacts and other
constraints and uses of land.

As well as carbon sequestration e Peatlands. Fullrestoration of upland peat by 2045 (or stabilisation if
Efr‘j;'coer;dstEL?ggcifoﬁgf;é'&%mm degradation is foo severe to restore) and re-wetting and sustainable
L'V?%ﬁfgfofechon and habitats for management of 60% of lowland peat by 2050. These would deliver annual

saving of nearly 6 MtCO»e by 2035 and around 10 MC O.e by 2050.

e Energy crops. Planting perennial energy crops (e.g. miscanthus and short-
rotation coppice) alongside short rotation forestry needs to accelerate
quickly to atleast 30,000 hectares a year by 2035, so that 700,000 hectares
are planted by 2050. This could sequester 2 MICOse by 2035 and over 6
MtCOqe by 2050. When used with Carbon Capture and Storage (CCS)
technologies this could displace a further 3 MICO,e of GHG emissions
elsewhere in the economy by 2035, increasing to 10 MICO»e by 2050.

e Otherland measures. Increasing on-farm diversification with the integration
of tfrees on 10% of farmland and extending the length of hedgerows by 40%
by 2050. Together with better woodland and hedge management, these
could increase annual carbon removals by over 1 MtCOse by 2035 and by
nearly 3 MtCO»e in 2050.

Our analysis balances the need to reduce land-based emissions with other
essential functions of land. The Balanced Pathway sets out a desirable and
achievable level of ambition across all options. Together, ourmeasures resultin
more land released out of agriculture than isrequired and choices willneed to be
made on how to use thisland:

¢ The Balanced Pathway requires 9% of land to be released from agriculture
for measures that reduce emissions and sequester carbon by 2035, rising fo
a fifth by 2050.1 This rises to 11% and almost a quarter when taking account
of land needed for settlement growth by 2035 and 2050 respectively.

e The measures we identify to release land result in 2 million more hectares
than is required by our scenarios by 2035.

" Totalwoodland areaincreases to 18.6% if we include the 15% open ground area assumed in the afforestation
target.

t A further 1% of non-agricultural land that is forested peat and peat extraction sitesis also restored by 2035.
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Natural regeneration and
biodiverse habitat creation
can be part of the picture, but
work is needed to understand
the carbon impacts.

There are choicesin thetype
of woodland planted but
these need to take account
of local topography and
other objectivesfor land.
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e Choices on how this additional land could be used include less-intensive
farming (e.g. agroecology farming), measures to deliver deeper emissions
reduction (e.g. more tree planting) and conversion to other uses (e.q.
wildflower meadows and natural regeneration) to deliver wider
environmental benefits. The GHG impacts of these options are not included
in our scenarios due to the lack of robust evidence on the abatement

Figure 3.6.d Sources of abatementin the
Balanced Net Zero Pathway for the LULUCF
sector

potential (see Chapter 7 of the Methodology Report).
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Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; Centre for Ecoogy and
Hydrology (2020); CCC analysis.

d) Alternative routes to reducing land use emissions

We explore different pathways for emissions by varying key factors such as roll-out
rates of land-based measures, timings of behavioural measures and technological
progress impacting productivity (Table 3.6.b). These exploratory scenarios lead to
both lower and higher ambition compared to the Balanced Pathway (Figure
3.6.e):

* The Widespread Engagement scenario assumes that higher ambition on
diet change and food waste reduction can be achieved with greater
societal engagement. This allows for a higher level of woodland creation of
70,000 hectares by 2035.
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In this scenario we also assume that free planting is focused on more
biodiverse woodlands (e.g. higher broadleaf mix) over productive forestry
and planting of energy crops is reduced to a third. This results in 1 MICOqe
more GHG emissions in 2035 compared to the Balanced Pathway.

* The Widespread Innovation scenario is characterised by technological
solutions, increasing yields of food crops, frees and energy crops and a
doublinginthe plantingrate of energy crops. Compared with the
Balanced Pathway, this results in 4 MIC O2e additional emissions savingsin
2035.

¢ The Headwinds scenario assumes less progress on behavioural change to
release land and the same ambition on technological progress on yields
and productivity measures. There is lower ambition on afforestation, with
30,000 hectares per year in the 2030s, and peatland, with 50% less lomland
peatrewetted by 2035. This results in residual emissions that are 3 MICO.e
higherin 2035.

o Tailwinds delivers faster progress on behaviour change, technological
improvement and more ambition on converting agricultural land to the
planting of all types of biomass. Emissions are 6 MtCO.e lower by 2035
compared with the Balanced Pathway.

Figure 3.6.e Emissions pathways forthe LULUCF «
sector

MICO,e
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Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; Centre for Ecdogy and
Hydrology (2020); CCC analysis.
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These scenarios draw out potential choices that society could make on how farto
change current consumption patterns, the types of frees planted and use of
innovation and technology:

o Diet change. A higher ambition on switching away from meat (e.g. 28% by
2035) would release around a fifth more land out of agricultural production
than in the Balanced Pathway. This allows for increased afforestation, tfrees
on-farm, and the planting of energy crops. The differing levels of ambition
for each are explored inthe Widespread Engagement and Widespread
Innovation scenarios.

If bioenergy with CCS is not .
needed itis better to plant
frees than bioenergy crops.

CCS. Theroll-out of CCS elsewhere in the economy could determine how
land could be used. Bioenergy crops used with CCS deliver more GHG
savings than standing forest alone (see Methodology report). If widespread
CCS is needed more land will be required for energy crops (e.g. 60,000
hectares per year by 2035) with a focus on improving energy crop yields
(Widespread Innovation). Where the ambition for CCSis low (the
Widespread Engagement scenario), energy crop plantingis just 10,000
hectares by 2035, with a greater emphasis on afforestation.

o Afforestafion in the Widespread Engagement and Widespread Innovation
scenarios achieves similar levels of annual sequestration by 2050 (around 15
MtCOqe) but differences in afforestation rates and planting regimes drive
different cumulative sequestration rates to 2050:

- The Widespread Engagement scenario has the highest level of
afforestation (70,000 hectares a year from 2035), and societal
preference for more biodiverse woodlands results in lower planting
density and a higher mix of broadleaves. This pathway sequesters 149
MtCOqe cumulative GHGs by 2050. Thisrises to 155 MtCO2e when
Including use of harvested material elsewhere in the economy.”

- The Wider Innovation scenario is focused on delivering more
productive forestry, resulting in higher planting density and a higher
proportion of conifers with higher yields. These factors offset the lower
planting rates (50,000 hectares a year from 2030), sequestering 178
M1COqe to 2050. This rises to 182 MIC O.e when including emissions
abated by using harvested material in other sectors.

Table 3.6.b

Summary of key differences in the LULUCF sector scenarios

Balanced Net
Zero Pathway

Widespread
Engagement

Widespread Headwinds

Innovation

Tailwinds

Afforestation
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30,000

70,000

50,000

70,000

30,000

hectares/year hectares/year hectares/year hectares/year hectares/year
by 2025 then by 2035, low by 2030. High by 2035, high by 2035.
risingto 50,000 yields, greater yields, high mix yields.

hectares by mix towards of conifers

2035.

broadleaf

" Based on the harvest material from the planting of new broadleaves only.
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Peatlands

Energy crops

Aligned to Allupland peat Allupland peat Aligned fo Allupland peat

Widespread restored by restored by Widespread restored by

Engagement. 2045. 40% 2045. 25% Engagement. 2050. 20%
lowland lowland lowland
cropland cropland cropland
rewetted & 35% rewetted & 50% rewetted & 30%
sustainably sustainably sustainably
managed. managed. managed.

Aligned to Low energy High energy Aligned to Medium energy

Headwinds. crop plantfing crop planting Widespread crop planting
(0.23 million (1.4 million Innovation. (0.7 million
hectares by hectares by hectares by
2050) and 2050) and 2050) and
yields. yields. yields.

Notes:Landrelease measures are the same as in Table 3.6.a

Significantinvestment and

scaling up forestry and

bioenergy sectors are needed

to meet Net Zero.

e) Scenario impacts

In this section we set out estimates of the costs and benefits of delivering the
Balanced Pathway in agriculture and land use. Our assessment is that private costs
exceed private benefits by £1.7 billion in 2035. Wider societal benefits of £0.1 billion
in 2035 could be delivered from improved air filtration, flood alleviation, health and
recreation. There are likely to be further environmental benefits (e.g. biodiversity
and water quality) but we have been unable to quantify these.

Costs and benefits

Our assessment of costs and benefits updates work we commissioned from Vivid
Economics® and SRUC. It covers all private costs and benefits and widersocial
benefits of increased recreation, improved air quality, improved health and flood
alleviation. Wider environmental impacts on biodiversity and water quality are
assessed qualitatively.

Delivering the Balanced Pathway will require significant up-front investment in
frees, bioenergy crops, peatlandrestoration and peat management and for some
agricultural measures such as AD plants, zero-carbon machinery and livestock
breeding. Some of this will be offset by revenues from harvested materials. It will
require a scaling up of supply chains and investment in fraining, skills and R&D to
overcome non-financial barriers.

e The Balanced Pathway requires netinvestment of £1.5billionin 2035, with
£1.4 billion in the land sector and £0.1 billion for agricultural measures.
Woodland creation and energy crops are the most significant (Figure 3.6.1).

¢ On-going operating costs are associated with managing woodlands and
hedges, harvesting biomass from trees and energy crops, maintenance of
peatlands and on-going costs for zero-carbon fuels and faming practices.
These are estimated at £0.3 billion in 2035.

e These are partly offset by revenues from the sale of harvested products
from energy crops, existing broadleaf woodlands and thinnings from the
planting of new trees, estimated at £0.1 billionin 2035.

e Addressing non-financial barriers for many of these options include
widespread information around new practices, re-skiling, and tenancy
issues for tenant farmers. More innovative options (e.g. improved crop
varieties and use of hydrogen) will require R&D and market
commercialisation fo bring these to market.
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Societal benefits take time to
scale up but can deliver £0.6
billion by 2050 in benefitsto

people and the environment.
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Figure 3.6.f Net investment costsin the Balanced
Net Zero Pathway

2000

1800

1600

1400

1200

1000

800

£ Million

600

400

200

2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050

B Energy crops & SRF B Broadleaf planting

B Conifer planting B Peatland restoration

O Agriculture measures B Agroforestry & hedges

Source: CCC analysis.

Wider social and environmental impacts

We estimate that the social benefits of land-based measures will contribute around
£0.1 billion per year to the UK economy by 2035, rising to £0.6 billion per year by
2050 in the Balanced Pathway. The largest of these is recreation benefits from
increased use of woodlands (74%), physical health benefits from exercisingin the
natural environments (14%), air filtration from increased natural vegetation,
primarily frees near urban areas and flood risk alleviation from woodland creation
in the upper catchments of rivers. There are also impacts on biodiversity and water
quality which have not been possible fo quantify. These are detailedin the
Methodology Report.
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/. Aviation

The Balanced Pathwayhas
25% growth in demand by

2050 compared to 2018 levels,

but with no net expansion of
UK airport capacity.

A quarter of jet fuel by 2050 is
made fromsustainable low-
carbon sources.

Introduction and key messages

Aviation is one of the sectors in which we expect there to be significant remaining
positive emissions by 2050, given the limited set of options for decarbonisation.
Remaining residual emissions will need to be offset by greenhouse gas removals
(see section 11) for the sector to reach Net Zero.

The evidence base onhow to achieve GHG savings in aviationin the UK relies on
internal modelling from DfT, Climate Assembly UK demand scenarios andinternal
CCC analysis of sustainable aviation fuel costs. Further details are provided in the
Methodology Report.

We present the scenarios for aviation emissions in three parts:
a) The Balanced Net Zero Pathway for aviation
b) Alternative pathways for aviation emissions

c) Investment requirements and costs
a) The Balanced Net Zero Pathway for aviation

In the Balanced Net Zero Pathway, the aviation sector returns to close to pre-
pandemic demand levels by 2024. Thereafter, emissions gradually decline over
time (Figure 3.7.a) toreach 23 MtCOqe/year by 2050, despite modest growthin
demand.

This gradual reduction in emissions is due to demand management, improvements
in efficiency and a modest but increasing share of sustainable aviation fuels:

¢ Demand management. The Balanced Net Zero Pathway does allow for
some limited growth in aviation demand over the period to 2050, but
considerably less than a ‘business as usual’ baseline. We allow for a 25% in
growth by 2050 compared to 2018 levels, whereas the baseline reflects
unconstrained growth of around 65% over the same period. We assume
that, unlike in the baseline, this occurs without any netincrease in UK airport
capacity, so that any expansion is balanced by reductionsin capacity
elsewhere in the UK.

o Efficiency improvements. The fuel efficiency per passenger of aviationis
assumed to improve at 1.4% per annum, compared to 0.7% per annum in
the baseline. This includes 9% of total aircraft distance in 2050 being flown
by hybrid electric aircraft.

o Sustainable aviation fuels (SAF) confribute 25% of liquid fuel consumed in
2050, with just over two-thirds of this coming from biofuels® and the
remainder from carbon-neutral synthetic jet fuel (produced via direct air
capture of CO2 combined with low-carbon hydrogen, with 75% of this
synthetic jet fuel assumed to be made in the UK and the restimported).

" Biofuels are assumed to be produced with CCS on the production plant — overall carbon-negative but assumed to
have zero direct CO, emissionsin aviation. Removals are accounted forinsection 11.
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Demand management plays
a critical role in ensuring GHG
emissions continue to
decrease, particulady whie
efficiency benefits and SAF
take time to scale up.
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Figure 3.7.a Sources of abatementin the
Balanced Net Zero Pathway for the aviation

sector
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Widespread Engagement
assumes lower demand in
2050 than in 2018, due mainly
toreduced business travel.

Widespread Innovation
assumes much higher demand
growth is possible, due to rapd
technology development.

b) Alternative pathways for aviation emissions

Each of our exploratory scenarios for aviation sees emissions fall from 2018 to 2050
by more than 35% (Figure 3.7.b), though with different confributions from efficiency
improvements, sustainable fuels and constraints on demand (Table 3.7):

Headwinds assumes the same 25% growthin demand from 2018 to 2050 as
in the Balanced Pathway, although with higher demand in the 2030s due 1o
a netincrease in airport capacity. Improvements in efficiency are as in the
Balanced Pathway, while biofuels comprise 20% of the fuel mix by 2050.
Emissions are 25 MtCO2e in 2050, 36% below 2018 levels.

Widespread Engagement haslower demand, with an overall reduction of
15% on 2018 levels and therefore around half the 2050 demand as inthe
baseline. This is in line with the Climate Assembly UK's *flying less’ scenario. It
includes a substantial reductionin business aviation due to widespread
near-term adoption of videoconferencing. Efficiency improvements are
slightly faster than those in the Balanced Pathway at 1.6% per annum, while
the share of biofuels in 2050 is slightly lower at 20%, with a further 5%
contribution from the biogenic fraction of waste-based fuels.” Emissionsin
2050 are 15 MICO.e, 62% below 2018 levels.

Widespread Innovation has a greater confribution from technological
performance, both interms of improved efficiency (2.1% per annum) and
the conftribution of sustainable aviation fuels. By 2050, around a quarter of
fuel use is biofuel, with a further quarter carbon-neutral synthetic jet fuel.
These technical improvements lead to a lower carbon-intensity and lower
cost of aviation, although demand in this scenario is considerably higher,
reaching 50% above 2018 levels by 2050 (in line with the Climate Assembly
UK's ‘technological change’ scenario). Emissions in 2050 are 15 MtCOz€,
63% below 2018 levels.

In Tailwinds, the reductions in demand under Widespread Engagement are
combined with the technology improvements in Widespread Innovation.
Demand in 2050is 15% below 2018 levels and efficiency improves at 2.1%
per annum. Very similar volumes of sustainable fuels are used asin
Widespread Innovation, but when applied to the lower fuel consumptionin
Tailwinds these comprise a higher combined share of 5% of fuel use.
Emissions in 2050 are 1 MICO»e, 97% below 2018 levels.

In each case, for the aviation sector to reach Net Zero by 2050, the remaining
emissions will need to be offset with greenhouse gas removdls (see section 11).

In addition to the GHG emissions presented here, aviation also has non-CO»
warming impacts due to conftrails, NOx emissions and other factors. While outside
of the emissions accounting framework used by UK carbon budgets (see Chapter
10), we estimate the additional warming from these non-CO- effects in section 4 of
Chapter 8.

" Waste-based fuelssaveless CO, than biofuels, due to approximately half of the waste carbon content being of fossi
origin. Only the biogenic fraction of wastes save CO, compared to fossiljet fuel.
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COVID-19 has had a dramatic R L. . .
impact, and all scenarios
impact, and all scenarios Figure 3.7.b Emissions pathways forthe aviation
levels. Tailwindsis able to
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decarbonise by 2050.
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Table 3.7

Summary of key differences in the aviation scenarios
Balanced Headwinds Widespread Widespread Tailwinds
Pathway Engagement Innovation

Demand growth to 2050 (vs.
2018)
Efficiency improvements
(%/year)
Biofuel share in 2050

| Bio-waste fuel share in 2050

| Synthetic jet fuel share in 2050
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c) Investment requirements and costs

In our 2019 Net Zero report, we identified aviation as one of the sectors with cost-
effective GHG savings, given that efficiency gains could offset the added costs of
sustainable aviation fuels. Our updated Sixth Carbon Budget pathways estimate
the full costs and savings involved:

e Inthe Balanced Net Zero Pathway we estimate total added investment
costs above our baseline of around £390 million/yearin 2035 and £570
million/year in 2050, for efficiency improvements and hybridisation (Figure

3.7.c).
The capital costs of improved e However, these added investment costs are offset by operational cost
aircraft efficiency are more H HTH H HIH H
fhan offset by fualsavings savings of around £1,230 milion/year in 2035 and £2,750 milion/yearin
Sustainable aviation fuels add 2050. There are also added operational costs of using sustainable aviation
significant costs fuels, given their additional cost above fossil jet fuel, of £470 million/yearin

2035, and £1,520 million/year in 2050 (Figure 3.7.d). We have not assigned
any costs or savings to reductions in demandin our scenarios.

Internationalaviation

dominafes UK aviafion Figure 3.7.c Breakdown of aviation sector «
additionalinvestment

4600

400

100

£ million/year

B Domestic B International

Source: CCC analysis.
Notes: Additional investment in Balanced Net Zero Pathway compared to the baseline, due to higher costs of more
efficient aircraft. No costs or savings have been assumed for reductions in demand vs. the baseline trajectory. No

military aviation cost data available.
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Paying for a fully zero-carbon
flight, via the use of GHG
removal offsets, willbe
affordable by 2050.
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e Reducing GHG emissions from UK domestic and international aviation is
therefore expected to cost between -£90 and -£40/1CO,e abated in 2035,
and between -£30 and +£20/t1COse abated by 2050." There are increases
over fime due to higher aircraft costs, and the higher share of GHG savings
from biofuels and more expensive synthetic jet fuel. In earlier years,
efficiency gains significantly outweigh added fuel costs.

e Asanexample of costs for passengers, sustainable aviation fuels priced
with marginal GHG removals might add £35 to a return ticket from London
to New York in 2050 in the Balanced Pathway, minus £21 of fuel savings
from improved efficiency.” If full decarbonisation were paid for using GHG
removals to offset residual emissions, this may add a further £41, giving a
net added cost of £56.

e The cost of GHG savingsin military aviationis based only on the use of
biofuels and synthetic jet, and falls to around £110/1CO.e abated in 2035,
staying at around this level to 2050 in the Balanced Pathway.

Figure 3.7.d Breakdown of aviationsector «
additional costs
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Source: CCC analysis.

Notes: Additional operational costsin Balanced Net Zero Pathway compared to the baseline, due to higher costs
of sustainable aviation fuels and costs savings fromimproved efficiency. No costs orsavings have been assumed
forreductionsin demand vs. the baseline frajectory. No military aviation cost data for efficiency savings available.

International aviationis typically at the lower end of this cost range, and domestic aviation at the upper end.
Efficiency costs are -£280 to -£135/tCO»e, and SAF costs are £110/tCO»e on average.

* Based on ICAQ (2020) Carbon Emissions Calculatorcurent value of 671 kgCO, per passenger, economy return. In

2050, 243 kgCO,is saved via efficiency, 108 kgCO; directly via susfainable aviation fuels, with 89 kgCO, saved
upstream from biogenic CO;sequestration, leaving a further 230 kgCO», to be offset via other GHG removals.
£180/tCO,is assumed for residual offsetting and marginal SAF costs (based on Direct Air Capture with CCS).
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8. Shipping

Ships willincreasingly pluginto
the power grid while at port.

Zero-carbon fuek start being
usedin shipping at scale from
2030.

Introduction and key messages

In this section, we set out pathways for how UK domestic shipping plus the UK’s
share of international shipping can be reduced to close to zero by 2050, largely
through the use of zero-carbon fuels such as ammonia.

The evidence base onhow fo decarbonise shippingin the UK relies on UMAS
modelling forthe DfT's Clean Maritime Plan and internal CCC analysis of zero-
carbon fuel costs. Further details are provided in the Methodology Report.

We present the scenarios for shipping emissions in three parts:
a) The Balanced Net Zero Pathway for shipping
b) Alternative pathways for shipping emissions

c) Investment requirements and costs
a) The Balanced Net Zero Pathway for shipping

In the Balanced Net Zero Pathway, the shipping sector returns to pre-pandemic
demand levels in 2022. Thereafter, emissions hold relatively flat to 2030, before
reducing to close to zero by 2050 (Figure 3.8.a). Thisreduction in emissions goes
well beyond the current International Maritime Organisation (IMO) target for a
reduction of 50% in global shipping emissions by 2050 from 2008 levels. We assume
that shipping serving the UK will adopt the zero-carbon fuels required to meet the
global target, but on an accelerated timetable.

The emissions reductions in our scenarios result from some acceleration in
efficiency improvements and electrification relative to baseline forecasts, together
with a wholesdle shift to zero-carbon fuels between 2030 and 2050:

o Efficiency and electrification. Total fuel use is assumed to increase by an
average of only 0.9% per annum, compared to 1.2% per annum inthe
baseline. By 2050, 3 TWh/year of electricityis used in electric propulsion and
shore power, comparedto 0.2 TWh/year in the baseline.

e Zero-carbon fuels comprise the large majority (87%) of the emissions savings
from shipping. In our scenarios, this is assumed to be ammonia, due to the
potential to retrofit ship engines, and its higher energy density compared fo
hydrogen and battery electric options. 75% of this ammoniais assumed to
be produced in the UK, using low-carbon hydrogen (see section 5), with the
remainder imported (made abroad using renewable electrolytic
hydrogen). Commercial deployment starts in 2030, with domestic shipping
decarbonising faster than international shipping.

Althoughit is likely that there would be some reductionin shipping emissions in the
fransition to 2050 due to a reduction in shipping demand associated with importing
fossil fuels (see section 5), we have notincluded this effectin our analysis. The
emissions in the Balanced Net Zero Pathway therefore err on the side of being too

high.
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Shipping can almost
completely decarbonise by
the late 2040s, due to the use
of zero-carbon fuels across
almost all the UK fleet.

Itis possible to retrofit UK

shipping and fully rol-out zero-

carbon fuels within 10 years,
instead of 15-20 years.

Waiting to deploy zero-carbon

fuels until2040 comes with

higher sector emissionsin the

interim.
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Figure 3.8.a Sources of abatementin the «
Balanced Net Zero Pathway for the
shipping sector
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Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; UMAS (2019) modeling for DfT’s
Clean Maritime Plan; CCC analysis.

b) Alternative pathways for shipping emissions

Our assessment of the shipping sector is that there is clear potential o reduce
emissions to close to zero by 2050 though use of carbon-free fuels, for example
through adopftion of ammonia produced vialow-caroon methods. Consistent with
the emerging evidence (see the accompanying Methodology Report, Chapter 9),
we assume that the vast majority of existing ship types and sizes can be retrofitted
fo burn ammonia.

Each of our exploratory scenarios for shipping sees emissions fall to close to zero by
2050 (Figure 3.8.b), though with different timings for the introduction of zero-carbon
fuels:

¢ Headwinds has the same emissions and transition to zero-carbon fuels as in
the Balanced Pathway.

o Widespread Engagement assumes a more back-ended pathway for
uptake of zero-carbon fuels in the 2040s, due to higher assumed ammonia

costs.

e Widespread Innovation and Tailwinds both assume widespread adoption of
zero-carbonfuels in the period 2030 to 2040, due to the lower costs of fuel

production fromlow-cost renewable energy.
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Domestic shipping invests
earlier than infernational

shipping.

Figure 3.8.b Emissions pathways for the shipping «
sector
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c) Investment requirements and costs

In our 2019 Net Zero report, we identified shipping as having relatively expensive
GHG savings, given the added costs of using low-carbon ammonia, although the
size of the sector means that total shipping decarbonisation costs are smaller than

many other sectors.

Our updated Sixth Carbon Budget analysis estimates the full costs involved:

¢ Inthe Balanced Pathway we estimate total added investment costs above
the baseline of around £160 million/yearin 2035 and £350 million/year in
2050, for efficiency, electrification and infrastructure changes required to
use zero-carbon ammonia (e.g. engine retrofits, port storage).

e The maijority of investment in domestic shipping occurs in the 2030s to early
2040s, in comparison to the majority of investment in international shipping

being in the 2040s (Figure 3.8.c).
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Decarbonisation costs are
relatively highin shipping, due
to ammonia costs.
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Figure 3.8.c Breakdown of shipping sectorfor «
additionalinvestment
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Source: UMAS (2019) modelling for DfT’'s Clean Maritime Plan; CCC analysis.
Notes: Additional investment in Balanced Net Zero Pathway compared to the baseline, due to higher costs of more
efficient vessels electrification and ammoniainfrastructure (ports and engineretrofits). No naval shipping cost data

available.

e Costsavings from the combined impact of efficiency and electrification
are modest at £70 million/year in 2035 and £130 million/yearin 2050. Use of
zero-carbon ammonia, given its higher cost compared to fossil marine fuels,
adds £850 million/yearin 2035 and £2.9 billion/yearin 2050 (Figure 3.8.d).

e Decarbonising UK shippingis expected to cost £130-140/tCO.e abated in
2035, and £170-190/1COqe abated by 2050 in the Balanced Pathway. This
abatement costincreases over time due to the falling cost of the fossil fuel
counterfactual, and the rising share of GHG savings from ammonia.

o Almost all cost reductions inammonia are assumed fo occur before 2030
due to costreductions in feedstock hydrogen, and littfle change is assumed
after 2030. These abatement costs apply to domestic and international
shipping, since we have not estimated the costs or potential for
decarbonising naval shipping.

e Asanexample of the impact of decarbonisation, the added cost of zero-
carbon shipping may add £8 to the price of sending one tonne of freight
from Southampton to New Yorkin the Balanced Net Zero Pathway.”

" Based on OOCL Carbon Calculator (2020), based on the Clean Cargo Working Group (CCWG) calculation

methodology. This gives a value of 39 kgCO,, one-way.
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Efficiency savings are modest
compared fo the added fuel . . .
Costs of zero-carbon fuek in Figure 3.8.d Breakdown of shipping sector
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9. Wasste

Generating less waste,
recycling more and not
sending waste that can decay
to landfill are the key pillars to
reducing landfill emissions.

Energy-from-waste emissions
can be constrained, before all
plants fit CCS in the 2040s.

Wastewater emissions are had
to abate.
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Introduction and key messages

Emissions from waste arise mostly from decomposition of organic matter in landfills,
wastewater freatment processes and combustion of residual waste in energy-from-
waste plants. Sector emissions can be reduced by 75% by 2050, through greater
waste prevention, recycling, higher landfill methane capture rates, improvements
to wastewater freatment and composting facilities, and adding CCS to energy-
from-waste plants.

The evidence base onhow to decarbonise the waste sector in the UK is more
limited than the evidence available for othersectors. Our analysis has relied on
datain BEIS's Energy and Emissions Projections pathways, Ricardo’s MELMod landfill
model, research by WRAP and Water UK, as well as internal analysis starfing from
and accelerating English and Devolved Administration announced policies. Further
details are givenin the Methodology Report.

This section is split info three sub-sections:
a) The Balanced Net Zero Pathway forwaste
b) Alternative pathways for waste emissions

c) Investmentrequirements and costs
a) The Balanced Net Zero Pathway for waste

Our Balanced Net Zero Pathway sees waste sector emissions fall 75% from today's
levels to reach 7.8 MICOxe/year by 2050. Around 80% of the abatement to 2035 is
from waste prevention, increasedrecycling and banning biodegradable waste
from landfill. By 2050, 30% of sector abatement comes from retrofitting CCS to the
UK’s fleet of energy-from-waste facilities. The additional 10% of emissions reductions
comes from capturing more methane at landfills, reducing wastewater treatment
emissions and improving composting (Figure 3.9.a).

o Waste prevention, recycling and landfill bans. Edible food waste is reduced
by just over 50% by 2030 (meeting UN SDG Target 12.3) and just over 60% by
2050, compared to 2007 levels. Compared to a steadily increasing
baseline, a third of non-food waste arisings are prevented by 2037 via
product redesign, light-weighting, extended lifetimes and asset sharing.
Currently around 45% of all household waste is recycledin the UK, along
with 55% of commercial & industrial waste. UK-wide recycling rates increase
to a blended 70% by 2030 (with Wales and Scotfland achieving this by
2025). Anaerobic digestion and composting play an important part in
recycling food and garden wastes, helping enable a ban on all
biodegradable waste going fo landfill by 2025. Landfill methane emissions
fall fo 1.1 MtCOe/year by 2050.

e Carbon capture and storage (CCS) at energy -from-waste (EfW) plants.
Further growth in fossil emissions from UK energy-from-waste facilities is
avoided due fo prevention andrecycling efforts, with EfW emissions staying
relatively flat at 5-6 MtCO.e/year until 2040.
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CCSisthen fitted fo 100% of plants starting in 2040 (when our scenario also
bans all waste going to landfill, leading to a temporary uptick in emissions
due fo higher residual waste volumes). With the use of CCS, EfW emissions
fall fo 0.4 MICO.e/year by 2050.

Wastewater treatment improvements. Process methane and nitrous oxide
emissions fromwastewater freatment are hard to mitigate. A combination
of enhanced monitoring, operational measures and continued roll-out of
advanced ancaerobic digestion leads to a 21% improvement by 2030.
Wastewater becomes the majority source of Waste sector emissions by
2050 (at 4.2 MICOqe/year).”

Landfill methane capture. Even with banning key biodegradable waste
streams from entering landfill, there will still be legacy methane emissions
given the long decay fime. More of thismethane can be captured (for use
in power or the gas grid), and capture rates increase from an estimated
68% in 2018 to 80% by 2050.

Composting improvements. Use of pumped air to improve compost
aeration and product quadlity at a third of sites by 2030, leading to a 23%
improvement in methane and nitrous oxide emissions. Use of composting
increases over time, so emissions returnto 1.3 MtCOe/year by 2050.

Figure 3.9.a Sources of abatement in the «
Balanced Net Zero Pathway for the waste
sector
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Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; CCC analysis.

* Emissions from the spreading of sewage sludge or digestate to land are counted in the Land Use sector.
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b) Alternative pathways for waste emissions

Each of our exploratory scenarios for the waste sector see emissions fall more than
70% from 2018 to 2050, with a range of residual emissions of 6.0-9.5 MtCO»e/yearin
2050 (Figure 3.9.b).

Emissions fel from 19972015
with less waste sent to landfill. . . e
The waste sector faces Figure 3.9.b Emissions pathways for the waste
challenge to get ontoalow-
carbon path after several SeCTOI’
years of limited progress.
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Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; CCC analysis.

Across the scenarios, we explore different contexts by varying the key timings,
deployment of technologies and costs, and by exploring the impact of different
levels of behaviour change (Table 3.9):

* Headwinds. Recycling rates follow the Balanced Pathway, although later
landfill ban dates are implemented. There are no further reductions in food
waste after 2030, and reductions in non-food waste are smaller, reflecting
lower levels of behaviour change. Landfill methane capture rates remain
unchanged fromfoday.

f‘e’??cifég‘?é?evf grf Sél?it,e ¢ Widespread Engagement. Households and businesses are prepared to

and more food waste can be recycle significantly more than they do today, with further increases in
F¥eiigslogy solutions can be recycling after 2030, along with further reductions in food waste. All waste is
implemented to further reduce . . .

landfill and wastewater banned from landfill at an earlier date of 2035, andlandfillmethane
emissions. capture rates remain unchanged from today. Residual waste is increasingly

allocated to jet fuel production instead of EfW incineration.
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¢ Widespread Innovation achieves slightly smaller reductions in non-food
waste than the Balanced Pathway, although it also targets reductions in
inedible food waste (e.g. through lab-grown meat). Landfill methane
capture and oxidation technologies are deployed during the 2020s, and
wastewater freatment facilities install more novel fechnologies after 2030 to
further reduce their emissions.

CCS could be installed on Slwi H ; : :
onergy fromwaste plants . Tmlvymds combmes the highest Wos’(e preven’rlor_w onq recyclingrates, the
starting from the 2020s, earliest landfill ban dates, and the highest technicalimprovements at

significantly reducing sector
emissions.

landfill, compost and wastewater freatment sites. CCS also starts being

Table 3.9
Summary of key differences in the waste sector scenarios

Behaviour
change
and
demand
reduction

Landfill

Energy-

Balanced
Pathway

51% fall in edible
food waste by
2030 and 61% by
2050*

33% reduction in
all waste by
2037**

68% recycling by
2030

installed on EfW plants much earlier, from the late 2020s. The result is
emissions fall further and much faster than in the other scenarios.

Headwinds

51% fall in edible
food waste by
2030

13% reduction in
allwaste by
2037, 68%
recycling by 2030

Widespread
Engagement
51% fall in edible
food waste by
2030 and 71% by
2050

33% reduction in
allwaste by 2037
68% recycling by
2030 and 79% by
2050

Widespread
Innovation

51% fall in edible
food waste by
2030 and 61% by
2050 (+50% fall in
inedible food
waste by 2050)

28% reduction in
allwaste by 2037
68% recycling by
2030

Tailwinds

51% fall in edible
food waste by
2030 and 71% by
2050 (+50% fall in
inedible food
waste by 2050)

33% reduction in
allwaste by 2037
68% recycling by
2030 and 79% by
2050

2025 ban on
biodegradable
wastes, 2040 full
ban

80% CHgs capture
& 10% oxidation
by 2050

2030 banon
biodegradable
wastes, 2050 full
ban

68% CH4 capture
& 10% oxidation
by 2050

2025 banon
biodegradable
wastes, 2035 full
ban

68% CH4 capture
& 10% oxidation
by 2050

2025 banon
biodegradable
wastes, 2040 full
ban

80% CH4 capture
by 2030, 30%
oxidation by 2050

2025 banon
biodegradable
wastes, 2035 full
ban

80% CH4 capfture
by 2030, 30%
oxidation by 2050

CCs isfitted to

CCS is fitted to

CCS is fitted to

CCS is fitted to

CCS is fitted to

from-waste 100% of EfW 100% of EfwW 100% of EfW 100% of EfW 100% of EfW
plants by 2050, plants by 2050, plants by 2050, plants by 2050, plants by 2050,
starting from starting from late starting from starting from starting from late
early 2040s 2030s early 2040s early 2040s 2020s

Waste-
water
treatment

Compost-
ing

Improves 21% by
2030

Improves 21% by
2030

Improves 21% by
2030

Improves 21% by
2030, 50% by
2050

Improves 21% by
2030, 50% by
2050

Improves 23% by
2030

Improves 23% by
2030

Improves 23% by
2030

Improves 23% by
2030

Improves 23% by
2030

* Measured from 2007 base year forhousenold edible food waste, and 2011 for business edible food waste.

* Measuredin-yearfrom a baseline of increasing household and commercial & industry waste arisings
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Front-loaded investmentinthe
2020s will be required to realise
a biodegradable waste landfil
ban by 2025.
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c) Investment requirements and costs

In our 2019 Net Zero report, we identified waste as a sector with potentially low cost
GHG savings, based onrecycling and banning biodegradable waste from landfill.
Our sector categorisation and analysis has expanded to now include energy -from-
waste plants, as well as abatement in the composting and wastewater sub-sectors.
While some of these sub-sectors have much higher costs of abatement, ournew
estimates still suggest that reducing waste sector emissionsis achievable as part of
a cost-effective scenario towards the Sixth Carbon Budget and the UK's Net Zero
objectives:

¢ Inthe Balanced Pathway, we estimate total added investment cosfs above
the baseline of around £175 million/yearin 2035 and £2,100 million/yearin
2050 (Figure 3.9.c).

¢ However, investment starts early in the 2020s, as robust action is taken on
recycling (new vehicles, bins and downstreaminfrastructure) costing £100-
800 million/yearin order to ban biodegradable waste from landfill, as well
as £430 million/year forroling out advanced anaerobic digestion at
municipal and industrial wastewater sites.

Figure 3.9.c Breakdown of waste sector «
additionalinvestment
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Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; CCC analysis.

Notes: Additional investment in Balanced Net Zero Pathway compared to the baseline, due to costs of new
equipment for landfil methane capture, compost forced aeration, (municipal and industrial) waste water
advanced AD, and new waste collection and recycling infrastructure.
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e By the 2030s, there is no assumed furtherincrease in recycling rates or
wastewater improvements, so waste collection vehicle fleet turnoveris the
main cost. From 2040, the maijority of added investment is retrofitting CCS fo
all the UK's remaining EfW plants, along with wastewater equipment
replacement.

*  We estimate total added operating costs above the baseline of
around £50 million/year in 2035 and £1.3 billion/year in 2050 (Figure 3.9.d).
However, during the 2020s, reduced total waste arisings, fewer collections
of residual/black bin-bag waste from households and businesses, and
improved quality and consistency of collected recyclable materials leads
to cost savings' that can outweigh the added fransition costs. Larger
businesses are likely to increase recycling rates earlier and at lower cost,
whereas smaller businesses face higher costs and are likely fo be slower,
leading to some marginal net long-term costs from 2030. From 2040, the
installation of CCS on EfW plants leads to increased energy and labour
costs, dominating waste sector added operating costs.

Costsavings are possible via

reduced volumes of residual .
waste fo collect and Figure 3.9.d Breakdown of waste sector
collection of higher quaiity dd'l' | 1_ 1_
recyclable materials. CCS will
add significant costs to EfW a mona OperO Ing COSIS
plants.
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Source: CCC analysis.

Notes: Additional operating costs in Balanced Net Zero Pathway compared to the baseline, due to costs of
operating new equipment for CCS at EfW plants, landfil methane capture, composting forced aeration, and new
waste collection and recycling infrastructure. No additional operafing costs are assumed for waste water
freatment.

" This analysis excludes the cost savings from local authorities and waste management companies paying less landfill
tax (currently £650 million/year is paid).
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For comparison, baseline costs (investment plus operations combined) are
estimated at approximately £8.6 billion/year for solid waste handling across
the UK, so the added costs of recycling and banning biodegradable waste
from landfill are estimated at under 10%. The added investment in
municipal wastewater treatment (excluding industrial wastewater) would
add £4 a year to each UK household water bill during the 2020s.

Reducing emissions from UK waste comes at an average cost of around
£70/1CO2¢, although there is significant variation between sub-sectors, with
wastewater abatement having very high costs compared o low cost
methane capture and composting improvements.

Reducing waste emissions will also produce benefits with improved air, soil
and water quality, and recreational benefits from faster return of landfill
sites to other uses. Lower landfil methane generation results in less methane
captured for energy generation, although this decline is compensated for
via increased use of anaerobic digestion forfood wastes, sewage sludge
and animal manures.
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10. F-gases

The majority of F-gases
emissions come from HFCs
used in refrigeration and air-
conditioning.

There is strong existing
regulation for the F-gases
sector.

Introduction and key messages

Fluorinated gases (F-gas) are man-made gases that can stay in the atmosphere for
centuries. Their emissions account for around 3% of total UK GHG emissions. Major
emissions sources are refrigerants, aerosols, solvents, insulating gases, or blowing
agents for foams and medical equipment. They can also arise as fugitive emissions
from other manufacturing processes. Most of the emissions reduction to 2050 will
be driven via F-Gas regulations, with further abatement possible through a faster
shift fo lower Global Warming Potential (GWP) F-gases, behavioural shifts to Dry
Powder Inhalers (DPI) andreduced leakage.

The evidence base onhow to decarbonise F-gases builds on our 2019 Net Zero
report, and in particulara 2019 report commissioned by the CCC from Ricardo and
Gluckman Consulting on decarbonising the F-gases sector.

This section is split into three sub-sections:
a) The Balanced Net Zero pathway for F-gases
b) Alternative routes to delivering abatement in the mid-2030s

c) Impacts of the scenarios: costs, benefits and co-impacts on society

a) The Balanced Net Zero pathway for F-gases

F-gas emission levels were 15 MICO2e in 2018, accounting for 3% of total UK GHG
emissions (Figure 3.10). Emissions were 14% below 1990 levels and 40% below the
peakin 1997.

Approximately 95% of F-gas emissions are hydrofluocrocarbons (HFCs) which are
emitted from the production, use and manufacture of refrigeration and air-
conditioning equipment; aerosols; foams; metered-dose inhalers; and fire
equipment. Sulphur hexafluoride (SF¢), perfluorocarbons (PFCs), and NFzcomprise
the remaining percentage and are released in various industrial processes and
from electrical insulation.

F-gases are emitted in small volumes but have a high global warming potentials
(GWPs)* and can be several thousand times more warming than CO, (GWP = 1):

e HFCs have GWPsranging from approximately 100 to over 10,000
e SF. hasa GWP of 26,087
e PFCs have GWPs of approximately 7,000 to approximately 19,000

e NFshas a GWP of 16,100. These emissions are very low (lessthan 0.001
MICO-e) and do not count towards the UK's climate targets.

Our pathways start from an existing policy baseline where the UK maintains
comparable legisiation to the EU F-Gas Regulation that was infroducedin 2014.

“ Values given are AR5 GWPs with carbon-cycle feedbacks.
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Further abatementin the F-
gases sector is possible
through replacement of
current F-gases with lower
GWP alternatives, more
widespread moves to dry
powder inhalers and reduced
leakage fromheat pumps and
refrigerators.

Further abatement is possible if
lower GWP F-gas alternatives
can be developed and
deployed, and there is greater
uptake of DPlinhalers.
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The regulation sets a cap onthe amount of HFCs that producers and importers are
allowed to place on the EU market. The cap willbe cut every three years unfil
reaching a 79% cut from 2015 levels by 2030. The Government has legislated
provisions for equivalent regulation into UK law to come into force from 2021,
meaning that the UK's departure from the EU should notimpact this baseline
assumption.

Reducing emissions further requires a range of behavioural and technical
measures, predominantly:

e Further replacement of current F-gases with lower GWP F-gases. The
deployment of lower GWP alternatives to current F-gases in heat pump
systems and refrigerators has the potential to reduce emissions from the
sector further. Specifically, the deployment of low-GWP alternatives to
R448A and R449A F-gases and accelerated transition away from R-404A
systems, and refrofitting of R-134a car air-conditioning systems.” A host of
low-GWP F-gases or F-gases alternatives are already available on the
market, and innovation will likely bring more forward.

¢ More widespread move to dry power inhalers (DPIs). Metered dose inhalers
(MDls) are a significant source of F-gases emissions. Our Balanced Pathway
assumes widespread move from MDIs to DPIs — which are already in
common use in Europe - for some drugs, with lower-GWP MDIs developed
for other drugs such assalbutamol.

e Reduced leakage from heat pump and refrigerators through improved
equipment design and installer fraining.

Our Balanced Net Zero Pathway involves a widespread rollout of heat pumps from
now until 2050 (see section 2). Heat pumps emit some F-gases during their product
lifetimes as a result of refrigerant leakage and disposal. If existing standards are
maintained, the greenhouse gas savings of a switch to heat pumps are orders of
magnitude higher than the additional F-gas emissions (see Box 11.2 of the
Methodology Report) and we account for those additional emissionsin our
analysis.

b) Alternative routes to delivering abatement in the mid-2030s

All F-gases scenarios aim to reduce emissions as far as possible by 2050, resulting in
arange of residual emissions of 1.5-2.5 MICOqe/year, and emissions of 2.5-4.0
MtCOqe/year overthe Sixth Carbon Budget period (Figure 3.10). Across the
scenarios we vary the assumptions relating to behavioural change and
technological innovation:

e Headwinds. Decreased leakage from heat pumps and refrigerants, greater
rollout of low-GWP alterna