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Overview of climate frameworks

NATIONAL GHG COMPLIANCE CARBON CORPORATE GHG REGULATORY SUPPORT
INVENTORY MARKETS INVENTORY CRITERIA

Accounting rules JldeeXe{Nl[EINIEN Scheme specific e.g. EU ETS GHG Protocol/ISO 14064.1

Targets/Thresholds JeEI{ N B HE LD Scheme specific e.g. EU ETS SBTI/FLAG/ISO 14068/14060
Agreement NDCs

Accounting type [AAtgloJS{d[esE] Attributional Attributional

LIFECYCLE ANALYSIS

Fuel/Energy value chains
Direct and indirect emissions
Scheme specific e.g. EU RED

Scheme specific e.g. EU RED

Mainly attributional

Scientific discipline that either attributes emissions occurring across a product lifecycle
(attributional) or compares emissions of a value chain/system to a ‘counterfactual’ or baseline
(consequential). Requires clear definition of Goal and Scope to determine best approach and
relevant boundaries. Accordingly, difficult to standardise.

Underpins accounting frameworks where indirect (e.g. value chain) emissions require
consideration. Best practices laid out in ISO 14040/14044



Overview of climate frameworks
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Accounting type
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Methodologies for compliance markets

* Compliance markets typically rely on calculating
physical GHG emissions occurring at a facility level
CO, Capture
* GHG quantification is comparatively straight |
forward as no ‘accounting’ needs to take place, give :
simply reporting of fluxes at each point source of |l - L
CO2 covered by the Scheme ” - -

CO, Transport

* Introduction of carbon removals is currently being
considered within both UK and EU ETS to support
scale-up of BECCS and DACCS

*  Will bring challenges for methodology development. co, St:srage.

These include voluntary carbon market integration, https://www.solartronisa.com/
avoiding risk of double-counting and identifying
relevant point of crediting



https://www.solartronisa.com/
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Methodologies for voluntary markets

Developing methodologies for CCUS is an emerging challenge in voluntary markets due to:
» Wide range of different methodologies
» Divergent approaches to crediting e.g. ‘project accounting’ vs ‘lifecycle accounting’

» Divergent approaches to boundary definition

» Need for widespread data collection and/or development of hypothetical estimates

Registries with CCS
methodologies

puro -
earth

[VERRA]

Gold
Standard

>[4 1soMmETRIC

ACR




Project accounting vs Lifecycle accounting

Project accounting Attributional Lifecycle Accounting

Project Output 1

boundary

\ 4

[ Stage 1 Stage 2 ]—» Stage 3

Output 2
Leakage

GHG impacts across
the value chain are

L calculated and
allocated to the
outputs

Estimated GHG

1 . .

Yooy, - benefit calculated
c"’?g,,b relative to baseline




Project accounting vs Lifecycle accounting

Project Accounting Attributional Lifecycle Accounting
* Estimate causal GHG impacts of the project by * Allocates GHG emission and removal impacts across value
comparing GHG outcome of the project to a scenario chains to outputs

where project is not developed

* Relies upon hypothetical baselines * Relies solely upon physical GHG emissions and removals
* Boundary fixed to activities developed under the * Boundary extends to full value chain

project
* Material ‘leakage’ effects outside the project boundary * Leakage effects not calculated

often calculated

* May not capture upstream emissions if reliant upon * Upstream emissions typically included unless allocated to
pre-existing supply chains connected value chains

* Considers marginal effects * Considers average effects
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Project accounting vs Lifecycle accounting

Project Accounting Attributional Lifecycle Accounting
* Estimate causal GHG impacts of the project by * Allocates GHG emission and removal impacts across value
comparing GHG outcome of the project to a scenario chains to outputs

where project is not developed

* Relies upon hypothetical baselines * Relies solely upon physical GHG emissions and removals
* Boundary fixed to activities developed under the * Boundary extends to full value chain

project
* Material ‘leakage’ effects outside the project boundary * Leakage effects not calculated

often calculated

* May not capture upstream emissions if reliant upon * Upstream emissions typically included unless allocated to
pre-existing supply chains connected value chains
* Considers marginal effects * Considers average effects

Most methodologies are a hybrid of the two approaches
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Methodologies for voluntary markets

Regulatory Frameworks are being developed in EU, UK and further afield in
attempt to standardise certification

* Intention is to align methodologies to avoid fragmentation
* However, differences may be necessary due to pre-existing regulatory differences e.g. biomass

sustainability criteria

bSl Standards Development

The EU's Carbon Removal Certification

Lo crct) BSI Flex 2006 v1.0:2025-07 Bioenergy with carbon capture and storage (BECCS) —
Quantification of greenhouse gas (GHG) emissions and removals — Specification

12



drax

13



Conclusions drax

e Critical to ask, “‘What is the methodology for?’

 Methodologies for BECCS should vary across voluntary and compliance markets due to
different boundary conditions

* Regulatory Frameworks such as EU CRCEF likely to bring greater standardisation to the
market

* Unlikely to be a ‘one-size-fits-all” approach for carbon removals across voluntary and
compliance markets, and further refinement of CRCF likely necessary for ETS integration

14
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Overview

hat are projections ofbiomass production in the future?
nat does an optimal deployment strategy look like?
nat 1s the reality of deployment currently?

W%

hat determines decisions about deployment?



What are the projections of the likely biomass resource in the future?

UKPrimary Energy
2050
<04 4000
5 year time steps across a 40001
number ofmodels. 30004 0
Median values suggest rising 2 20001 a 20001 |
demand out to 2040 then 10001 - | Bl [
reduction. 0 ‘ o %
But considerable variation in & s & S g
some resource. 20;0 Sector
Waste is consistent at around 4000
200 PJdepending on waste 3000 |
strategy assumptions. 2 20001
Variation due to sensitivity 1000;
analysis? ST L s
Q)\o@@i\ éoip&& ‘OQQ éei}é\bo@ g
Sector

‘UKBiomass Availability Modelling: Scoping Report’(2023) Supergen. Available at: https://www.supergen-bioenergy.net/output/uk-biomass-availability-modelling-scoping-report/
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How do the currently available models deal with sector specific
demand and competition?

Competition within the Bioenergy Sector

2010 | 2020 ‘ 2030 | 2040 | 2050
UK Bioenergy Sector
Near-Term Mid-Term | Long-Term
- ) ) ) # Gradual decline in resource demand for bio-heat generation
* Graduatl_lncreaf.rzla n FESDRU;TEC?EH’I&;?;O.F b|0—heag pathways. Reflecting the targeted focus on emerging alternative
Trends: gene.rg lon pa wa‘_-,rs_. .e ecting bo |ncrea5_e low carbon heat technologies in the long term.
transitional and specialist roles targeted for bio- . o o o .
Bio- heat. 4 Bio-heat continuing within specialist roles such as industry
Heat applications.
Wood based resources (pellets & chips
Demand Wood based resources ) .(p Ps) .
] Feedstocks for biogas production (wastes & residues)
Resources: (pellets & chip) i ]
Feedstocks for advanced bioenergy technologies
<+ Gradual decline in resource demand for bio-power sector, as co-
<+ Sharp increase in resource demand for _the bio- firing plants are expected to gradually close.
Trends: power sector. driven by conversion of | . o,y akion of resource demand for dedicated bio-power
i conventional power plants to allow with biomass A T
Bio- conversion applications, contributing to balance peak-energy demands.
Fower ) < Potential deployment of BECCS technologies.
Demand Solid biomass resources Solid biomass resources
Resources: (wood, animal, plant, wastes) (wood, animal, plant, wastes)
< Sharp increase in resource demand for biofuel | < High uncertainty in the long term biofuel sector, due to the
T ds: production; as biofuels increasingly contribute potential emergence of alternative low-carbon transport
rends: towards the decarbonisation of the fuel-based technologies during this period.
Biofuels transport system. < Also new demands potentially emerging for shipping, aviation etc.
Demand . Energy.crops
Energy crops Lignocellulosic resources
Resources:
Wastes




How do the currently available models deal with sector specific
demand and competition”?

Competition with Wider Sectors

Resource Competing Uses

Animal Feed / Animal Bedding / Compost Industry / Construction Materials /

Crop Residues: Agricultural Production Processes

Animal Wastes: Agricultural Production Processes

Competing uses linked to the wood product industry:
Forestry Products: ,
Sawmills / Panel Industry / Pulp & Paper Industry efc.

Wast Competing waste management practices along the waste hierarchy:
astes:
Composting / Reuse / Recycling / Existing Energy Applications

Food Production / Conservation / Buildings & Infrastructure / Alternative

Land: Uses




Interactions between
energy system and
natural capital.
Already considered in
terms of climate
regulation.
Incorporating other
environmental benefits
could mfluence
desirability of energy
options.

Rationale

————— %

(vi) Good quality of life
Human well-being

Energy and food security; health;
equity; material wealth

A
_

(v)Nature’s benefits to
people

Ecosystem goods and
services

Biofuel feedstocks; food;
clean water; climate
regulation

1 Energyinfrastructure; energy

(i) Anthropogenic assets

technology; financialassets;
energy research

-

(iii) Institutions,governance and

other indirect drivers

Global

Government energy policy;

energy corporations; Public
acceptance

(iv) Nature
Biodiversity and ecosystems

Natural capital including:
biodiversity; mineral and fossil
reserves; crops

(ii) Direct drivers

Interaction across spatial scales

Anthropogenicdrivers
Land use change; over

abstraction of water
resources; carbon emissions

Naturaldrivers

Matural climate variability;
extreme weather -

Current energy system

Temporal scale

Energy pathways

Holland RA, Scott K, Hinton ED, Austen MC, Barrett J, Beaumont N, et al. Bridging the
gap between energy and the environment. Energy Policy. 2016, 92:181-9.



Biomass Sustainability and Land-Use

CONFIDENCE

i =y
E 3 =
3

Positive “ ARABLE GRASSLAND FOREST
. . mI‘«I\'.=w;|at'r-\-e é % %
* Literature review of I T L T
20,000 I‘efS. Crops and
livestock
. - Timber and
e Conversion to 2nd g forest
. T Wat
generation < av?ai?z:bnity
feedstocks 0 Hazard
§ regulation
E Disease and
« Limited evidence in g pestcontrol
most cases for most ~ Pollination
ecosystem services Soil quality
Water quality

Holland RA, Eigenbrod F, Muggeridge A, Brown G, Clarke D, Taylor G. A
synthesis ofthe ecosystem services impact of second generation bioenergy

crop production. Renewable and Sustainable Energy Reviews. 2015 46:30-40.



Spatial context matters: How the deployment of renewable energy will
Impact nature and society

Market (Financial) Costs

K -.,_'_C'nstrilction Transmission Opportunity cost

Visual amenity

Flooding

0.

Pollination

i A L

Delafield, G. et al. (2023) ‘Spatial context matters: Assessing how future renewable energy pathways will impact nature and society’, Renewable Energy, p. 119385.



Spatial context matters: How the deployment of renewable energy will
Impact nature and society

(b) Natural Capital Approach
{Construction, O&M, land, bioenergy crop, grid connection,
ecosystem services}

(a) Free Market Approach

{Construction, O&M, land, bioenergy crop, grid connection}

@ Solar farm
® Wind farm
<> Bioenergy power station

@ Bioenergy crop

Delafield, G. et al. (2023) ‘Spatial context matters: Assessing how future renewable energy pathways will impact nature and society’, Renewable Energy, p. 119385.



Spatial context matters: How the deployment of renewable energy will
Impact nature and society

(a) Free Market Approach

{Construction, O&M, land, bioenergy crop, grid connection}

— |
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2015-20 2020-25 2025-30 2030-35 2035-40 2040-45 2045-50 2050-55 2055-60 2060-65 2065-70 2070-75

* Difference in soil carbon emissions under free market
and natural capital approaches.
* Free market approach undermines assumed benefits
ofrenewable technologies.
. . . (b) Natural Capital Approach
[ ] Carbon 1S Often prlmary drlve r. {Construction, O&Mé;zg;:ls,tk;i;egeeﬁzecsr}op, grid connection,
* Socialcost ofpathwayis reduced from £93.5 to £68.8
billion —benefit of £24.7 billion.

Carbon sequestered (MtCO2eq)
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Carbon sequestered (MtCO2eq)

S A M o v 2 O ®

2015-20 2020-25 2025-30 2030-35 2035-40 2040-45 2045-50 2050-55 2055-60 2060-65 2065-70 2070-75
Year
mmm Fmissions ~— mmmmm Sequestration Net sequestration

Delafield, G. et al. (2023) “The Financial and Environmental Consequences of Renewable Energy Exclusion Zones’, Environmental and Resource Economics, pp. 1-30.



Implication of exclusions zones on deployment

Environmental protection
zones

Food production zones

f

Environmental protection &
food production zones

Delafield, G. et al. (2023) “The Financial and Environmental Consequences of Renewable Energy Exclusion Zones’,

Environmental and Resource Economics, pp. 1-30.




Implication of exclusions zones on deployment

Bioenergy
a) Analysis 1 b) Analysis 2 c) Analysis 3 d) Analysis 4
No exclusions Environmental exclusions Food production Multiple exclusions*
exclusions

2
Pathway
m Low L
» Med

Financial Cost of Exclusions for each Pathway (£ B)
Delafield, G. et al. (2023) “The Financial and Environmental Consequences of Renewable Energy Exclusion Zones’, Environmental and Resource Economics, pp. 1-30.




Implication of exclusions zones on deployment

* Solarand wind have net positive
non-market costs associated with
them.

* 'This contrasts with Bioenergy —
net negative costs (i.e. benefits).

1,000

500

-500

Non-market costs (EM
NPV)

1,00,000

50,000

0

-50,000

Non-market costs (EM
NPV)

2,000

-2,000
-4,000
-6,000
-8,000

Non-market costs (EM
NPV)

None

None

None

(a) Solar
j— /=
.
| I L1
Environmental Food production Multiple
(b) Wind
— - -
Environmental Food production Multiple

(c) Bioenergy

Environmental

Exclusion

Food production

Visual disamenity (solar
farm)

= Visual disamenity (pylons)
u Agricultural GHG emissions

Pollination

Visual disamenity (wind
farm)

m Visual disamenity (pylons)

m Agricultural GHG emissions
+ soil carbon

Pollination

Visual disamenity (power
station)

m Visual disamenity (pylons)

® Agricultural GHG emissions

m Bioenergy crop soil carbon
Bioenergy crop transport CO,
Pollination

= Flooding



Landscape Context

» 2nd Generation bioenergy crops have a
substantial role to playmm UKenergy futures

* Expansion of bioenergy crops by 23,000 hectares
perannum out to 2050 —

e Total ofbetween 0.7-1.2 million hectares from
baseline 010,000 hectares.

* Deployment constrained to desirable locations



Historic pattern of deployment in the context of environmental and
socloeconomic constraimnts.

* Analysis centered on 0.006-
cach of 53 bioenergy
plants in UK

40 were no better or
worse than random in
terms of overlap with
constraints.

0.004 -

Density

0.002

* 4 were worse and 9
were better. 0.000-

500 600 700 800
Overlap with Constraints (ha)



Prediction of likely future conversion patterns based on environmental
and socioeconomic constraimnts.

* Machme learning —probability of field conversion
* Agronomic characteristics —topsoil water capacity, soil texture.

* Morphological characteristics —shape offield and access for
machinery —Field complexity measure, slope, area, perimeter,
altitude

* Practical considerations —distance to nearest energy plant,
smuosity ofroads.

* Climate —decadalaverages (2005-2014) for mm temperature,
maxtemperature and rainfall.



Prediction of likely future conversion patterns based on environmental
and socioeconomic constraints.

ECS No Yes

* Based on 1817 fields that
applied for ECS and 1817
randomlyselected sites.

-
5
 Achieved 81% classification §

accuracy from the random
forest models.

i
o
1

0.00 |
0.25
0.75
1.00 <

o

Probability



Prediction of likely future conversion patterns based on environmental

* Partialdependence plots
consider ndividual drivers
across the measured factors.

and socioeconomic constraints.
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Prediction of likely future conversion patterns based on environmental
and socioeconomic constraimnts.

S6°M

Probability

* This can be
converted mto a
probability map.
Here probability
for individual
fields 1s
aggregated to
10km squares for
visualization.
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Prediction of likely future conversion patterns based on environmental
and socioeconomic constraints.

Possible future deployment

pattern based on;

* Target 0£700,000 ha

* Given current climate

* Given current location of
bioenergy plants.




Bioenergy within the landscape

Yos, financials are necassary, but for me this landscapa

I5 impartant too: my family has beon hars for years.
E— That might defer re from planting Bioanergy crops.

i gare about my local landseape and

y fow the views might be affected.

l-’rrr not sure | undarstand how
this technology will affect me. =

* Screened 2364 papers
* Identified 12 addressingrecreation or
landscape aesthetics.

* Mixofquantitative and qualitative )t of concam o e | y wan to leave e 1and n 2 bette sate for thelr chlren.
approaches. 3
. e =— ;Tmmisgs?:::lrs cost-effective 1
* Results were highly context specific. S e A

™

1°"m enjoying new

> . - - .y Eas e
W] ' -
b recreational opporfunities.
: : 4 . s .
R ; g
| = A v
z e -

f
i

There are other complex factors to consider. f don't want the landscape
to changes too much.

Tyl

-

¢} Whilst policy is aimed at emissions reduction, public
percaption and landscape impact need to be considared.

d) Logal context is key to determining visual impact.

Donnison C., et al. Land-use change from food to energy: meta-analysis unravels effects of bioenergy on biodiversity and cultural ecosystem services. Environmental Research Letters.



Bioenergy within the landscape

crop_name

D Beet (sugar beet / fodder beet)

D Grass

D Maize

D Oilseed rape

D Other crops

D Peas

D Potatoes

D Solar panels

D Spring barley
D Spring field beans
D Spring oats

D Spring wheat
D Winter barley
D Winter field beans

D Winter oats

D Winter wheat




Bioenergy within the landscape

i \\_/—" 4 fcCropCentroids (1)

lor

fcCropCentroids - gr
PointlD 1796172

. " crop_code 2016 gr
e » e
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crop_code 2019 gr
crop_code 2020  gr
crop_code 2021 gr
crop_code 2022 gr
crop_code_2023 ar
crop_code_2024 <Null=

o, " -
i i - RN s e o d Static N
STy e Yagrden e B 0T T NumUnique 1
.‘....‘....-. ... .:...:. ll! o .: i‘w..:o
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2 DomCrop gr
Digester ID 609
S5511D <Null=
In a 555l No

MNational Park 1D <Null=
In a National Park |No

NNR_ID <Null=




Bioenergy within the landscape

AP T, TR T e, ST
R . © SN

8 SRAY
-~ 'k : r.'_-l- ...J"... v

NumUnique

Number ofcrop types recorded
Over 9 year period.

Centred on River Test catchment.
Patterns of change driven by
proximity to rivers!
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Conclusion

hat does an optimal deployment strategy look like?
nat 1s the reality of deployment currently?

‘W

hat determines decisions about deployment?
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Spatial context matters: How the deployment of renewable energy will impact

nature and society

Methods

» High spatial resolution energy
location model

» Includes both financialand
ecosystem service costs

» Determines least-cost locations

Findings

Spatial energy modellingcan show:
1. Where to build mfrastructure to
minimise costs.

2. How the spatial context of

Solar farm . .
. : infrastructure  influences  the
for solar, wind and bioenergy ® Wind farm , ,
_ _ impact on the environment.
< Bioenergy power station .
— Bioenergy crop 3. How adverse mmpacts on the
Financial costs .
_ natural environment can be
i avoided and co-benefits realised.
e
o ey Spatial modelling allows the scale of
o Py ° o
,9”; land use change associated with
& .
Ecosystem service costs e future encrgy Scenarios to be
' e T visualised to inform decision-making.

co I

Allocating energy infrastructure to minimise financial +
ecosystem service costs




Spatial footprint

(Mha)

S =N O

Implication of exclusions zones on deployment

(c) Bioenergy
+8.1% +3.8%

None Environmental Food production

Exclusion zone

Multiple*



S U p e rg e n SUSTAINABLE BIOENERGY

: SYSTEMS FOR OUR
Bioenergy LOW-CARBON FUTURE IEA Bioenergy

BECCS &BECCUS for Net-Negative Emission Technologies

Debates Chamber, Glasgow University Union, University of Glasgow, University Avenue,
G12 8QQ, UK

12t May 2026 (Tuesday)

Engineering and Biotechnology and
Physical Sciences Biological Sciences
Researc h Council Researc h Council
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