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This document contains a summary of content for the Fuel supply sector from the
CCC's Sixth Carbon Budget Advice, Methodology and Policy reports.



Infroduction

The Committee is advising that the UK set its Sixth Carbon Budget (i.e. the legal limit
for UK net emissions of greenhouse gases over the years 2033-37) to require a
reduction in UK 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 frajectory that is consistent with the
Paris Agreement.

Our advice on the Sixth Carbon Budget, including emissions pathways, details on
our analytical approach, and policy recommendations for the Fuel supply sectoris
presented across three CCC reports, an accompanying dataset, and supporting
evidence.

* An Advicereport: The Sixth Carbon Budget — The UK's path to Net Zero,
setting out our recommendations on the Sixth Carbon Budget (2033-37)
and the UK’s Nationally Determined Contribution (NDC) under the Paris
Agreement. This report also presents the overall emissions pathways for the
UK and the Devolved Administrations and for each sector of emissions, as
well as analysis of the costs, benefits and widerimpacts of our
recommended pathway, and considerationsrelating to climate science
and international progress towards the Paris Agreement. Section 1 of
Chapter 2 contains an overview of the emissions pathways for the Fuel
supply sector.

¢ A Methodology Report: The Sixth Carbon Budget —Methodology Report,
setting out the approach and assumptions used to inform our advice.
Chapter 1 of thisreport contains a detailed overview of how we
conducted our analysis for the Fuel supply sector.

* A Policy Report: Policies for the Sixth Carbon Budget and Net zero, sefting
out the changes to policy that could drive the changes necessary
particularly over the 2020s. Chapter 3 of this report contains our policy
recommendations for the Fuel supply sector.

¢ A datasetfor the Sixth Carbon Budget scenarios, which sefs out more
details and data on the pathways than can be included in this report.

e Supporting evidence including our public Call for Evidence, 10 new
research projects, three expert advisory groups, and deep dives into the
roles of local authorities and businesses.

All outputs are published on ourwebsite (www.theccc.org.uk).

For ease, the relevant sections from the three reports for each sector (covering
pathways, method and policy advice) are collated into self-standing documents
for each sector. A full dataset including key charts is also available alongside this
document. This is the self-standing document for the Fuel supply sector. It is set out
in three sections:

1) The approachto the Sixth Carbon Budget analysis forthe Fuel supply sector

2) Emissions pathways for the Fuel supply sector

3) Policy recommendations for the Fuel supply sector


http://www.theccc.org.uk/

Chapter 1

The approach to the Sixth Carbbon
Budget analysis for the Fuel supply
sector



The following sections are taken directly from Chaypter 6 of the CCC's
Methodology Report for the Sixth Carbon Budget.!

Introduction and key messages

This chapter sets out the method for the fuel supply sector’s Sixth Carbon Budget
pathways. The scenario results of our costed pathways are set outinthe
accompanying Advice report. Policy implications are set out in the accompanying
Policy report.

For ease, these sections covering pathways, method and policy advice for the fuel
supply sector are collatedin The Sixth Carbon Budget — Fuel Supply. A full dataset
including key charts is also available alongside thisdocument.

The key messages from this chapter are:

e Background. Existing emissions in the Fuel Supply sector come largely from
fossil fuel supply. These are expected to reduce over time, as North Sea ol
and gas production declines and as demand for fossil fuels declines across
the energy system, with knock-on impacts for output of refineries.

e Options for reducing emissions.

— There are opportunities to reduce existing fossil fuel supply
emissions, through measures to improve efficiency, electrify
offshore platforms, apply carbon capture and storage (CCS) and
reduce venting, flaring and leakage of methane.

— Production of low-carbon hydrogen and bioenergy play roles in
displacing emissions from fossil fuel combustion elsewhere inthe
economy. Hydrogen can be produced in the UK in a range of
low-carbon ways, either from electrolysis or with CCS applied to
fossil gas orbiomass. A variety of routes from biomass to fuels exist
(including biojet, biodiesel, bio-heating fuels and biomethane),
many achieving negative emissions with the use of CCS (see
Chapter 12).

¢ Analytical approach.

— Opportunities to reduce emissions from fossil fuel supply are
largely covered by the modelling by Element Energy set outin
Chapter 4, with some further inclusion of information from the Oil
and Gas Authority on opportunities to electrify offshore oil and
gas platforms.

— The low-carbon hydrogen supply mix varies across scenarios,
according to the level of electrolytic production (determined in
the power sector modelling —see Chapter 6) and allocation of
biomass to hydrogen supply, as well as the level of demand.
Hydrogen production from fossil gas with CCS is assumed to fill
most of the remaining supply gap, with a smaller role for
imported hydrogen.

— Bioenergy and waste supply estimates have been updated to
align with latest Land use, Agriculture and Waste sector analysis.
Resources are allocated to end-use sectors starting fromknown
2018 positions, fransitioning to best use (maximal GHG savings) by
2050.
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Our analysis of the best uses of bioenergy has been updated and
still supports the need for bioenergy to maximise sequestered
CO, and displace high-carbon fossil fuels. As with wastes, the
availability of CCS causes strong convergence between all
routes in terms of GHG abatement.

¢ Uncertainty.

Uncertainty in the low-carbon hydrogen supply mixis reflected in
considerable variation across our scenarios. The role for
electrolysis depends on developments in the power system and
use of biomass with CCS on developments in gasification
technology. The confribution from fossil gas with CCS depends on
achieving sufficiently low lifecycle emissions.

Cost competitiveness of domestic biomass production vs biomass
imports and developments in the global bioenergy market
remain key uncertainties. Our biomass import dependency inthe
Balanced Pathway is not assumed to change from today,
although our scenarios explore a doubling inimport dependency
to phasing outimports.

We set out our analysis in the following sections.

1.

Sector emissions

2. Options forreducing emissions

3. Approachto analysis forthe Sixth Carbon Budget
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1. Sector emissions

a) Current emissions

Greenhouse gas emissions from fuel supply were 39 MtCOe in 2018, 7% of the UK
total (Figure 6.1).

These were all produced from fossil fuel supply, from a combination of refining, oil
and gas platforms, oil and gas processing terminals, gas distribution, coal mines
(open and closed), and other fossil fuel production.

e Refining represents one third (13 MtCO.e) of these emissions.

¢ Oil and gas platforms comprise 40% (16 MtCOqe) of these emissions. This
includes gas any production of onshore petroleum.

e Gas fransmission and distribution conftributes 13% (5 MICO2¢e) of these
emissions. These emissions almost all come from methane leakage in the
gas fransmission and distribution networks.

e Oil and gas processing terminals, including for LNG, are 11% (4 MtCO-€e).

e Most (80%, 31 MICOse) emissions were of CO», 19% (7 MtCOye) were of
methane (CH4) and 1% (0.4 MICO-e) of nitrous oxide (N20).

We also include within the sector direct emissions from production of low-carbon
hydrogen, low-carbon ammonia and synthetic fuel production forenergy use.
However, our best estimate of emissions from these is currently zero, with most
hydrogen and ammonia being produced for feedstock pumposes, and no synthefic
fuel produced commercially in the UK.

As such, all emissions from existing production of hydrogen and ammonia, used
mainly in refineries and fertiliser production, are included within manufacturing and
construction (see Chapter 4).

Emissions from existing UK production of bioenergy are either included within
manufacturing and construction (see Chapter 4) for pre-processing and
conversion, within surface transport for frucking of feedstocks and fuel, and within
LULUCF and Agriculture sectors for any land-use change, culfivation and
harvesting of UK forestry and perennial energy crops. This categorisation remains
for all parts of the supply chain (i.e. these other sectors account for their parts of
the supply chain emissions in our scenarios), except for new conversion facilities.

We include within the fuel supply sector direct emissions from the conversion
facilities of new bioenergy vectors (e.g. biojet, biolLPG, biohydrogen), although as
all these new facilities have been modelled as being energy self-sufficient (using
their feedstock to provide power and heat onsite), only conversion facilities that
convert waste to jef fuel will have some associated fossil emissions. We also include
GHG savings from additional biomethane injectioninto the gas grid to offset fossil
gas, as part of the sector emissions.
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Fi%ure Mé.1 Breakdown of fuel supply emissions
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b) Trends and drivers

Direct emissions from fossil fuel supply rose by 1% in 2019. Emissions were 53% below
1990 levels (Figure 6.2). More detailed sectoral data are produced with a one-year
lag. The 1%rise in emissionsin 2017 waslargely due fo rises in the productionand
fransport of fossil fuels; emissions from refineries over this period were static. There
are currently no significant emissions from production of low-carbon hydrogen or
ammonia for energy use.

Figure Mé.2 Trends in fuel supply emissions '«
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Source: National Atmospheric Emissions Inventory (2020) Breakdown of UK GHG emissions by source and
greenhouse gas; CCC analysis.
Notes: All emissions are from fossil fuel supply.
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2. Options for reducing emissions

This section sets out the different options for reducing emissions from existing fuel
supply in the UK (i.e. those from fossil fuel supply).

a) Resource efficiency and energy efficiency

We detail our approach to resource and energy efficiency savings insection 2 of
Chapter 4. In the fossil fuel supply sector, there are small direct savings to be made
fromresource and energy efficiency, although efficiency measures from across the
economy can flow through to reduced demand for cil fromrefineries. Fossil fuel
supply facilities can also become more energy efficient through measures such as
heatrecovery in refineries.

b) Fuel-switching

Electricity, hydrogen and bioenergy can all be used to meet heat, motion (and
electrical) demands, thus replacing the use of fossil fuels and reducing GHG
emissions in the fuel supply sector.

e There are arange of hydrogen and electrical heating technologies, which
are designed to provide different types of heat demand.

e Some fuels or heating technologies have wider potential than others. The
applicability of fuels in the fuel supply sector is informed by Element
Energy’s 2019 report on fossil fuel production.2

e Fuel switching of processes on offshore platforms can be limited by the lack
of connection to onshore electricity (or potentially in future, hydrogen)
networks. This currently results in onsite generation of electricity using fossil
fuels. Connecting platforms to the mainland grid or offshore wind furbines
can allow them to reduce direct emissions.

e Biomass should only be used in energy applications with CCS (i.e. BECCS) in
the long-term, based on the assessment of best use in our Biomass Review.3
BECCS has the net effect of removing CO, emissions from the atmosphere.
These removals are counted in our Greenhouse Gas Removals sector (see
Chapter 12).

Fuel-switching away from petfroleum elsewhere in the economy results also results
in lower demand for petroleum from oil refineries, which can reduce emissions.

c) Carbon Capture and Storage (CCS)

CCS can be used to capture CO, produced by industrial point-sources, and
fransport it fo a storage site, thus reducing emissions to the atmosphere. The
captured CO, may alternatively be usedin Carbon Capture and Use (CCU),
although the potential amount of CO, that could be usedis expected to be
substantially smaller than that which could be stored.

CCS can capture non-combustion process CO, emissions (fromrefineries,
reforming and offshore fossil fuel production) and combustion emissions, including
those arising from the combustion of internal fuels (gases that are produced as
part of the industrial process).
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d) Reduced methane venting, flaring and leakage

The amount of methane thatis vented or flared from oil and gas production, and
from exploration andleaked from the gas pipe network, can be reduced through
a series of measures. Venting and flaring from oil and gas production can be
reduced by recovering the gas andselling it.

When safety requires that methane cannot be recovered, an alternative way o
reduce venting emissions is to flare the methane instead of venting. Venting from
explorationwells can be reduced through reduced emissions completions.
Leakage of methane from the gas network can be reduced through periodic
leakage detection and repair or continuous monitoring, to find the leaks as eary
as possible andlimit the volume of methane released.

e) Low-carbon hydrogen supply

Four main routes for hydrogen supply were included in this analysis:

¢ Fossil gas reforming with carbon capture and storage (CCS). Hydrogen can
be produced by autothermal reforming of methane, plus a shift reaction, fo
produce hydrogen and CO,. The COqis assumed to be captured and
stored geologically. Although the efficiency (85%) and CO, capture rate
(95%) of this process are both assumed to be relatively high, even then this
process would only provide hydrogen with a lifecycle emissions saving of
up to 85% compared to unabated use of fossil gas due to the emissions
from upstream fossil gas production.4 Costs of hydrogen supply via this route
are assumed to be £38/MWh.

o UK-based electrolysis. This supply route entails using electricity generation
that would otherwise be ‘curtailed’ from renewable and/or nuclear
capacity at times when generation from these sources exceeds other
‘direct’ demands for electricity. The electricity is used with 80% efficiency to
produce hydrogen. Costs of electrolytic hydrogen depend on the capital
cost of the electrolyser, its utilisation (or ‘load factor’) and the non-
electricity operating costs, as curtailed power is assumed o be available af
no added cost (see Chapter 5). The cost of hydrogen from fossil gas
reforming with CCSis used as a threshold for electrolytic hydrogen costs
produced with curtailed electricity. The cost assumed in the fuel supply
sector is therefore on average below that for fossil gas reforming with CCS,
varying depending on electrolyser capacity factors.

¢ Imported hydrogen. Hydrogen could be produced outside the UK (e.g.
from low-cost solar in sunnier latitudes) and supplied, potentially via
ammonia, at similar costs to domestic hydrogen production from fossil gas
reformation.s We have assumed that a modest proportion of
hydrogen/ammonia supply is fromthese routes. Assuming that these
imports will only occur if competitive with UK-based production, we have
costed them at the same cost as fossil gas reformation.
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Bioenergy with CCS. Hydrogen can be produced from biomass with CCS,
via gasification and catalytic shift reactions. Sequestration of this biological
CO2 means that this supply route has negative lifecycle emissions. Costs of
hydrogen supply via this route are assumed to be £86/MWh today falling to
£71/MWh by 2050 as efficiency improves and deployment scales up. In the
fuel supply sector this is counted as having zero emissions, with both the
COzremoval and the added costs of this route compared to a low- (rather
than negative-) carbon hydrogen supply alternative accounted for in the
Greenhouse Gas Removals sector (see Chapter 12).

Two further processes using low-carbon hydrogen are also modelled within the fuel
supply sector:

Ammonia for shipping. Ammonia is produced from combining nitrogen
(from air separation) with low-carbon hydrogen (supplied as outlined
above), in the Haber-Bosch process. With some of the hydrogen used for
on-site power and process heating, plant efficiencies are 75% from
hydrogen to ammonia (HHV basis). Given the commercial maturity, we
have not assumedimprovement in ammonia capital or operating costs
over fime, only changes in the hydrogen costs. Ammonia costs are around
£75/MWh in the Balanced Pathway.

Synthetic jet fuel for aviation. Direct Air Capture is used to extract CO, from
the atmosphere, catalytically combined with low-carbon hydrogen to form
syngas, and then Fischer-Tropsch (FT) catalysis fo jet fuel. Process efficiency
from hydrogen to jet, including the low-carbon used for Direct Air Capture,
is 43% today rising to 52% by 2050. Synfuel costs fall fo £114/MWh by 2050 in
the Balanced Pathway.

f) Bioenergy and waste supply

A number of different bioenergy production routes were included in our analysis,
along with the use of wastes. Feedstock costs have been held fixed over time,
whereas conversion processes have been assumed to become cheaper and
more efficient over time. All our bioenergy conversion processes are assumed to
be energy self-sufficient (i.e. no external inputs of fuel or electricity required), which
is reflected in the conversion efficiencies used. The addition of CCSincreases
conversion costs and lowers efficiencies. Costs are set outin section 3.

Solid biomass. Domestic feedstocks (forestry residues, perennial energy
crops, stfraw & waste wood) and imported biomass feedstocks are supplied
directly (without conversion) to the Power, Manufacturing & Construction,
Residential & Non-residential Buildings and Agriculture sectors. These end-
uses increasingly fransition to CCS, or phase out overtime. Current informal
supplies of biomass for building heating (~8 TWh/year) are assumed to
phase outin line with biomass combustion boailers in buildings.

Residual waste. After re-use & recycling, any residual waste not exported or
landfilledis predominantly used in energy-from-waste plants (in the Waste
sector, with CCS being fitted to all plants by 2050), plus some small use in
Manufacturing. Use in waste to jet plants is also possible.

Biohydrogen. Solid biomass feedstocks are gasified then catalytically
converted into hydrogen, with CCS.

Biojet. Waste fats/oils can be hydrotreated into biojet. Solid biomass or
residual waste feedstocks can also be gasified then undergo FT catalysis for
conversion into biojet, with CCS.
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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 (heating oil). We assume some use with hybrid heat pump
systems situated in homes off the gas-grid.

Biodiesel. Biodieselis used in surface fransport, off-road machinery and
agricultural equipment Conventional routes to biodiesel involve frans-
esterification or hydrotreatment of waste fats/oils. Solid biomass feedstocks
can also be gasified then undergo FT catalysis for conversioninto biodiesel,
with CCS.

Bioethanol. Arable crops are fermented into bioethanol in existing facilities.

Biomethane & biogas. Biogasis produced from anaerobic digestion of food
waste, sewage sludge & animal manures, plus captured landfill gas. Maize
biogas is assumed to phase out by the mid-2030s from ~10 TWh/year foday.
Biogasisused in power and manufacturing, but can also be upgraded to
biomethane for gas gridinjection, along with the capture of biogenic CO»
for sequestration.
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3. Approach to analysisfor the Sixth Carbon Budget

We have drawntogether a range of new evidence to underpin the analysis of
long-term decarbonisation that is presented in the Advice report. This
predominantly updates and adds to the evidence base collated for our 2019
advice on Net Zero, which considered decarbonisation to 2050.

a) Fossil fuel supply

The Balanced Net Zero Pathway and the four exploratory scenarios in this sector
differ in several ways, including their energy mix and rates of decarbonisation.
More information on this is in Chapter 3 of the Advice report, and the dataset that
accompanies the report. These scenarios are underpinned by updated evidence
and analysis.

¢ We commissioned Element Energy to undertake new research onthe deep
decarbonisation of industry and produce a model for location-specific
decarbonisation options (formore information, see Box 4.2 and Chapter 4,
section 3). This included deep decarbonisation of fossil fuel supply, building
on the Element Energy (2019) study produced for our 2019 Net Zero advice,
‘Assessment of options fo reduce emissions from fossil fuel production and
fugitive emissions’.

e New evidence on the possible abatement from the electrification of
offshore platforms and its costs was applied to the model outputs.

e We have also updated our synthesis of evidence onresource and energy
efficiency options, and our baselines.

The structure of our analysis follows the following steps:

e [t starts by considering a baseline world where there is no new climate
change mitfigation policy beyond 2019.

e From the emissions baseline in thisworld we deduct, in sequence, demand
reductions from across the economy, abatement from resource efficiency
and energy efficiency.

e Thisis followed by deducting abatement from ‘deep decarbonisation’
options - fuel switching, CCS and measures to reduce methane flaring,
venting and leaking.

e We sefout the approaches we have taken for each of these steps, below.

Baseline projections

Our emissions baseline starts aligned to historical emissions for 2018, the latest year
with fully reported data, based on the National Atmospheric Emissions Inventory
(NAEI).¢ For combustion emissions, corresponding energy data is drawn from a mix
of the NAEI and the Digest of UK Energy Statistics (DUKES),7 allowing for the inclusion
of existing electricity use (whichis notreported inthe Inventory).

Future refinery energy and emissions are projected from the historical 2018 data
using the scaling (% change from 2018) of the BEIS Energy and Emissions Projections
2019 reference case.8 Future emissions from other fuel supply sectors (excluding
refining) are projected using a 2019 study from Element Energy.?
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Figure 6.3 shows our baseline projections. Baseline emissions from these sources are
projected to reduce to 19.5 MICO-e in 2050.

Figure M6.3 Baseline projectionsforsubsectorsin
fuel supply «

Emissions (MtCO,e)

__------__
2 —_——
0 — T — T T T T ;
2018 2023 2028 2033 2038 2043 2048
= Oil and gas platforms = Oil refining
Gas Distribution = Oil and gas processing terminals
Cod mines (open and closed) = Other fosdl fuel supply

Source: CCC analysis.
Notes: All emissions are from fossil fuel supply. Groupings based on Element Energy (2020) Deep-decarbonisation
pathways for UK Industry, report forthe Climate Change Committee.

Resource efficiency, energy efficiency and fuel-switching from
across the economy

To establish pathways for abatement from resource efficiency, energy efficiency
and fuel-switching across the economy we refreshed our synthesis of evidence on
the abatement potential of these measures.

From the baseline, first we accounted for significant changes across the economy
that would affect demand.

Decreased use of petroleum for transport and other applicationsleads to large
reductions in demand for oil refineries. In all scenarios, this demand reduction
equates to 0.4 MtCOqe of abatement in 2019, rising to 9.5 MtCO-e of abatement in
2050.

Next, we applied resource efficiency savings; in fossil fuel supply, these are very

small and spread across the subsectors. Energy efficiency forrefineries is based on
the ‘MaxTech’ scenarios from the ‘2015 BIS Industrial Decarbonisation and Energy
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Efficiency Roadmayps to 2050’.1° We also assume some small additional energy
efficiency in sub-sectors that are not covered by the Roadmaps.

Deep decarbonisation measures

To establish our pathways for abatement from deep decarbonisation measures,
we commissioned Element Energy to substantially extend previous analysis
produced for the CCC and BEIS and develop pathways for the CCC. This involved
gathering new evidence and using this within a new Net Zero Industrial Pathwayys
(N-ZIP) model. Further details of the Element Energy evidence-gathering and N-ZIP
modelling are presented in Chapter 4 and Box 4.2.

Some amendments were applied to the deep decarbonisation abatement
measures coming from the fuel supply pathways and scenarios from the Element
Energy analysis, resulting in a difference between the results reported in the
Element Energy report and our final results.

In particular, new evidence from the Oil and Gas Authority (OGA) on the
electrification of platforms was also included at this stage.

o The OGA study sets out cost-effective electrification of platforms and sets
out a potential pathway that could abate 3 MIC O.e per year.

¢ Inallscenarios, we have applied their pathway and used grid electricity to
provide power to generators and compressors on oil and gas platforms.

o Use of grid electricity keeps open the future option of using dedicated
renewables (e.g. wind) to power these platforms.

We also adjusted CCS capture rates in the period pre-2040 to ?0%, from higher
rates used in the Element modelling (that now apply from 2040 only).

b) Low-carbon hydrogen supply

End-use sectors were given hydrogen costs o use in their analysis forthe
decarbonisation pathway in their sectors. Due to different assumed hydrogen costs
between scenarios, but also different assumed end-use sector choices in the
different scenarios, there is considerable v ariation in hydrogen demands by sector,
and in aggregate, across scenarios.

Once the hydrogen demands at the sectorallevel had been determined, an
assessment was made of the mix of hydrogen supply routes to meet these:

e Electrolysis. Supply of hydrogen from electrolysis was co-optimised with
electricity supply, as outlined in Chapter 5, by placing a value on the
hydrogen produced via electrolysis from electricity generation that would
otherwise be curtailed. This value is based on the avoided cost of
producing hydrogen from reforming of fossil gas with CCS.

— The largest volume of electrolytic hydrogen supply by 2050 is in
Widespread Innovation, as the lower costs of renewable
electricity mean itis more economic to build more renewable
capacity to meet a combination of electricity and hydrogen
demands.

— Headwinds, which has the lowest share of variable renewable
generation, also sees the lowest volume of electrolytic hydrogen
production.
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BECCS. Hydrogen production fromBECCS relies on biomass gasification
technology, which is not fully mature. As such, less biomass was used for
hydrogen production in each scenario than for BECCS power generation,
where technology readiness is higher.

— The largest volume of BECCS hydrogen production is in Tailwinds,
where low renewable electricity costs made BECCS less valuable
to the power sector, but where demands for hydrogen
significantly exceeded electrolytic hydrogen supply alone.

— Widespread Engagement does not feature any hydrogen
production fromBECCS, whichis instead prioritised for power
generation.

Fossil gas reforming and imports. Once contributions to UK hydrogen supply
that are limited by economics and build rates (electrolysis) and available
resource (BECCS) were established, the remaining requirement for
hydrogen supply was allocated between domestic production from fossil
gas reforming with CCS, andimports of low-carbon hydrogen. In each
scenario, imports represented less than 20% of overall hydrogen supply,
while fossil gas reforming with CCS comprised the remainder.

— Fossil gas with CCS made by far the biggest conftribution to
hydrogen supply in the Headwinds scenario, partly due to the
much higher hydrogen demand in that scenario and partly due
to the lesser contribution of electrolysis.

— The confribution from fossil gas with CCS in other scenarios such
as Tailwinds and Widespread Innovation was much smaller by
2050, due to the high share of electrolysis. However, fossil gas with
CCS has an important fransitional role in both scenarios in
providing low-carbon hydrogen during the period when
hydrogen demands grow faster than electrolytic hydrogen

supply.

Supply of low-carbon hydrogen in the baseline is assumed to be zero.

Low-carbon ammonia and synfuel production

Low-carbon hydrogen isused in a variety of end-use sectors, but some is also
converted into ammonia for shipping and synthetic jet fuel for aviation in our
scenarios.

Zero-carbon ammonia. Ammonia production is commercially mature, as is
the distribution and storage infrastructure. All of our shipping scenarios
require 70 TWh/year of zero-carbon ammonia by 2050, although profiles to
2050 vary. Most of this ammoniais assumed to be produced inthe UK from
the available low-carbon hydrogen, however, we also assume there will be
imports of renewable ammonia. In the Balanced Pathway, these imports
are 25% of UK demand, with 0% in Headwinds (self-sufficiency with fossil gas
with CCS) or 50% in other scenarios (to reflect higher globalinnovation in
renewable energy costs).

Synthetic jet fuel. Synthetic fuel production is at early demonstration scale
at present, as is Direct Air Capture. By 2050, our aviation scenariosrequire
30 TWh/year of synthetic jet in Widespread Innovation and Tailwinds, and 10
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TWh/year in the Balanced Pathway. We assume the same proportion of
imports across the scenarios as for ammonia above.

Supply of zero-carbon ammonia and synthetic jet fuel in the baseline is assumed fo
be zero.

c) Bioenergy and waste supply

Emissions in the sector fallinto two categories: additional GHG savings from
increased biomethane injection into the gas grid, or fugitive fossil emissions from
waste to jet fuel plants. All other emissions are either nil or are accounted for
outside of the fuel supply sector (hence our baseline has nil emissions). The focus of
the bioenergy analysis is therefore on supply and use, and new conversion
technology costs.

Bioenergy supply estimates from CCC's 2018 Biomass in a low-carbon economy
were used as the starting point for our analysis. These biomass, biogas, biofuel and
waste supply estimates for 2018-2050 were then updated for each scenario, based
on the latest assumptions andresults from the LULUCF, Agriculture, Waste and fossil
fuel supply sectors.

e New forestry and perennial energy crop harvest data from the Land Use
sector analysis, based on new work on yield classes and planting rates with
the Centre for Ecology & Hydrology.

e Straw, pouliry litter and livestock manures are scaled over time with
respective arable crop production, pouliry numbers and livestock numbers
from the Agriculture sector scenarios.

o Total waste wood arisings held flat, as previously.

e Landfill gos estimates now use the devolved administration landfill gas
modellingin the Waste sector, with new assumptions on waste prevention
and recycling rates, and ban dates on landfilling different wastes. This
resource shows significant declines.

e Food waste arisings scale with population, before waste prevention efforts
from the Waste sector scenarios are applied. Collection rates for anaerobic
digestionrise to 90% by 2030.

e Sewage sludge scales with population, and biogas production increases
with shift fo advanced anaerobic digestionin the Waste sector.

e Municipalsolidwaste (MSW) and commercial & industrial (C&l) waste
arisings were updated using latest Defra statistics, rescaling previous Defra
projections, before waste prevention and recycling efforts from the Waste
sector scenarios are applied to calculate residual wastes not landfilled or
exported (exports phase out by 2030). Biogenic and fossil fractions vary
over fime from the Waste sector analysis with the different landfilling bans.

e Informal biomass supplies from DUKES are phased out in line with Residential
buildings use of solid biomass.

¢ The differencein 2018 between our waste sector biogas supply and DUKES
UK biogas production is assumed to be maize silage anaerobic digestion
(this also matches Defra statistics on maize silage areas for AD). Maize AD is
assumed to phase out by 2035.

e Bioethanol production and imports match the demand for bioethanolin
light duty vehicles, which increases in 2021 with higher bioethanol blending
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in petrol. As petfrol demand falls over time, bioethanol imports are assumed
to phase out first before domestic bioethanol production.

Waste fats/oils biodiesel production and imports match the near-term
demand for biodiesel. UK supplies are assumed to vary with used cooking
oil supply (held fixed) and tallow (declines with Agriculture sector livestock
numbers). These waste fats/oils biofuel imports increasingly become biojet
as biodiesel demands fall.

— The Balanced Pathway follows a ‘fair share' of a global biofuel
resource scenario from 2035, which is not dissimilar to Widespread
Innovation which holds these imports fixed.

— Widespread Engagement phases these imports out by 2040.

— These imports in Tailwinds and Headwindsincrease 70-80% from
today by the early 2030s (as a ‘fair share’ of a more ambitious
global scenario), before Tailwinds holds these fixed and
Headwinds returns to close to 2018 levels.

Biomass imports have a maximum availability which varies by scenario.

— Headwinds follows a ‘fairshare’ of an ambitious global bioenergy
governance world, resulting in biomass imports increasing to 155
TWh/year by 2050 (as in Scenario 4 of our 2018 Biomass report).
Tailwinds also assumes this same highlevel of imports is available.

— Widespread Innovation focuses strongly on UK biomass
production, so phases out biomass imports by 2050 (similar to
Scenario 3 of our 2018 Biomassreport).

— Widespread Engagement and the Balanced Pathway hold the
current biomass import availability of 52 TWh/year steady to 2050,
ensuring sufficient supply to reach Net Zero.*

— Actual biomass imports in any year are determined by the
balance of total UK biomass supply and total UK biomass
demand, and so biomass imports in all years before 2050 are
lower than the maximum scenario availability.

Once these biomass and waste availabilities were established, the next step was 1o
allocate these resources to each of the sectors to use in their pathway analysis.

Our starting position was the 2018 split of bioenergy and waste use by
sector from DUKES and NAE.

This allocation was accompanied by bioenergy costs and emission
intensities for each product consumed by the end-use sectors, from 2020-
2050 (a summary is giveninTable 6.1).

— Bioenergy costs, efficiencies and emissionsintensities can
change over time, but are not assumed to vary across the
scenarios.

— Feedstock costs come from industry benchmarks, with bioenergy
conversion plant costs and efficiencies taken from the Energy
System Catapult’'s ESME model, using the same feedstock costs.
The added costs of CCSinclude £15/tC O, fordownstream
fransport and storage of CO.. All conversion plants of one type

" 52 TWh/yearisbased on 2018 biomassimport levels plus new biomass power plants built since 2018 or under
construction, in effect an estimate of 2021 potentialbiomassimport levels.
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are assumed to run at their given utilisationrate, whichis fixed
over time. Aninvestment interest rate of 8% is applied.

Plant lifetimes are assumed to be 30 years for all plants
converting biomass, and 20 years for those converting wastes.

— Constant properties over time from Defra'2 are assumed for
biomass, waste, biogas, biofuels and biomethane densities,
calorific values and combustion values (only residual waste v aries
with biogenic vs. fossil fractions over time).

— Emission intensities of the delivered fuels (only used for sector
£/1COqe calculations, not for direct emissions) are derived using
these feedstock factors, supply chain emissions (see section 3(f)),
and our CO; capture rates (Chapter 12).

Table Mé.1
Bioenergy conversion technology and feedstock assumptions
£/MWh £/MWh Efficiency  Efficiency gCOze/kWh gCO2e/kWh
2020 2050 2020 2050 2020 2050
| Domestic biomass
| Imported biomass
| Residual waste

| Waste fats/oils biodiesel
| Waste fats/oils to biojet
Biomasss to FT biodiesel with CCS
| Biomass to FT biojet with CCS
| Residual waste to FT jet with CCS
Biomass to heating fuel
(2020 without, 2050 with CCS)
| Biogas to biomethane

| Biogas to biomethane with CCS
| Biomass to bioSNG with CCS

UK biomass to H2 with CCS

| Imported biomass to H2 with CCS

Sources: Defra (2020) Greenhouse gas reporting: conversion factors 2020; Argus (2020) Biomass Markets; ESC (2019) ESME Data R eferences Book; Ofgem
(2019) Biomass Sustainability Dataset 2017-18; CCC analysis.

Notes: All values are in HHV. Emissions intensities are full lifecycle emissions, not what the fuel supply sector or end-use sector accounts for. Residual waste
costed at £0/MWh, as we do not include landfill tax/fransfers.

Some sector analysis then phases out the use of bioenergy as end-use efficiencies
improve and as other low-carbon alternatives (e.g. heat pumps, electric vehicles,
low-carbon hydrogen, offshore wind) become available.

¢ These phase-outs include solid biomassin buildings heating, agriculture and
unabated power, along with bioethanol and biodiesel in surface fransport,
off-road machinery and agricultural equipment.

¢ Manufacturing also has a gradual decline in unabated bioenergy use over
fime, but not a full phase-out.

This led to sectors returning unused bioenergy resources for reallocation. Along with
the growth in available supplies which are also available fo be allocated, these
new allocations fo sectors were based on the findings from our analysis of best uses
of bioenergy, discussed in section 3(f) below.
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e 2050 was the focus, as thisis the Net Zero date and when all available
feedstocks are used. We reallocate to BECCS applications in power,
biohydrogen, biojet andindustrial heating, to maximise GHG savings.
Differences between these allocations also reflect the different scenario
framings, as discussed in the Advice Report, Chapter 3, section 5.

e We then worked backwards in time to scale-up different supply chains and
conversion technologies from their starting points in the late 2020s or early
2030s, to meet the 2050 allocations. Some routes, such as BECCS power,
can reach sector limits around 2040 in some scenarios, and are assumed fo
notincrease further beyond 2040.

e Thisramping up to 2050 means that there is typically a modest surplus of
biomass in earlier years (asseveral existing uses of biomass tend to ramp
down faster/earlier). We therefore reduce biomass imports accordingly so
that demand matches actual supply in eachyear.

e Several conversion technology ramp-ups in the late 2020s and early 2030s
are constrained by technology readiness and the number of developers
globally, in order to ensure early growth is realistic.

e Some bioenergy conversion facilities are built in the 2020s without CCS but
refrofit CCS during the 2030s. Allnew conversion facilities from the early
2030s are built with CCS.

e Itistechnically feasible that some plants built during the 2020s and early
2030s could transition fo a different product spread at relatively low
marginal capital cost. During the 2030s, we model a biodiesel to biojet
fransition (both for plants based on waste fats/oils and biomass FT
gasification) and from bioSNG to biohydrogen (if bioSNG is deployed).
However, any early pre-transitional capacity increases are typically very
modest given that biodiesel use is declining during the 2030s, as is fossil gas
use, and technology scale-up constraints still apply. Biojet and biohydrogen
facilities are still constructed on the original tfimelines, but there is also a
minor boost during the 2030s with these transitions. There is no significant
surge intfo one sector, and then wide-spread retrofitting of capacity 10
years later.

e We do not allow overbuilding of conversion technologies (i.e. there is no
early scrappage or early retirement of plants).

The waste allocation analysis is carried out separately. After accounting for niche
uses in manufacturing, fuel supply and clinical/chemical waste incineration, the
remaining residual waste tonnages are sent to energy-from-waste plants in all
scenarios, exceptin Widespread Engagement when 70% is sent to jet fuel
production by 2050. Unlike for biomass where supply can exceed demand (and
biomass imports fall), we assume all waste must be used each year.

The final allocation of bioenergy and waste to end-uses therefore differs across
scenarios, as set outin the Advice Report, Chapter 3, section 5. The resulting
volumes of biogenic CO, captured from BECCS applications are given in Chapter
12 of this report.

The capital and operating costs of the different bioenergy conversion routes are

then calculated bottom-up from the added capacity in a year, and the total
deployment of aroute (and hence feedstock consumption).
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e Our analysis assumes increasing efficiencies and capture rates, and
declining capital and operating costs over time. Given the complexities of
handling 24 different routes, it was only possible to implement a fleet/sales
approach for capital costs (i.e. plants built earlier cost more) and the
added capital costs of fransitioning a plant fo another output (e.g.
biodiesel to biojet in a particularyear).

e |t was not possible to implement this approach for other metrics — this
means that in each year, the efficiency, operating costs and capture rate
of arouteis the same across all the plants in that route, regardless of when
each plant was built.

— Our assumptions regarding efficiency improvements are
therefore relatively modest to account for this fleet impact.

— Operating costs are expected to fall over time with experience
and greater automation, sharing overheads across a fleet of
plants, and as plants scale up in size with commercialisation.

— Capture rates could be improved after installation, with process
optimisation, new equipment or improved materials/solvents.

d) Devolved administrations

The use of site-level data in the N-ZIP model provided emissions, abatement and
costs data that could be attributed to the devolved administrations (DA). We have
used this data to produce a pathway for each DA for each scenario.

For hydrogensupply, the only relevant allocation to devolved administrations are
the fugitive emissions from fossil gas reforming with CCS, due to CO, capture rates
being below 100%. We distribute UK-wide gas reforming proportionately to the DAs,
based on their share of industrial CCS in our scenarios. In the Balanced Pathway
thatis 15% and 25% for Scotland and Wales respectively in 2050.

For bioenergy conversion, our approach to allocating biogenic CO, capturedis
detailed in Chapter 12. We do not specifically allocate BECCS plants fo the
devolved administrations, but present DA trajectories without engineered GHG
removals and then discuss the amount of BECCS or DACCS (Direct Air Capture of
CO, with storage) that would have to be assumed to be built within each
devolved administration. This approach also extends to the capital and operating
costs of BECCS plants not being specified within the DAs. The exception is the use
of biomass with CCS in Manufacturing & Construction, which will be location-
specific, and follows the Element Energy N-ZIP model results.

There is some abatement in Fuel Supply from the injection of additional
biomethane into the gas grid at above baseline levels, displacing fossil gas. This
abatement and cost is allocated to the DAs according fo the location of the
biogas resources.

For bioenergy supply, each DA is assumed to produce:

e Forestry and perennial crop feedstocks according to DA data from the
Land use sector.

e Straw, poultry litter and livestock manures are split by respective arable
crop production, poultry numbers and livestock numbers fromthe
Agriculture sector scenarios.
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o Landfill gasis from DA specific landfil gas modelling in the Waste sector.

e Foodwaste, sewage sludge, waste wood, MSW and C &l waste arisings are
assumed to be split by population, and waste prevention andrecycling
efforts from the Waste sector scenarios.

o Informal biomass supplies are assumed to be apporioned to existing
forestry areas, and maize biogas is apportioned to maize areas.

e Bioethanol and waste fats/oils biofuels are assumed to be apportioned to
DAs based on existing facilities and their assumed production overtime.

e) Uncertainties

Fossil fuel supply

We have used the results of our analysis to inform ourrecommendations around
future deployment of deep-decarbonisation measures and CO, and hydrogen
infrastructure. However, there is much uncertainty about many of the assumptions
that we have used in our analysis. Therefore, we have considered a range of
sensitivities o the assumptions, to form different pathways, with the purpose of
identifying a range of different futures and the most — and least — robust
conclusions of the analysis. More detail onthe model parameters is given inthe
accompanying report by Element Energy 3. Some model sensitivities are described
in Chapter 4, section 5.Uncertainties for fossil fuel supply also include those that
have been seen in the past, relating to the voldfility of global prices.

Low-carbon hydrogen supply

Uncertainties in our assessment of low-carbon hydrogen supply options could imply
a different supply mix and/or supply costs in the future:

o Therole for electrolysis. The role for electrolysis depends on both its
interaction within the electricity system and its cost-competitiveness with
other ways to supply hydrogen.

- While our modelling of the electricity system using the BEIS
Dynamic Dispatch Model (DDM) considers in sufficient detail the
poftential for electrolysis to utilised otherwise ‘curtailed’
generation, it does not include a sufficiently wide range of
alternative electricity storage options that might have lower costs
and/or higher efficiencies. However, while a larger role for other
electricity storage technologies may imply a lesser role for
electrolysis, these alternative forms of storage would also reduce
the need for back-up generation, implyinglower hydrogen
demand from the power sector.

— Asthe economics of electrolytic hydrogen in our analysis rely on
the electricity being otherwise curtailed and therefore available
at no additional cost, the cost of electrolytic hydrogenis driven
by the capital cost and utilisation of these electrolysers. Both of
these factors are uncertain.

— Electrolytic hydrogen production from a given set of electricity
system capacities will fend to have some year-to-year variation,
depending onthe weather and therefore levels of wind and
solar generation. Our analysis represents a typical year. In years
with significantly higher renewable generation, the surplus from
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the electricity system may be substantially greater, and vice-
versa in a year with low renewable generation.

The availability of capacity to produce hydrogen and electricity
from fossil gas with CCS, which has relatively low-utilisation by
2050 in a typical year, ensures that sufficient capacity is available
to meet electricity and hydrogen demands in a low-carbon way.

¢ Hydrogen production from biomass gasification with CCS. While our analysis
assumes some use of biomass gasification to produce hydrogen, with up fo
90% of the biogenic CO, captured and sequestered, biomass gasification
technology isnot yet mature.

While itis desirable to have a diverse mix of hydrogen supply routes and
minimise reliance on imported fossil gas, the same demands for hydrogen
can be met with a supply mix that excludes biomass gasification with very
similar emissions. This is assuming that biomass used in hydrogen production
can otherwise be used for other BECCS applications (see Chapter 12).

¢ Hydrogen production fromfossil gas with CCS. Reforming of fossil gas can
provide large-scale low-carbon production of hydrogen. Ifs role depends
on it being sufficiently low-carbon on a lifecycle basis and on economics:

—  We have previously estimated that this would provide an
emissions saving of up to 85% compared to unabated direct use
of fossil gas (e.g. in gas bailers) on a lifecycle basis. This saving
depends on both achieving a 95% CO, capture rate at the gas
reformation stage, but also on upstream emissions from fossil gas
production being at the bottom end of our estimated range of
15-70 gCO2e/kWh. 4 While Equinor has suggested that upstream
emissions from Norwegian fossil gas production could be
considerably lowerthan 15 g/kWh, 5 it is possible that a
substantial fraction of fossil gasimported to produce hydrogen
could be in the form of liquefied natural gas (LNG), which could
have a considerably larger footprint.’s Higher residual lifecycle
emissions from fossil gas reforming would imply a more limited
role.

— The large maijority of the costs of hydrogen supply via thisroute
are from use of fossil gas. These means that its economics are
highly dependent on future gas prices.

¢ Cost competitiveness and domestic production vs imports. A key
uncertainty is the future relative cost-competitiveness of UK low-caroon
hydrogen production vs. other world regions, and fransport logistics. This will
determine whether UK is entirely self-sufficient for its hydrogen, ammonia
and synfuel production, orimports the majority of its hydrogen, ammonia
and synfuels fromworldregions with even cheaper renewable power than
in the UK. On the basis that we need to show the costs of UK
decarbonisation to Net Zero, including the associated networkimpacts on
UK power generation, and without over-relying on low-carbon energy
sourced from other countries that will also be looking to decarbonise, we
have limited imports in the Balanced Pathway to only 14% of hydrogen
supply, 25% of ammonia supply and 25% of synthetic jet fuel supply.
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Bioenergy and waste supply

COVID-19. We have not attempted to calculate a long-term reductionin
energy demand due to structural changes in GDP due to COVID-19; nor
have we considered any potentialreductions in supply via failures of
feedstock suppliers, supply chain actors or potential plant operators. There
remain some uncertainties as to the size of the energy industry that will
emerge after COVID-19, and the level of investor appetite forless mature
technologies.

Best use of bioenergy. The best use of bioenergy analysis relies on CCS
being widely available from the late 2020s onwards. A significant delay in
CCS becoming available that significantly constrains BECCS deployment
by 2050 may, depending on CCS readiness of these uses, shift the balance
of best uses away from power and hydrogen (where 20-95% of feedstock
carbon is captured, but the counterfactual product is increasingly low-
carbon) and towards industry heating (displacing fossil fuels) and transport
biofuels (where less feedstock carbon is captured in processing, but fossil
fuels are displaced).

Cost competitiveness and domestic production vs imports. A key
uncertainty is the future relative cost-competitiveness of UK sustainable
bioenergy production vs. other world regions, and transport logistics. This will
determine whether UK is entirely self-sufficient for its biomass production, or
imports a significant share of its biomass from world regions with larger
biomass basins and more established supply chains. On the basis that we
need to show the costs of UK decarbonisation to Net Zero, without over-
relying on energy sourced from other countries, we have limited biomass
imports in the Balanced Pathway to only 21% of total biomass supply (the
same import dependency level asin2018).

Sustainability criteria. Tighter sustainability standards including GHG
thresholds could potentially favour UK biomass over imports, given shorter
distances and faster decarbonisation of energy inputs to UK supply chains
than in many other world regions.

Perennial energy crop and short-rotation forestry biomass characterisfics.
While being high-yielding than long-rotation forestry, fast growing biomass
resources also typically grow containing higher contents of ash, halides and
alkali metals. These chemical components can present operationalissues in
biomass combustion boilers and gasification plants. Solutions typicdlly fall
into modifying existing assets, designing new-build plant specifically for
these feedstocks, or pre-treatment to remove/reduce some of these
components. These solutions may add costs to the use of these feedstocks.

Application of costs. Our costs for bioenergy conversion plants are
indicative. There is likely to be a broad range of costs around our estimates,
given differences insite size, location, existing equipment, cost of capital
and lifetimes. Smaller projects or projects further from feedstock sources or
CCS hubs might cost significantly more than modelled.
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f) Best use of bioenergy and waste

Best use of bioenergy

As detailed in Chapter 5 of the CCC's (2018) Biomass in a low-carbon economy
report, the highest GHG savings when using biomass are achieved with high CO»
sequestration rates and displacement of high-carbon alternatives. This analysis was
focused on woody biomass in 2050, for use in fimber frame buildings, industry,
hydrogen, power, aviation and cars, and was also conducted prior to the UK's Net
Zero target being seft.

In the Sixth Carbon Budget analysis, we have extended and updated this ‘best use
of bioenergy’ analysis:

e Analysis has been conducted in 2020, 2035 (the mid-point of the Sixth
Carbon Budget period) and 2050.

o The scope of the routes considered has been broadened, to cover woody
biomass use in aviation, shipping, cars, HGVs, gas grid, home heating liquid
fuels, hydrogen, power, industry and timber frame & wood panel
construction. Best use of wastes across power, aviation, gas and hydrogen
have also been considered for the first time.

o Assumptions regarding route efficiencies and ¢ apture rates have been
updated to be aligned with the latest evidence from the end-use sectors
and GHG removals sector analysis, and these rates improve over time. For
fransport biofuels, we are assuming gasification and Fischer-Tropsch (FT)
catalysis, although other similar routes would achieve a similar outcome.

e The number of potential counterfactudls (i.e. high-carbon orlow-carbon
alternatives to the use of bioenergy in a sector) have been increased, and
the counterfactual GHG intensities have been updated fo align to the
Balanced Net Zero Pathway.

e Estimates of upstream biomass supply chain GHG emissions have been
added to the analysis, from Ofgem sustainability data,” as these were
previously missing. Assumptions are made that these upstream emissions will
decline over time as supply chain energy and chemical input components
decarbonise, in line with the Balanced Pathway. Upstream biomass supply
chain emissions are assumed to reduce by 66% from today’s values by 2035
and 90% by 2050.

¢ No land-use change emissions or sequestration have been accounted for
in this analysis, despite UK forestry and perennial energy crops both being
expected to lead to significant carbonsinks (Chapter 7).

o Abatement for timber constructionis calculated based on a whole-house
unit designed to meet the same SAP ratings, implying lifetime operational
emissions for each house equal to masonry counterfactuals.
Counterfactual emissions for concrete, cement & brick are assumed to
reduce by 69% from today's values by 2035, and by 95% by 2050, in line with
our Balanced Pathway forthe manufacturing & construction sector.

The following set of charts show the estimated GHG abatement provided by one

oven dried tonne of biomass used in various sectors, considering the most
appropriate counterfactual in each sector for that year.
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We show abatement broken down by sequestered carbon (the amount of CO»
stored and/ornotreleased into the atmosphere due to CCS technology);
displaced carbon (the amount of fossil CO, that would have been emitted to the
atmosphere in the counterfactual case had biomass not been used); and
upstream carbon (from the feedstock supply chain).

With no CCS available in 2020, the best use of biomass is currently eitherlocking up
biogenic CO, as wood in construction, or displacing coadl inindustrial applications
(Figure 6.4). The UK electricity grid has already decarbonised significantly, hence
additional use of biomass in unabated power is not a best use of biomass.

Figure Mé.4 Best use of biomassin 2020 «

Timber frame building (Masonry)

Industrial use, no CCS (Coal/coke)
Industrial use, no CCS (Gas no CCS)

ElecTicity, no CCS (Grid average)

Hydrogen, no CCS (H2 from Gas, no CC3)
BioLPG forhome heating, no CCS (Fossi LFG)
BioSNG, no CCS (Natural gas)

HGV FT biofuels, no CCS (Fossil diesel/perol)
Car FT biofuels, no CCS (Fossil diesel/petrol)
Ship FT biofuels, no CCS (Fossil marine fuel)

Axdiation FT biofuels, no CCS (Fossil jet)

0.5 0 0.5 1 1.5 2 2.5 3 3.5

tCO,e abated / odt biomass

B CO2sequestered BCO2e displaced BCO2e emitted upstream CO2e netbdlance

Source: Ofgem (2018) Biomass Sustainability Dataset 2016-17; CCC analysis.

Notes: Counterfactuals given in brackets. Upstream emissions include cultivation, processing, fransportation and
directland-use change, but indirect land-use change and changes inland carbon stocks when no land-use
change occurs are excluded. Upstream min-max range from Ofgem feedstock data (sawmill co-products,
Miscanthus, SRC, wood pellets, forest residues and brash bales).
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By 2035 (Figure 6.5), CCSis assumed fo be widely available and deployed at
bioenergy conversion facilifies. Use of biomass inindustry, power and hydrogen
result in similarly high totallevels of abatement, due to high C O, capture rates,
although there is little abatement from displacement of fossil fuels as the grid has
decarbonised and CCS has been added to much of industry (Figure 6.5).

Figure Mé.5 Best use of biomassin 2035 «

Timber frame building (Masonry)

Industrial use, with CCS (Coal/coke w CCS)
hdustrial use, with CCS (Gas w CCS)
Electicity, with CCS (Grid average)

Hydrogen, with CCS (H2 from Gas w CC3)
BioLPG forhome heating, with CCS (Fossil LPG)

BioSNG, with CCS (Natural gas)

HGW FT biofuels, with CCS (Fossil diesel/petol)
Car FT biofuels, with CCS (Bectic vehicles)
Ship FT biofuels, with CCS (Fossil marine fuel)

Aviation FT biofuels, with CCS (Fossil jet)

0.5 0 0.5 1 1.5 2 2.5 3 3.5

tCO,e abated / odf biomass

B CO2sequestered BCO2e displaced BCO2e emitted upstream CO2e netbdance

Source: Ofgem (2018) Biomass Sustainability Dataset 2016-17; CCC analysis.

Notes: Counterfactuals given in brackets. Upstream emissions include cultivation, processing, fransportation and
directland-use change, butindirect land-use change and changes inland carbon stocks when no land-use
change occurs are excluded. Upstream min-maxrange from Ofgem feedstock data (sawmill co-products,
Miscanthus, SRC, wood pellets, forest residues and brash bales).

Use of biomassin bioliquids/bioLPG for home heating, gas grid injection, and
transport biofuels” can achieve high overall abatement, but onlyif high-carbon
fuels are being displaced, since sequestration is lower (due to carbon remainingin
the final fuel). If the counterfactualis a low-carbon option, such as electric cars,
then this displacement abatement disappears —so the use of biomassin the car
fleetis not a best use by the 2030s.

The use of woodin constructionis still a best use, although the displaced emissions
associated with production of the counterfactual (e.g. bricks, cement) are
expected to fall in line with UK manufacturing & construction sector emissions.
Upstream GHG emissions have also fallen, inline with the improved carbon
intensity of biomass tfransport and any pre-processing.

* For example in aviation. Shipping & HGVs are staringto decarbonise with use of low-carbon ammonia in shipping
and electricity/hydrogen use inHGVs by 2035, so the counterfactualmay be lowerthan shown.
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By 2050 (Figure 6.6), the main change is that the counterfactualin some sectors will
have changed —for example, HGVs and shipping will be fully decarbonised using
electricity and low-carbon hydrogen/ammonia fuels. The use of biomass in
industry, power and hydrogenremains a best use (Figure 6.6), and the use of
biomass in producing fuels is only a best use if high-carbon fuels are still being
displaced, asinaviation.

There might still be a small niche for bioliquids/bioLPG for home heating if still
displacing fossil fuels off-gas-grid, although these opportunities will be very limited
due to efficiency and electrification. Fossil gas will still be used in the UK in 2050,
however, asmuch of this fossil gas is going to hydrogen production (with CCS), it
would be a more efficient use of biomass to make biohydrogen directly, instead of
via bioSNG.

Figure M6.6 Best use of biomassin 2050 «

Timber frame bulding (Masonry)

Industrial use, with CCS (Coal/coke w CCS)
Industrial use, with CCS (Gas w CCS)
Electicity, with CCS (Grid average)

Hydrogen, with CCS H2 from Gas w CCS)
BioLPG for home heating, with CCS (Fossi LPG)

BioSNG, with CCS (Natural gas)

HGV FT biofuels, with CCS (Hectric vehicles)
Car FT biofuels, with CCS (Bectric vehicles)

Ship FT biofuels, with CCS (Low C ammonia)

Aviation FT biofuels, with CCS (Fossil jet)

0.5 0 0.5 1 1.5 2 2.5 3 3.5

tCO,e abated / odt biomass

B CO2sequestered BCO2e displaced BCO2e emitted upstream CO2e netbalance

Source: Ofgem (2018) Biomass Sustainability Dataset 2016-17; CCC analysis.

Notes: Counterfactuals given inbrackets. Upstream emissions include cultivation, processing, transportation and
directland-use change, but indirect land-use change and changes inland carbon stocks when no land-use
change occurs are excluded. Upstream min-max range from Ofgem feedstock data (sawmill co-products,
Miscanthus, SRC, wood pellets, forest residues and brash bales).
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In summary, the findings from this new analysis support and strengthen the
conclusions reachedin the 2018 CCC Bioenergy report. Upstream emissions will
diminish, best uses in 2035 already align well with those in 2050, and new bioenergy
conversion facilities have to either be built with CCS or CCS ready, and their output
products already aligned, or able to align, to long-term best uses.

Upstream biomass supply chain GHG emissions (excluding land-use
change®) will not significantly change the benefits of BECCS if policy &
governance frameworks are well designed, and willimprove significantly
over time as harvesting, fransport, storage and pre-processing steps
decarbonise.

With the widespread use of CCS on bioenergy facilities by the mid-2030s,
the 2035 outlookis similarto 2050, as improvements in bioenergy process
efficiencies and CO, capture rates are only modest. Changes in
counterfactuals or their emissions intensities are a much bigger factor over
this period.” However, BECCS applications that have high sequestration
rates are not significantlyimpacted by the choice of counterfactual.

Bioenergy use inthe UK, which will be driven by policy incentives, already
needs to focus on long-term best uses. There is unlikely to be sufficient time
to undergo an infermediate transition before another final fransition occurs,
given assets built in the 2020s will still likely be operational by 2050.

— Thereis therefore limited scope to develop biofuels for HGVs or
shipping, given these are not best uses from the mid-2030s.
Biofuel plants will need to focus on maximising biojet instead —
although recognising that biojet plants may also output some
heavier fuel co-products for HGVs or shipping, and lighter co-
products such as biolLPG.

— Thereis also likely to be a limited role for bioSNG, given the use of
fossil gas will be declining o 2050, although bioSNG plants can
be refrofitted to biohydrogen production to ensure best use.

“ Land-use change emissions are covered under the LULUCF sector.

" This analysisis simplistic in terms of choosing a set of snapshot counterfactuals, whereas a more sophisticated analysis
might consider blended counterfactuals to match sectordecarbonisation profiles (without the use of bioenergy).
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The following set of charts show the estimated GHG abatement provided by one
oven dried tfonne of residual waste (with mixed biogenic/fossil fractions) usedin
various sectors, considering the most appropriate counterfactualin each sector for
that year.

Today (Figure 6.7), without CCS, conversion of waste into different energy vectors
results in fossil CO, emissions (negative sequestration bars). These emissions are,
however, offset by the methane emissions avoided from diversion away from
landfill.

Upstream supply chain emissions in waste fransport and pre-processing are small.
The largest displacement savings are achieved inindustry, via displacing high-
carbon feedstocks. Savingsin other applications are more modest — particularly
energy-from-waste power plants, as UK electricity isnow lower carbon than other
vectors. Use of waste in energy-from-waste plants is still just about better than
landfilling foday, but other routes are able to achieve higher abatement in the
near-term.

Figure Mé6.7 Best use of waste in 2020 «
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Source: CCC analysis.
Notes: Counterfactuals given inbrackets. Upstream emissions include processingand transportation. Indicative
min-maxrange given.
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However, by 2050 (Figure 6.8), there is strong convergence between all the routes.
High capture rates mean that 5-10% fugitive fossil CO, emissions in conversion are
small compared to the 90-95% of biogenic CO, sequestered from conversion.
Given no waste is sent to landfill from 2040 (under the Balanced Pathway), the
landfill counterfactual savings no longer apply fo this 2050 snapshot. The
abatement from displacing fossil fuels has shrunk in several sectors due to the
addition of CCS to the counterfactuals, and further decarbonisation or fuel-
switching. Thisleads to the different routes achieving similar levels of overall
abatement by 2050 (well within the uncertainty range of this analysis).

Our analysis of the best use of waste is more limited in scope than for biomass but
has identified that adding CCS to energy-from-waste power plants leads to similar
GHG savings outcomes as waste to jet fuel plants with CCS or other routes to
hydrogen orgas. The addition of CCS is critical in turning fossil emissions from waste
into net biogenic CO; sequestration, and given asset lifetimes, all waste conversion
facilities have to either be built with CCS or CCS ready, and their output products
already aligned, orable to align, to long-term best uses.

Figure Mé6.7 Best use of waste in 2050 «

Industrial use, with CCS (Coadl/coke w CCS) +
EfW incineration, with CCS (Grid average) L
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OCO2e avoided landfil CO2e netbdance

Source: CCC analysis.
Note: Counterfactuals givenin brackets. Upstream emissionsinclude processing and transportation. Indicative min -
max range given.
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The following sections are taken directly from Chapter 3 of the CCC’s Advice
Report for the Sixth Carbon Budget.!
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1. 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 actionto reduce
emissions from the remaining
fossil fuel supply.

Introduction and key messages

Our Balanced Net Zero Pathway for Fuel Supply involves a transition from
producing 1,100 TWh of fossil fuels and 170 TWh of bioenergy in 2018 fo 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 consulfancy 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 out in 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 Supply sector contains low-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 A3.5.aSources 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 Netf 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 transmission and distribution
networks and open and closed coal mines (see Methodology report for further
details).Oil refineries emissions are abated through reduced 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 ol
refining in the UK and the associated emissions by 5 MtCO.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 canbe 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 MIC O»e/year of abatement in 2030, 3
MICO.e/yearin 2035 and 4.5 MtCO.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 fo reduce methane flaring and venting:

e Electrification of offshore platforms and processing terminals contributes 5
MICO.e/year of abatement in 2035. This involves 4 MICO»e/year of
electrification of compressors and generators on oil and gas platforms,
which requires connecting the platforms fo 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 start in
the mid-2020s, with some action electrification of platforms assumed to
occur within our baseline.

¢ Use of hydrogen plays a smaller role in the fossil fuel abatement pathways,
providing 1 MtCO»e/year of abatement across platforms and terminals.

e Measures to reduce methane flaring and venting, such as capturing the
gas and sellingit, 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 fransmission 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
MtCO.e/yearin 2035.

Other abatement measures in the fuel supply Balanced Pathway include 0.5
MICO.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 in the gas grid.

The largest sources of remaining emissions from fossil fuel supply in 2050 is from
closed coal mines (0.4 MtCOe/year). Fromthe wider Fuel Supply sector, there is
also 1 MiCOze/year remaining from hydrogen productionin 2050.

i) 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 to 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
sectorsin terms of demand, with smaller contributions from other sectors including
buildings and surface fransport.
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Hydrogen starts being used at
scale in the late 2020s,
ramping up significantly to
2045.

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 A3.5.b Hydrogen demandsin the Balanced

Source: CCC analysis.
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Notes:Demand in shipping is likely to be as ammoniaratherthan compressed hydrogen. Demand givenis for H2
produced in 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 synfuek).

In the Balanced Net Zero Pathway, hydrogen production isfroma mix of supply
routes, with differing conftributions over time:

Electrolysis:

- The relatively low 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 constrained by how much renewable capacity can be built and
contribute 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.

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 fossil gas. 2
So, while reforming of fossil gas with CCS is important in establishing a mass
market for hydrogen, providing around 60% of hydrogen supply by 2035, it
falls info more of a supporting role by 2050, providing 32% of hydrogen
supply. The smaller share for hydrogen 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 A3.5.c Hydrogen supply in the Balanced
Net Zero Pathway
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Notes: This onlyincludes H2 produced in the UK, or imports of H2. Imports of ammonia and synfuels are not plotted,

but on a H2 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.

4]

iii) Bioenergy supply

Sustainable bioenergy is essential for reaching Net Zero. Givenresource supply
limitations, it must be used in those 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 A3.5.d Bioenergy and waste use in the «
Balanced Net Zero Pathway
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Notes:These valuesare TWh/yr HHV, given as the starting 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 fime (Figure 3.5.€). A number of these routes
involve CCS, with further details of the GHG removals 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 cumrently used
forroad fransport biodiesel wil
fransition to biojet during the
2030s.

Biodiesel has a potential
fransitional role inHGVs and
buses, but over time wil
increasindy focus on bigjet for
aviation.

Biomethane & biogas could
displace up to 10% of UK gas
demand, and biomethane
injection into the gas grid more
than frebles 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
fotal 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 ii) 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 transition 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/aoils in existing facilities, andimports,
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 facilities.
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 landfilled are predominantly incinerated in energy from waste
plants, with some small use in Manufacturing. All energy fromwaste 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 UK becomes
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 A3.5.e Bioenergy and waste supply in the «
Balanced Net Zero Pathway
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Notes:These values are TWh/yr HHV, given as the starting 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 fraded 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 to end-use sectorchoices

Figure A3.5.f Emissions pathways forthe fuel supply
sector
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ii) 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 inthe end-
use sectors, with the role in buildings heating particulany contributing to the upper
end of demand. Hydrogenis also usedin Direct Air Capture with CCS or synthetic
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 TWh in the
Balanced Pathway).

This is due to limits on scaling up further the conftributions on hydrogen supply from
electrolysis (e.g. due to build rates for zero-carbon capacity and costs) and from
BECCS (i.e. due fo finite bioenergy supplies) — as a result, higher hydrogen demand
would be likely fo lead to much greater dependence onreforming fossil 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 lofs of
renewableson the grid use
more electrolysis.

45

Figure A3.5.g Sectoralhydrogen demands in 2050 «
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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 demand 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 forBECCS (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-caroon hydrogen demand is relatively low
(around 160 TWh/year in 2050). Electrolysis supply follows a similar path to
the Balanced Pathway, but due to the lower level of fotal 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 conftributes 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 costrenewableson the
gridleads to cheaper
electrolysis but also cheaper
electrification of end use
sectors. Electrolysiscan
dominate hydrogen supplies
by 2050.

Scenarios with a very rapid
uptake in demand for low-
carbon hydrogenwilrely on
fossil gas with CCS in the
fransition.

e Widespread Innovation has a similar overall level of low-carbon hydrogen
demand (233 TWh/year in 2050) as in the Balanced Pathway, as low-cost
renewables enable electrification to outcompete hydrogen across a
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 importantrole for fossil gas with CCS in the fransition, which
provides 46% of supply in 2035 before faling into a back-up role supplying
just 5% in 2050. The contribution of BECCS hydrogen productionrises to 9%
by 2050, and imports supply 10%.

e Tailwinds is similar to the Widespread Innovation scenario by 2050, although
it has significantly higher total hydrogen demandin earlier years, peaking
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 cruciall
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 A3.5.h 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 feedstockshavea
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 technologies and end-use solutions, with
the role of BECCS power and BECCS hydrogen confributing to the largest
differences between the scenarios.

Figure A3.5.i Bioenergy and waste use in 2050
across the scenarios
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Source: CCC analysis.
Notes:These values are HHV, given as the starfing CCC ‘Primary’ bioenergy and waste resources, i.e. solid biomass,
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:

¢ Inthe Headwinds scenario, bioenergy demandis relatively high. The role of
variable renewables in electricity is lower than in other scenarios, allowing a
larger role forBECCS 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 o lower
hydrogen demand, there is no role for BECCS hydrogen. Waste prevention
andrecycling, 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 crogs.

e The Widespread Innovatfion 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 to biomethane, before these plants
fransition to biohydrogen and retfrofit 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 transitional role for biomass gasification to biomethane.

Figure A3.5.] Bioenergy and waste supply in 2050 «
across the scenarios
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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 fo this tfransition 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
£70/1CO2e. The costs of producing hydrogen and bioenergy supply are accounted
forin abatement costs in those sectors in which the hydrogen and bioenergy are
used to reduce emissions.

Figure 3.5.k sets 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 A3.5.k Additional capital and operating «
costs for the fuel supply sectorin the Balanced
Net Zero Pathway
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Notes: Hydrogen supply wedges also account for costs associated with production of ammonia and synthetic
fuels. Opex costs are positive in the fuel supplysector.
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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. Overdll 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 produced in 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 biojeft,
biodiesel, heating bioliquids, biomethane and biohydrogen conversion facilities.
These are capital intensive, as well as having significant ongoing operating costs
due fo biomass feedstock costs. However, the added costs of installing CCS onfo 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 facilities,
before falling to £200 million/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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Endnote

1 CCC(2020) The Sixth Carbon Budget — Advice Report. Available at: www.theccc.org.uk
2CCC (2018) Hydrogen in a low-carbon economy
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Chapter 3

Policy recommendations for the
Fuel supply sector
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The following sections are taken directly from Chapter 6 of the CCC's Policy
Report for the Sixth Carbon Budget. !
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Table Pé.1

Summary of policy recommendations for fuel supply

Implementation of
lower-cost measures

Reducing UK and
consumption emissions

Hydrogen
Strategy

Demonstration / near-
term deployment in
end-uses

Demonstration / near-
term deployment in

supply

Regulation

Decarbonising fossil fuel supply

Set arequirement that from 2021 any new plans for offshore oil and gas platforms and
associated installations must use low-carbon energy for their operations. As a result, all
new oil and gas platforms should have no direct emissions from operational energy use by
2027, at the latest.

From 2025, flaring and venting should only be permitted when necessary for safety
reasons.

Develop apolicy to reduce emissions from existing oil and gas platforms in line with our
Balanced Pathway.

Develop carbon-intensity (or broader) measurement standards for gas and oil, by working
with industry and the international community

Facilitate increased collaboration between the UK's offshore oil and gas and offshore
wind sectors, exploring the potential for direct power connections to platforms.

Set ambitious requirements for reductions in leakage of methane from the gas grid.

Focus hydrogen demand on areas where that cannot feasibly decarbonise without it.

Pursue proven solutions (e.g. electrification) in the 2020s, in parallel with developing
hydrogen.

Set out vision for conftributions of hydrogen production from different routes to 2035.

Power. Establish and grow market for decarbonised dispatchable power solutions (H2
turbines + gas CCS) to support unabated gas phase-out in power generation by 2035.

Manufacturing. Incentivise hydrogen use, but on level playing field with electrification.

Buildings. Research and pilot projects are needed to provide evidence for strategic
decisions.

Surface fransport. Build tfowards decisions on zero-carbon HGVs by undertaking large-
scale trials.

Shipping. Incentivise hydrogen/ammonia use and aim to develop a ‘clean maritime
cluster’ by 2030.

Get on with low-carbon production to establish low-carbon hydrogen supply chain, and
also drive innovationin cost and performance.

Blue hydrogen. It is important to deploy fossil gas CCS early to prove thatit can deliver
suitable emissions reductions vs. fossil gas (i.e. at least 95% CO, capture, 85% lifecycle
GHG savings).

Gaisification. Support commercialisation of biomass gasification with an aim to establish
hydrogen production from bioenergy with CCS.

Electrolysis. AnRD&D programme is required to improve the cost and performance of
electrolysers.

Allnew power capacity should be hydrogen- and/or CCS-ready as soon as possible and
at the latest by 2025, including being located where hydrogen/CO 2 infrastructure will be
available.

Mandate boilers in buildings to be hydrogen-ready from 2025 atthe latest, without pre-
judging the respective roles of hydrogen and electrification.

Government should consider atwhat point and whatlevel it would make sense to set a
maximum carbon-intensity for hydrogen supply.
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Incentives * Ensure thatlow-carbon hydrogen capacity is incentivised to contribute emissions
reductions (including mixing with fossil gas) at least for power generation, industrial clusters
and grid injection.

* Ensure thatincentives for hydrogen use, together with electricity pricing, don't bias
solutions towards hydrogen where electrification is competitive.

* Avoidincentivising electrolysis based on (non-curtailed) grid electricity, as likely to push up
emissions — focus on curtailed generation and dedicated renewable electrolysis.

Bioenergy and waste

NN SR NEL B« GHG savings from bioenergy and waste to be maximised to achieve Net Zero, via use of
term best-uses CCS and displacement of fossil fuels (in line with our best-use analysis from Chapter 6 of
the Methodology Report). Scale-up and new applications to be aligned with 2050, or able
fo transition at low cost.

* Develop new support schemes for GHG removals, sustainable aviation fuels, biohydrogen
and growing perennial energy crops in the UK.

CCS readiness * Sef new requirements for CCS-readiness at bioenergy & waste conversion facilities (even
requirements at small scale), with datesbeyond which new facilities should be built with CCS, and dates
for when CCS will need to be refrofitted to biomass & waste facilities already in operation.

International leadership * Follow recommendations on sustainability, governance and monitoring from our 2018
on GHG removals report on Biomass in a low carbon economy? and 2020 report on Land Use.3

To meet our Balanced Net Zero Pathway, policies will be required fo 1) minimise
emissions fromfossil fuel supply, even as consumption of fossil fuels falls due to
decarbonisation in other sectors 2) enable decarbonisation in other sectors by
ensuring that production of hydrogen and biocenergy are low-carbon and
sustainable, and that their uses are focused where most valuable to meet Net
Zero. Table 6.1 summarises our key recommendations for fuel supply policy.

Policy should also help to ensure a just fransition for the fossil fuel supply sectors. The
Government’'s planned North Sea Transition Deal can enable workers in the oil and
gas sector to fransition to the hydrogen sector. Chapter 6 of our Advice report sets
out our detailed advice.

We set out the existing policy and policy needs for different parts of the fuel supply
sectorin three sections:

1. Decarbonising fossil fuel supply
2. Low-carbon hydrogen supply and use

3. Sustainable bioenergy supply
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1. Decarbonising fossil fuel supply

Policy will need to enable fuel
switching, CCS, andreduced
methane venting, flaring and
leakage, to decarbonise
direct emissions from fossil fuel
supply.

The EU ETS and Oiland Gas
Authority's consenting regme
can reduce emissions from oil
and gas production.

Our Balanced Net Zero Pathway requires fossil fuel supply emissions to be reduced
by 75% by 2035 from 2018 levels.

e Emissions from offshore oil and gas platforms and from onshore processing
terminals, are decarbonised mainly by fuel-switching and measures to
reduce unnecessary methane flaring and venting.

¢ CQil refineries are decarbonised through CCS and energy efficiency
improvements.

o Methane leaks from the gas distribution and fransmission networks are
reduced using a combination of Leakage Detection and Repair (LDAR)
technologies and continuous monitoring technologies.

Chapter 3, Section 5 of our Advice report and Chapter 6 of our Methodology
report set out more detail on our Balanced Pathway and exploratory scenarios. To
achieve these measures will require a shiftin gear in policy to decarbonise fossil
fuel supply with policies designed to consider a just fransition, carbonleakage and
international leadership.

In this section we set out:

a) Existing fossil fuel supply decarbonisation policies;

b) Policies required to deliver our Balanced Pathway.

Our assessment of policy for decarbonising oil refineries and oil and gas processing
terminals is mostly captured by Chapter 4, since these emissions sources willmostly
be within the scope of the Government’s planned Industrial Decarbonisation
Strategy. The following subsections focus on policy for decarbonising oil and gas
platforms and tackling methane leaks from the gas grid.

a) Existing fossil fuel supply decarbonisation policies

Currently, the key mechanisms to reduce emissions from oil and gas production are
through the EU emissions frading system (EU ETS) and the Oil and Gas Authority
(OGA) consenting regime for flaring and venting. There is significant scope to
strengthen policy in this area.

e The EU ETS covers energy generation and flaring on offshore installations
with arated output of more than 20MW. This has not provided a strong
enough incentive for operators of either planned or existing installations to
switch to low-carbon energy generation.

e The OGA'’s current policy on flaring and venting allows for justification of
these practices on economic and fechnical grounds, not solely based on
safety considerations.

e Various environmental regulations cover the release of emissions from oil
and gas facilities.
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There are opportunities for the
UK to draw on international
experience atreducing
emissions in thissector.

Government should seta
requirement that from 2021
any new plans for offshore oil
and gas platforms and
associated installations must
use low-carbon energy for
their operations.

From 2025, flaring and venting
should only be permitted
when necessary for safety
reasons.

S/

While the carbon intensity of UK offshore oil and gas production has been
declining in recent yearsit remains higher than the European average, with
Norwegian production having less than half the carbon intensity of UK production.4

Norway's ability to connect many of its offshore installations to its onshore
electricity grid, which is close to 100% low-carbon, has been a key factorin
decarbonising the sector, but it has also adopted strong policies which the UK
could draw on, such as:

e requiring developers to consider whether they can provide power to their
platforms from onshore sources at the development consent phase.

e applying a carbon tax on fop of the EU ETS to further incentivise
decarbonisation. The taxis levied on all combustion of gas, oil and diesel in
petroleum operations on the continental shelf and onreleases of CO2 and
fossil gas.

e permitting flaring of gas only when necessary for safety reasons.

Government andindustry have recognised the need for the UK's oil and gas sector
to change in order to support the UK's transition to Net Zero. Government is
developing a new North Sea Transition Dealin partnership with industry to support
the North Sea oil and gas industry in fransitioning as part of the UK's move to Net
Zero. Government is also reviewing ifs future licensing arrangements for new oil and
gas production, whilst the Oil and Gas Authority (OGA) are reviewing how they
can support the industries’ transition as part of Net Zero.

On leakage of methane from the gas grid, Ofgem sets out requirements for the
network operators through ifs price conftrol frameworks.

b) Policies needed to decarbonise fossil fuel supply

To meet our Balanced Pathway, policy should require lower-cost measures, such as
reduce flaring and venting and electrifying new platforms, to be implemented as
soon as possible. Higher-cost measures, such as electrifying existing platforms,
should also be implemented, taking into consideration how this can be achieved
without carbon leakage so that UK consumption emissions do notincrease. These
should be includedin the North Sea Transition Dedl.

e Setarequirementthat from 2021 any new plans for offshore oil and gas
platforms and associated installations must use low-carbon energy for their
operations, forexample through platfom electrification. As a result, all new
oil and gas platforms should have no direct emissions from operational
energy use by 2027, at the latest.

e From 2025, flaring and venting should only be permitted when necessary for
safety reasons.

e Develop a policy to reduce emissions from energy generation on existing oil
and gas platforms in line with our Balanced Pathway.*

" As outlinedin our Methodology report, thisis aligned with pathway sef out on page 10 of: Oil and Gas Authority
(2020) UKCS Energy Integration —Final Report — Annex 1 — Offshore Electrification.
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Government should work with
industry and theinternational
community to develop
carbon-intensity (or broader)
measurement standards for
gas and oil.

To ensure the UK has a full set of options for reducing its consumption emissions and
for enabling higher-cost measures without causing carbon leckage, the
Government should develop the option of applying either border carbon tariffs or
minimum standards to imports. Further detail on these policy options is set outin
Chapter 6 of the Advice report, which covers their application to a widerset of
products.

e Develop carbon-intensity (or broader) measurement standards for gas and
oil, by working with industry and the international community.

e Fosterinternational consensus surrounding future carbon border/frade
policy for products, using the UK 2021 G7 and COP presidencies. This will
likely require engagement with the WTO, to ensure future policy is
developed to be WTO compliant.

The Government should also deliver enabling policies to support the UK's upstream
oil and gas sectorto decarbonise:

¢ Facilitate increased collaboration between the UK’s offshore oil and gos
and offshore wind sectors, for example exploring the potential for direct
power connections to provide platforms with renewable electricity.

e Take steps to improve the measurement and monitoring of fugitive
emissions, venting and flaring.

On leakage of methane from the gas grid, Ofgem should set ambitious
requirements for reductions in leakage of methane from the gas grid.
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2. Low-carbon hydrogen supply and use

Hydrogen will only make a
significant contribution to Net
Zero with Governmentsupport.

Hydrogen should not be
prioritised ahead of proven
solutionsto reduce emissions.

Hydrogen should be targeted
in applications where it
provides most value.

59

The emergence of hydrogen as a low-carbon energy vector from essentially zero
use now to making a crucial confribution to Net Zero will require a concerted,
coordinated push from Government.

The Government's Hydrogen Strategy, due to be published in spring 2021, willneed
to set out a vision for hydrogen’s role in meeting Net Zero, together with the acfions
across end-use applications and supply to develop hydrogen's role over the next
decade, and the roles forregulation andincentivesin hydrogen deployment.

This section brings together issues across hydrogen supply with our
recommendations on hydrogen end-use from other sectors. Itis in two parts:

a) Challenges for hydrogen policy and strategy

b) Whatis needed from the Government’s Hydrogen Strategy

a) Challenges for hydrogen policy and strategy

While hydrogen has been discussed formany years as a potential conftributor to
reducing greenhouse gas emissions, very litfle progress has been made onits
deployment to date. Inthe UK, although hydrogen is used within some industrial
processes currently, this hydrogen production is not low-carbon.

In order for hydrogen to contribute o decarbonisation, it will need to shift from
being a theoretical optionto a commercial reality, as part of a strategic approach
to decarbonising the energy system. Challenges include:

o Developing the hydrogen option while deploying established technologies
in the 2020s. Developing the hydrogen option could greatly facilitate the
fransition to Net Zero. However, even a concerted push to establish
hydrogen as a proven decarbonisation optionis unlikely to deliverlarge
emissions reductions over the next decade. Rather it would pave the way
forreductionsin the 2030s and 2040s. Given the need for strong emissions
reductions in the next decade and the availability of more established
ways to do so, development of the hydrogen option should not be at the
expense of pursuing proven decarbonisation options, such as
electrification, in the 2020s.

o A targeted role. Focusing hydrogen end-uses in the areas that provide the
most value (i.e. where other solutions such as electrification are not feasible
or are prohibitively expensive), given challenges with providing sufficient
volumes of low-carbon hydrogen.

— Redlistically, extra demand for hydrogen would likely be met at the
margin by reforming of fossil gas with carbon capture and storage
(CCS).In our Hydrogen Review,> we estimated this supply route to
reduce emissions by only 60-85% compared to unabated use of fossil
gas (e.g. in boilers) — these residual emissions limit its role as we move
towards Net Zero. Heavy reliance on this route would also mean
increasing reliance on gas imports as well as pushing the amount of
CCS required to meet Net Zero to levelsthat may not turn out to be
feasible.
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— A scenario with widespread use of hydrogen across potential
applications could have demand of 800 TWh (compared to the
demand of 225 TWh in our Balanced Net Zero Pathway), implying 100-
150 GW of gas reforming capacity and 175 MtC O, per year of CCS just
for hydrogensupply (or alternatively 300 GW of offshore wind
dedicated to electrolysis).

- Therefore, where options are available to reduce emissions through
zero-carbonroutes, such as electrification, these are strategically
preferable to use of hydrogen. Hydrogen's role should therefore be
focused in those areas where it is likely to be infeasible or prohibitively
expensive to pursue electrification.

Getting past the ‘chicken and ¢ Coordination of supply, demand and infrastructure. Currently, the UK
S o e neither has supplies of low-carbon hydrogen, nor demands for hydrogen
Government. from the energy system. A future hydrogen conftribution to Net Zero will

need both, as well as infrastructure to connect the two and business
models that work. Getting from here to there will be challenging, as there is
a ‘chicken and egg’ barrier that means that neither supply or demand can
sensibly be developed inthe absence of the other — fundamentally thisis a
coordination challenge, which it falls to the Government to address. There
are two key approaches to doing so:

— Establish low-carbon hydrogen supplies. It will be important to get low-
carbon hydrogen production facilities in place, so that they are able
to meet hydrogen demands as and when they arrive. Putting this
capacity in place in anticipation of new demands also provides an
opportunity to use hydrogen to reduce emissions from existing uses of
fossil gas where this can be done with few barriers (e.g. blendingitinto
the gas grid or mixed with fossil gasin turbines for power generation).

— Require new gas appliances to be ‘hydrogen ready’. Requiring new
fossil gas boilers and power plants to be ‘hydrogen ready’ would
provide ready-made markets for new low-carbon hydrogen supplies
as well as limiting risks of stranding high-carbon assefts.

¢ Financial support. It is likely that supplies of low-carbon hydrogen in the UK
will remain more expensive than fossil gas without a carbon price, probably
all the way to 2050, even with considerable cost reductions to electrolysers
and zero-carbon electricity generation.”

"Hydrogen produced from fossil gas with CCS is inherently more expensive than simply buming fossil gas, due to the
energy losses and capital costs entailed in producing hydrogen.
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Actionis requiredin the 2020s
across arange of sectorsin
order fo develop the
hydrogen option.
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b) What is needed from the Government’'s Hydrogen Strategy
The Government has committed to publishing a Hydrogen Strategy in spring 2021.

Before hydrogen'’s full role across the economy can be fully established, further
work will be required including finalisation of the safety case for hydrogen use in
buildings and strategic decisions in the middle of this decade around the balance
of hydrogen and electrificationin decarbonising buildings in different parts of the
country.

Nevertheless, the Hydrogen Strategy is an opportunity to push forward
development of the hydrogen option. The following sections set out areas where
progress can be made.

i) Developing hydrogen end-uses

Hydrogen end-use applications will need to be grown steadily over time. It will be
essential to make good progress in the 2020s, in order for hydrogen o be able to
contribute fully to achieving Net Zero. Within this, it is important to focus on areas
where hydrogen can bring greatest value:

e Power. Hydrogen turbines are one of the technologies for decarbonised
back-up capacity, enabling full decarbonisation of electricity generation.
While the Government should aim to phase out unabated fossil generation
by 2035, the focus in the near term should be to develop and deploy the
options, including hydrogen turbines, to displace unabated gas-fired
capacity (see Chapter 5).

¢ Manvufacturing. Hydrogen can have an important role in decarbonising
industrial clusters, alongside electrification and carbon capture and
storage (CCS). Its use should be incentivised on a level playing field with
other options, including reforming electricity pricing to be cost-reflective
(see Chapter 4).

e Buildings. A programme of research will be needed to identify priority
candidate areas forhydrogen, along with areas which are unlikely to be
suitfable, to inform development and network investments. One or more
hydrogen trials will be needed at a representative scale in the early 2020s
(e.g. 300-3000 homes), to inform decisions onlow-carbon zoning from 2025.
All new boilers should be hydrogen-ready by 2025 at the latest. Further
pilots should follow inthe late 2020s, where this is valuable to inform large-
scale take-up of hydrogen (see Chapter 3).

o Surface transport. Large-scale trials of zero-emission HGVs will be necessary
in the early-2020s to demonstrate the commercial feasibility of zero-emission
heavy goods vehicle (HGV) technologies, including fuel cell HGVs, and
establish the most suitable and cost-effective technology mix ahead of
phasing out sale of diesel HGVs by 2040 at the latest (see Chapter 2).

¢ Shipping. Incentives should be putin place for uptake of zero-carbon fuels
(i.e. hydrogen and ammonia) in shipping. The UK should aimto have a
‘clean maritime cluster’ operational and supplying zero-carbon fuels by
2030, as a prelude to potential widespread adoption of these fuelsin
shipping inthe 2030s (see Chapter 8).
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i) Hydrogen production

A strategic priority for the 2020s in developing hydrogen as a decarbonisation
routeis to develop its low-carbon production. Thiswill help to move past the
‘chicken and egg’ barrier and enable a range of hydrogen end-uses to develop,
while also helping to establish and drive improvements in the costs and
performance of low-carbon hydrogen production routes.

Our assessment of path for build rates in the electricity system is that it will be highly
challenging to provide very substantial volumes of electrolytic hydrogen over the
period to 2040, while also meeting strongly growing demands for electricity during
the 2030s. Thereafter, we anticipate that the rate of electricity demand growth will
slow, enabling a more rapid scaling-up of electrolytic hydrogen supply with further
deployment of zero-carbon generation.

In the interim, there is a choice between:

e ‘Green hydrogen only'. Limiting the role of hydrogen over the next 20 years
only to what can be supplied via electrolysis from zero-carbon sources,
likely placing substantial limits on hydrogen’s potential confribution to
getting to Net Zero; or

¢ ‘Blue hydrogen bridge’'. This would entail supplementing electrolysis with
scalable production fromroutes involving carbon capture and storage
(CCS) to enable sufficient low-carbon hydrogen production to meet a fuller
range of emerging demands.

We recommend the latter approach, as this will bothreduce emissions more
quickly in the near-term (compared to lesser use of hydrogen to displace
unabated fossil fuels) as well as developing the role of hydrogen across a range of
sectors, reducing risks around achieving Net Zero.

In its Hydrogen Strategy, the Government should set out its vision for the respective
balance between hydrogen produced from electrolysis and from CCS out to 2035.
Policy mechanisms will also need to be designed to pull through supply from both
routes, rather than just whichever is least-cost.

However, production of hydrogen from fossil gas with CCS is not zero-carbon. In
deploying hydrogen supplies in the 2020s from fossil gas with CCS, it will be
important to demonstrate that it can achieve atleast the potential 85% lifecycle
emissions saving we have estimated it could provide versus unabated use of fossil
gas. Doing so will ensure that this form of hydrogen production canhave an
enduring role as we approach Net Zero. The strategy should also set out how
research and development and commercialisation programmes can help to
deliver performance/costimprovements for hydrogen production via biomass
gasification and electrolysis.

iii) Regulation

In order fo ensure that new infrastructure is compatible with Net Zero, we are
approaching the point when any new fossil-fuelled appliances risk becoming
stranded assets unless they are designed to ensure that they can be converted to
being low-carbon later on. Regulation has an important role to ensure that the risk
of stranded assets is minimised, through prohibiting investments in high-caroon
assets after a certain pointin time and/or by mandating that they can be
converted for operation in a low-carbon way.
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Requiring hydrogen-readiness for gas appliances such as boilers and turbines
would reduce therisk of stranded high-carbon assets and can provide ready-
made markefts for new low-carbon hydrogen supplies. However, beyond a certain
pointin time, it will no longer by appropriate to invest in assets designed to operate
on fossil fuels:

e Boilers. Making new gas boilers hydrogen ready is expected to add a low
premium to the upfront cost of a boiler, while reducing the hassle and cost
of switching the local gas distribution network over to 100% hydrogen (see
Chapter 3).

— Based on projected additional costs of £100 or less per boiler, and with
a view to minimising scrappage, we recommend appliance standards
for hydrogen-ready boailers from 2025. Should costs prove higher or
safety considerations materialise, thisshould be reviewed.

Early commitments and widespread standards would be expected to
drive costs down through competition and economies of scale.

— Outside of zones designated for the gas distribution network to switch
to hydrogen, allnew heating appliances will need to be low-carbon
by 2033.

¢ Turbines. Once dispatchable low-carbon generation solutions have been
proven, itis likely that a combination of economic incentives and
regulation together will best enable a phase-out of unabated gas-fired
electricity generation (see Chapter 5). The role forregulation comes in
three phases:

— Ensure new gas plant are properly CCS-ready and/or hydrogen-ready
as soon as possible and certainly by 2025. Properly ready means
located in areas that will be supported by CO, and/orhydrogen
infrastructure.

— From 2030, once further progress has been made and more
information is available on the relative economics of different options,
the Government should plan to regulate so that all additional
capacity built from 2030 onwards islow-carbon.

— By 2035, the plan should be that the electricity system can run entirely
on low-carbon generation. The precise role for regulation here could
take different forms (e.g. a declining emissions intensity standard oran
‘hour limit' onunabated gas generation).

It may also make sense to regulate for a limit to the carbon-intensity of hydrogen
supplies at some point. The Government’s Hydrogen Strategy should consider
whether and when it might be sensible to set such a limit. In the meantime, itis
important to ensure that all hydrogen supplies are incentivised to be low-carbon.
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iv) Incentives

Costs of hydrogen supply will remain well above that of fossil gas supply before any
carbon price, probably all the way to 2050. This means that hydrogen uptake will
only occur if a policy framework is put in place to incenfivise its use. In doing so, itis
important to pull through demand, while attempting to avoid perverse or biased
outcomes:

Incentives for early use-cases. In developing the low-carbon hydrogen
capacity necessary in the 2020s, it is important use of this hydrogeniis
incentivised to confribute emissions reductions. This includes blending
hydrogen with fossil gas inthe gas grid and potentially in gas furbines, as
well as 100% hydrogen applications in power generation, industrial clusters
and parts of fransport.

Avoid perverse incentives. Incenfivising electrolysis is sensible where this is
based on low-carbon generation that would otherwise be curtailed or from
renewable capacity dedicated to hydrogen production. However, it is
important to avoid putting in place incentives that lead to a significant
increase in fossil-fired electricity generation, as thiswouldincrease overall
emissions.

Level playing field for decarbonisation. Ensure that incentives for hydrogen
use are designed, alongside a shift towards more cost-reflective electricity
pricing (see Chapter 6), so that bics is not infroduced towards hydrogen
solutions where electrificationis competitive.
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Bioenergy is used across many sectors of the UK today, but o contribute fully to
Net Zero it will need to grow and transition fo uses that maximise available GHG
savings. This will require a coordinated approach from multiple Government
departments.

The Government’s Biomass Strategy, due to be published in 2022, will be critical to
setting out this fransition, with a clear vision needed for bioenergy’srole in meeting
Net Zero. This Strategy will need to set out the required actions across end-use
applications and support the growthin domestic feedstock supplies over the next
decade, as well as ensuring sustainability.

This section brings together issues across bioenergy supply with our
recommendations on bioenergy end-use from othersectors. It is in two parts:

a) Challenges forbioenergy policy

b) Whatis needed from the Government’'s Biomass Strategy
a) Challenges for bioenergy policy

Our Balanced Net Zero Pathway requires overall primary bioenergy supply
(including biomass, biogas, biofuels and the biogenic fraction of waste) available
to the UK to grow from 175 TWh/yeartoday to 225 TWh/year by 2050. This includes
phasing out of informal and less sustainable feedstock supplies, a significant
ramping-up of UK forestry residues and perennial energy crops, large increases in
anaerobic digestion as landfill gas declines, and waste prevention, re-use and
recycling efforts.

By 2050, CCS will need to be applied to over 80% of the total bioenergy used in the
UK. The majority of uses with CCS are likely to be in power, hydrogen and biojet
production (and at remaining energy-from-waste facilities), although there are
other uses with similar overall GHG savings that may be deployed as well. Chapter
5 of our Advice report and Chapter 6 of our Methodology report set out more
detail on our Balanced Pathway and exploratory scenarios.

A significant investment programme will be required, with construction of new
bioenergy facilities with CCS occurring in the late 2020s and early 2030s, across
multiple end-use sectors — fransport fuels, hydrogen, manufacturing and power.

Key challenges facing bioenergy policy are:

e There arelegacy policies across multiple departments, and much of the
UK's biomass supply isinherently tied to land use policies (and planting from
previous decades). Bioenergy policies can therefore take decades to
realise the potential benefits, and there remain 'chicken and egg'issues of
feedstock growers not planting before they see local demand. With the
fransition to new support schemes for land managers (e.g. ELMs), it remains
to be seen what the relative economics of biomass production versus other
uses of land will be, and the availability of agricultural residues such as
straw.
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e [tisuncertain how bioenergy policies will develop in Europe, North America
and other world regions, and long-term what the available potential and
costs of any imported supplies will be. Unlike other renewables with high
capex and low operating costs, bioenergy feedstock costs are often
significant and variable, which can necessitate different policy choices.

o Different power/heat/fuels policies have developed different GHG emission
savings thresholds and calculation methods for bioenergy, making it
challenging to assess whether certain feedstocks or supply chains will be
able to fransition to new uses and still meet the required sustainability
criteria.

e Successfully achieving emissions reduction and other environment
objectives in the waste sector will significantly reduce supplies of landfill gas
and residual waste for bioenergy uses. These waste sector objectives need
to be prioritised over the utility of the bioenergy resources produced. The
biogas resource lost can be compensated forby an increased focuson
anaerobic digestion of food wastes, sewage sludge and animal manures.

e Policy gaps remain with limited support for growing perennial energy crops
in the UK, no bespoke market-based support for aviation biofuels within
wider fransport policy, biohydrogen suffering from ‘chicken and egg’
barriers (section 2 above), and a price signal for GHGremovals still lacking.
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b) What is needed from the UK’s Biomass Strategy

The UK’s Biomass Strategy, and subsequent cross-departmental policy realignment,
should include:

Best-use of biomassand °

wastes are those that
maximise GHG savings onthe
path to Net Zero. New
applications need to be
aligned to 2050 already.

CCS should eventually be d
installed on all applicable
bioenergy & waste facilities.

Examination of the best-use of biomass and waste resources on the path to
Net Zero that maximises GHG savings, in line with our analysis from Chapter
6 of the Methodology Report, and consider how to orientate policy
towards these best uses. Scaling up or creating new applications for
bioenergy during the 2020s should already be aligned withlong-term best-
use applications or be able to make sufficient GHG savings before
fransitioning at low cost to these best-use applications.

Develop new support schemes, including for biogenic CO, capture and
sequestration, sustainable aviation fuels, biohydrogen and UK production of
biomass feedstocks.

Requirements for CCS-readiness fromtoday, with clear dates beyond
which new bioenergy & waste facilities should be built with CCS (not just
CCS-ready), and dates for when CCS will need to be retrofitted to UK
biomass & waste facilities already in operation, linking to the regional roll-
out of CCUS under wider BEIS plans.

Development of UK and international governance and sustainability criteria
for bioenergy feedstocks, taking a global lead on their application to GHG
removals, in line with our recommendations on sustainability, governance
and monitoring from the Committee's 2018 report on Biomassé and 2020
reporton Land Use.”

The potential foruse of wood in construction, existing market barriers and
what changes in buildings regulations or support would be required to
maximise its use.

The potential foremerging uses of biomass in the wider bio-economy (such
as bioplastics and bio-based chemicals), how any new sustainability
concerns arisings from these applications should be addressed, and if
specific support is recommended, providing a common framework for
assessing GHG emissions savings (given the diversity of metrics in use).

Support schemes and CCS However, some of the above work on developing support schemes and CCS

measures need to start being
developed now, not starting

requirements needs to progress at pace. Waiting until the Biomass Strategy is

after the Strategy is published published during 2022 before starting to formulate new poalicies will put atrisk the
required conversion technology investment programme to 2030, and will delay the
ramping-up in biomass supplies.

in 2022.
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