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Capture and Storage in a Spatial
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Muir Freer*, Clair Gough, Andrew Welfle and Amanda Lea-Langton

Department of Mechanical, Aerospace and Civil Engineering, Tyndall Centre, University of Manchester, Manchester,
United Kingdom

This paper explores the implications of siting a bioenergy with carbon capture and
storage (BECCS) facility to carbon emission performances for three case-study supply
chains using the Carbon Navigation System (CNS) model. The three case-study
supply chains are a wheat straw derived BECCS-power, a municipal solid waste
derived BECCS-waste-to-energy and a sawmill residue derived BECCS-hydrogen. A
BECCS facility needs to be carefully sited, taking into consideration its local low
carbon infrastructure, available biomass and geography for successful deployment and
achieving a favorable net-negative carbon balance. On average, across the three supply
chains a 10 km shift in the siting of the BECCS facility results in an 8.6-13.1% increase
in spatially explicit supply chain emissions. BECCS facilities producing low purity CO»
at high yields have lower spatial emissions when located within the industrial clusters,
while those producing high purity CO» at low yields perform better outside the clusters.
A map is also generated identifying which of the three modeled supply chains delivers
the lowest spatially explicit supply chain emission options for any given area of the UK at
a 1 MtCO./yr capture scale.

Keywords: BECCS, negative emissions, supply chains, macro-energy systems, GIS, carbon-optimal transportation

INTRODUCTION

Bioenergy with Carbon Capture and Storage (BECCS) will most likely play an important and
critical role in limiting global temperature rise to 1.5 and 2.0°C and reach global net-zero targets by
offsetting hard-to-abate residual emissions (IPCC, 2018; CCC, 2019). BECCS is the installation of
carbon capture and storage (CCS) technology onto a bioenergy facility where the captured biogenic
CO; is transported for secure and “permanent” geological storage (Gough et al., 2018; Freer et al.,
2021). BECCS as a form of carbon dioxide removal (CDR) has been projected to supply between
43.5 and 96.5 MtCO,/yr within the UK by 2050, depending on the assumed scenario within the
committee on climate change sixth carbon budget (CCC, 2020a). BECCS is often projected to
contribute the majority of negative emissions, with direct air capture and storage (DACS) and other
CDR approaches providing the remainder (CCC, 2020a). The majority of nationally determined
contributions do not specify what kind of BECCS will be used to create their negative emissions
and often claim a generic form of BECCS will achieve their targets. BECCS is not a monolithic
technology, and no two facilities are the same.
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A realistic scale and footprint of an envisaged medium-
sized BECCS supply chain situated in the Humber region of
England, which is storing CO; offshore in the Endurance saline
aquifer is presented in Figurel. The green lines depict the
biomass routings, the blue lines depict the CO, transportation
to the Endurance field and the red line depicts hydrogen routing
for national grid injection from the chosen facility site. The
deployment of BECCS and other CDR approaches will play a
critical role in meeting national Net-Zero commitments through
the generation of negative emissions, but the roll out of the
technologies has been slow, although has been accelerating in
recent years with multiple large scale BECCS projects soon to
come online (Norwegian Ministry of Petroleum Energy, 2016a,b;
Brevik, 2017; Greenberg et al., 2017; Kemper, 2017; Occidental
Petroleum Organisation, 2017; Global CCS Institute, 2018).

The Committee on Climate Change Sixth Carbon Budget has
developed six classifications for BECCS being BECCS-Power,
BECCS-Waste-to-Energy, BECCS-Manufacturing/Construction,
BECCS-Hydrogen, BECCS-Biofuels and BECCS-Biomethane,
which is beneficial to predict the future deployment of the
different types of BECCS (CCC, 2020b). However, these
classifications are restrictive and do not reflect the full spectrum
of the types of BECCS. These BECCS classifications fail to capture
supply chains that straddle multiple classifications such as
municipal solid waste (MSW) to hydrogen BECCS supply chains
and does not reflect future BECCS types such as algae/aquatic
biomass derived BECCS or new forms of BECCS like alkaline
thermal treatment BECCS (Pour et al., 2018; Melara et al., 2020;
Zhou and Park, 2020).

BECCS is an incredibly diverse and unique technology
that needs to be carefully tailored to its local infrastructure,
available biomass, economic environment, energy systems, land
management strategies, socio-political context and geography for
successful deployment and integration (Forster et al., 2020; Clery
et al., 2021). A BECCS facility and supply chain that performs
optimally in one location will not operate at the same level in
another location (Freer et al., 2021).

This analysis presented here uses the Carbon Navigation
System (CNS) model to simulate and evaluate the carbon
performances of BECCS supply chains across the UK (Freer
et al, 2021). The CNS was developed as a heuristic to aid
policymakers and decision making with the sustainable and
carbon-efficient deployment of BECCS across the UK. This
paper describes the analysis of three BECCS supply chains
across the UK, each calibrated to store 1 MtCO,/yr as this
reflects the scale of upcoming large-scale BECCS facilities,
generating carbon performance heatmaps depicting the variation
in supply chain performance across different geographies,
biomass distributions, access to geological storage and access
to low carbon infrastructure. The heatmaps were generated for
Scotland, England and Wales, while also focusing within five
industrial carbon capture (ICCS) clusters across the UK. The
paper will also determine the level of impact on the spatially
explicit supply chain emissions by shifting the location of the
BECCS facility across the UK. Spatially explicit supply chain
emissions are the emissions that vary depending on the location
of the energy facility; these include transportation and resource

gathering. This paper also provides a comparative decision map
depicting which of the three modeled BECCS supply chains
should be chosen to store 1 MtCO,/yr for the least amount
of spatially explicit supply chain emissions at any location in
the UK.

The Carbon Navigation System Model

The CNS model, developed in Freer et al. (2021), is a carbon-
efficient digital twin of the UK’ industrial freight transport
network for cargo and tanker transportation, which has been
used to model BECCS supply chains in a macro-energy system
analysis. A digital twin is a virtual representation of assets
or networks that allows for the simulation of processes or
interactions within a virtual version of the assets or networks to
allow for system optimization or learning (Zhang et al., 2021).
The CNS model simulates and calculates the spatial explicit
supply chain emissions of specific BECCS supply chains to
generate high spatial resolution carbon performance heatmaps
for the UK. The CNS can search and route for any specific
quantity of biomass to any location in the UK, route the
produced CO; to its most suitable geological storage site and
route its energy output to its end-user, all while automatically
switching between truck, rail, shipping and pipeline
transportation to minimize CO, emissions and calculate carbon
optimal routings.

The CNS model’s structure was designed so that it could be
tailored and customized to analyze any form of BECCS. The
model is split into multiple segments, called limbs, which focus
on a specific aspect of a BECCS supply chain (Freer et al., 2021).
The four limbs of the CNS model are the biomass limb which
focuses on biomass transportation, the CO; limb which focuses
on the transportation and storage of CO, via an ICCS cluster,
the energy output limb which focuses on the transportation and
distribution of the energy produced by the facility (including
heat, power and biofuels), and the newly developed hydrogen
limb to cover the transportation and distribution of hydrogen
fuel across the UK. The hydrogen limb was added to the model
due to the increasing potential role hydrogen will play in future
energy systems, as the UK hydrogen strategy aims to generate
5 GW of low-carbon hydrogen by 2030 (HM Government,
2021). The four limbs all converge around the BECCS facility,
and the structure of the CNS model is presented in Figure 2.
The data used to build the model networks were extracted and
georeferenced from National Infrastructure Planning documents
and opensource transportation polylines published by the UK
Government (BGS, 2020; HM Government, 2020a; HyNet,
2021b; Net Zero Teesside, 2021). The truck shapefiles were taken
from the 2018 OS Open Roads dataset, the rail shapefiles were
taken from the 2017 Freight Usage dataset and the shipping
routes were taken from the 2016 MMO Anonymised AIS Derived
Track Lines dataset (HM Government, 2020a). Within Freer
et al., the methods in which the shapefiles were processed, refined,
filtered and combined into multiple networks is explained in
more detail (Freer et al., 2021).

The scope of the CNS model focuses on the spatially explicit
supply chain emissions produced by a BECCS supply chain,
being the emissions that vary depending on where the facility
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FIGURE 1 | BECCS supply chain block diagram, depicting an envisaged 0.5 MtCO,/yr BECCS facility operating in the Humber region of England with geological
storage of COy in the endurance reservoir via pipeline. The diagram is to scale in the horizontal dimension, a vertical exaggeration factor of 10 was applied to the
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FIGURE 2 | Carbon navigation system (CNS) model network key, biomass limb highlighted in green, hydrogen limb highlighted in red, CO, limb highlighted in blue
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is located. The spatially explicit emissions include the gathering
of biomass, transportation of biomass, transportation of CO,
transportation of hydrogen fuel and the transportation of other
energy outputs. The CNS model does not calculate the spatially
static supply chain emissions such as biomass drying, biomass
grinding, fuel combustion, CO, compression, CO; injection or

CO, remediation approaches as these are better calculated via a
life-cycle analysis (LCA) (Laude et al., 2011; Pour et al., 2018; Yi
etal,, 2018; Bello et al., 2020; Garcia-Freites et al., 2021; Lask et al.,
2021). The scope of the CNS model has been specially designed
to plug into any BECCS LCA to improve the spatial context of
the analysis.
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High Spatial Resolution Biomass Mapping
A high-resolution biomass repository was developed alongside
the CNS model detailing the spatial distribution and quantities
of various biomass types across the UK down to the plot of land
resolution. Using the biomass repository, the CNS can accurately
search and route specific quantities of biomass to any location
in the UK. The biomass repository focuses on agricultural
residues and industrial wastes but also includes many of the
primary feedstocks used to generate the residues and wastes. A
range of biomass remote sensing and mapping techniques were
used to create the repository, including the main four mapping
techniques below:

l. The visual assessment of land performed by farmers and
experts (Newnham et al., 2010)

1. Accounting of biomass as it is collected and transported (Ali
etal., 2017)

1. In-situ mechanical or electronic sensors collecting readings
of biomass as it arrived at a transfer station of facility (Hakl
etal, 2012)

IV. Spectral image analysis taken by satellite and drones (Jones
et al., 2020)

Geospatial BECCS Analysis

The geospatial analysis of BECCS is a growing discipline within
the literature as the deployment of the technology accelerates,
and the spatial implications on BECCS supply chains need to
be identified, evaluated and monitored. Many of the nations
worldwide are banking on CDR approaches, predominantly
afforestation and BECCS, to generate their negative emissions
to offset their hard-to-abate sectors. However, many of these
commitments have yet to declare where these CDR approaches
will be sited and what are the land-use and operational footprints
of these projects.

In particular, many LCAs and Techno-Economic Assessments
(TEAs) for BECCS, bioenergy and bio-economy projects do not
use realistic spatial data within their studies, where instead, they
use simplified distances traveled and distributions of biomass in
their study parameters (Laude et al., 2011; Pour et al,, 2018; Yi
etal,, 2018; Bello et al., 2020; Garcia-Freites et al., 2021; Lask et al.,
2021). The poor siting of a BECCS facility relative to its biomass,
CO; infrastructure and energy end-users have severe emissions
implications for the project (Freer et al.,, 2021) and will result
in far-reaching fiscal, temporal, environmental and social knock-
on effects. The spatial context needs to be better considered and
incorporated into studies to avoid these emissions implications
and knock-on effects.

The literature is now starting to consider the spatial
implications of BECCS as the large-scale deployment of the
technology nears. Figure 3 depicts which of the BECCS studies
ranging from LCAs to TEAs and environmental assessments
have considered the spatial implications of their projects, graded
on the percentage of their methodologies, results, discussions
and conclusions explore the spatial implications. The spatial
resolution of the studies has also been evaluated and represented
in the figure using a symbol hierarchy to demonstrate which
studies had the highest resolution. The other focuses of the

studies have also been graded in the same manner to highlight the
primary objectives of the studies, including the fiscal, emissions,
temporal, environmental and social context of the studies.

BECCS Geospatial Analysis Context and Resolution
The focus and resolution of BECCS geospatial analysis studies
vary drastically from study to study, ranging from studies with
almost zero geographic perspective to those with high spatial
resolutions. The spatial context of BECCS studies is not typically
the primary focus of the analysis, resulting in many using very
little spatial data. Many BECCS studies have opted to map
the locations of key infrastructure for BECCS, such as CO,
storage sites and point emission sources, but have not carried out
extensive spatial analysis (Baik et al., 2018; da Silva et al., 2018;
Albanito et al., 2019; Melara et al., 2020; Sagues et al., 2020).

The spatial resolution of the majority of transnational BECCS
studies are limited by the data availability and data quantity,
resulting in most transnational BECCS studies opting for a
country block spatial resolution with values assigned to each
country with no differentiation of geospatial data within the
country blocks (Fajardy and Mac Dowell, 2018; Negri et al., 2021).
The Rosa et al. (2021) trans-national study currently has the
highest spatial resolution of all trans-national BECCS studies by
using 1 km blocks rather than country blocks.

Some BECCS studies have opted for large spatial blocks,
~40-50km, to differentiate the distribution of resources
and infrastructure (Zhang et al, 2019; Gabrielli et al,
2020), but the most common form of spatial resolution
used in BECCS studies are the local authority blocks. The
use of local authority blocks offers an acceptable level
of resource and infrastructure differentiation within a
country while not producing extremely large quantities of
data. Local authority blocks are most commonly used for
countries with large land areas, such as the US and China
(Baik et al., 2018; Dolan et al., 2020; Xing et al., 2021).

The spatial resolution of BECCS studies has increased
over time with the development and popularization of high
spatial resolution mapping of the technology. Most high spatial
resolution studies opt to use small spatial blocks, ranging from 1
to 2 km, to differentiate resources within the countries (Donnison
et al., 2020; Krause et al., 2020; Rosa et al., 2021). The Freer
etal. (2021) study is currently the only geospatial analysis BECCS
study that has achieved a higher spatial resolution down to the
plot of land. This study does have a higher spatial resolution than
the Rosa et al. study, but the Rosa et al. study covers a much
larger study area for Europe compared to only the UK in the Freer
et al. study.

BECCS Geospatial Analysis Study Areas and Scale

The study areas of geospatial BECCS studies have been primarily
focused within the northern hemisphere. The majority of the
studies focus on the UK and the US due to a high level of
data availability, political will and abundance of pre-existing
infrastructure compatible with BECCS (Sanchez and Callaway,
2016; Baik et al., 2018; Fajardy and Mac Dowell, 2018; Albanito
etal., 2019; Zhang et al., 2019; Dolan et al., 2020; Donnison et al.,
2020; Melara et al.,, 2020; Sagues et al., 2020; Freer et al., 2021).
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Authors Biomass Area Scale %Qm
2016 : Sanchez and Callaway Various USA Regional
( Fajardy and MacDowell Various USA and UK - Trans-national
2018 Baik et al. Various USA National
L Da Silva et al. Sugarcane Brazil Regional
2019{ Albanito et al. Various UK National
( Krause et al. Various Germany Regional -
Dolan et al. Various USA Regional
Donnison et al. Various UK Regional
2020 Gabrielli et al. Various Switzerland National
Melara et al. Aquatic Biomass USA National -
Sagues et al. Pulp and Paper USA National -
L Zhang et al. Various UK National
( Freer et al. Sugar Beet UK National
Xing et al. Various China National
202
o Negri et al. Various Europe Trans-national
L Rosa et al. Various Europe Trans-national
FIGURE 3 | Geospatial analysis of BECCS literature review dashboard.
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Studies focusing on Europe and the countries within are
becoming more frequent as the potential for trans-national
collaborations develop and mature (Gabrielli et al, 2020;
Krause et al., 2020; Negri et al., 2021; Rosa et al, 2021).
Geospatial BECCS studies focusing within Asia are not well
represented in the literature, with only one study focusing
on China (Xing et al, 2021). This lack of representation
is also apparent for countries within the Middle East,
South America, Indo-Australasia and Africa, showing a major
research gap.

There has been a clear progression of the scale of analysis
within geospatial BECCS studies. The first studies focused
on smaller regional evaluations, which then developed into
national evaluations. The next stage of evaluation will be
the analysis of multiple collaborating countries, which can be
seen in the publication of trans-national BECCS studies in
recent years.

BECCS Biomass Types

The most researched type of biomass feedstocks in BECCS
geospatial analysis studies are energy crops including
miscanthus, switchgrass, willow short rotation coppicing
(SRC) and poplar SRC (Fajardy and Mac Dowell, 2018;
Albanito et al., 2019; Dolan et al., 2020; Donnison et al,,
2020; Negri et al, 2021; Xing et al,, 2021). However, these
studies do not specify where exactly the biomass is or will
be grown, as they use generalized blocks. There are fewer
studies involving other biomass types such as agricultural
residues including wheat straw, corn stover and woody residues

(Sanchez and Callaway, 2016; Fajardy and Mac Dowell, 2018;
Krause et al, 2020; Negri et al, 2021; Xing et al., 2021) or
industrial wastes including MSW, forestry residues, wastewater
treatment, pulp, paper and manure (da Silva et al., 2018; Zhang
etal., 2019; Gabrielli et al., 2020; Melara et al., 2020; Sagues et al.,
2020; Freer et al., 2021; Rosa et al., 2021). This paper addresses
some of these gaps by specifically considering opportunities for
utilizing waste and residues in BECCS facilities.

Other BECCS Context

Early BECCS analyses rarely focused on spatial context. However,
more recent studies have recognized the integral and critical
role of spatial context in the sustainable development and
deployment of the technology, but a paradigm shift toward the
incorporation of the spatial context of BECCS starting to play
an integral and critical role in the sustainable development and
deployment of the technology.

The majority of geospatial BECCS studies tend to focus more
on the fiscal and emissions contexts of BECCS due to nations
exploring the logistics and operations of deploying BECCS
(Sanchez and Callaway, 2016; Baik et al., 2018; Fajardy and Mac
Dowell, 2018). Only a few studies focus on the environmental and
temporal contexts and very few focusing on the social context
(Zhang et al., 2019; Gabrielli et al., 2020; Melara et al., 2020;
Sagues et al., 2020; Freer et al., 2021; Negri et al., 2021; Rosa
etal., 2021; Xing et al., 2021). There is a clear gap in the research
focusing on the spatial aspects of BECCS with a social framing,
exploring the spatial variations in public perception, ethics and
governance of BECCS.
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BECCS Supply Chain Tethering

Supply chain tethering, a concept developed in Freer et al.
(2021), is a quantifiable and comparable metric of understanding
which limb of a supply chain produces the most CO, emissions
and is used to inform decision making on how to best target
carbon emissions saving measures. For example, a BECCS supply
chain can be 6.04 times more tethered to its CO, infrastructure
compared to its biomass infrastructure, indicating that the CO,
emissions produced in CO, transportation are 6.04 times larger
than the CO, emissions produced in biomass transportation.
Knowing the scale of tethering for a BECCS facility will allow
prioritization of carbon saving measures, as in the example case,
measures targeting CO, transportation emissions would have
greater overall savings compared to measures targeting emissions
from biomass transportation.

Some styles of BECCS may also be more tethered to certain
aspects of the supply chain, as the sugar beet derived bioethanol
BECCS supply chain in the Freer et al. study was more tethered to
its biomass infrastructure (Freer et al., 2021). However, due to no
two BECCS supply chains operating the same way, not all BECCS
supply chains are more tethered to their biomass than their CO,
or energy output and not all supply chains are more tethered to its
COs,. This difference in tethering is also apparent when a BECCS
supply chain is shifted location, as in one location the supply
chain may be more tethered to its CO, infrastructure, while in
another location it may be more equally tethered to its CO;, and
biomass infrastructure. Each supply chain must be evaluated on a
case-by-case basis and, depending on the locations of the supply
chain, exists on a spectrum of tethering between the limbs of the
supply chains.

METHODOLOGY

BECCS Supply Chain Descriptions

Three BECCS supply chains were selected and applied through
strict criteria to maximize the impact and real-world applications
of the results. To be included, supply chains must: utilize a UK
domestic feedstock; the biomass types must cover a range of
spatial distributions; similar supply chains should be mentioned
in industrial and governmental reports; must use a mixture of
carbon capture technologies; must cover a range of different types
of BECCS; and one must generate hydrogen fuel. Based on a
literature search, the following three supply chains met all of
the criteria and have been used in this analysis (Muresan et al.,
2013; Moreira et al., 2016; Mendiara et al., 2018; Pour et al., 2018;
Tagomori et al.,, 2019; Agrawal and Rao, 2020; Emenike et al.,
2020; Ghiat et al., 2020; Patzschke et al., 2020; Garcia-Freites et al.,
2021):

1. The “MSW supply chain,” evaluates the direct combustion
of the organic fraction of municipal solid waste (MSW)
for electricity generation with fitted post-combustion
monoethanolamine carbon capture technology. This
supply chain best represents the BECCS-Waste-to-Energy
classification of BECCS.

2. The “Wheat Straw supply chain,” evaluates the combustion
of wheat straw in an oxygen-rich environment fitted

with oxy-fuel carbon capture technology for electricity
generation. This supply chain best represents the BECCS-
Power classification of BECCS.

3. The “Sawmill Residue supply chain,” evaluates the co-
generation of electricity and hydrogen derived from the
gasification of sawmill residues converted into pellets through
the process of integrated gasification combined cycle (IGCC)
fitted with pre-combustion carbon capture technology.
This supply chain best represents the BECCS-Hydrogen
classification of BECCS.

Block flow diagrams for each of the three supply chains are
presented in Figure 4, depicting the types of biomass used, energy
output generated and CO, transportation via an ICCS cluster for
offshore geological storage. Each block flow diagram illustrates
potential geological storage in either the Goldeneye, Endurance,
or Hamilton reservoirs.

BECCS Supply Chain Biomass Mapping
Different methods could be used to map the supply chains, each
with different relative strengths and weaknesses in relation to the
quality of data recording, scale and resolution; consequently a
variety of mapping methods has been used to map the organic
fraction of MSW, wheat straw, and sawmill residue.

The spatial distributions for the organic fraction of MSW,
wheat straw and sawmill residue are presented in Figure 5.

The mapping of the organic fraction of MSW used waste
generation data recorded by local authorities. The amount of
biomass generated at each waste facility/site was allocated and
integrated into the biomass repository. The supply chain taps into
the organic fraction of MSW sent for incineration and landfill
waste stream, as this waste redirection offers better utilization
of the resource and targets the base resources of the waste
management hierarchy for greater biomass availability.

The mapping of the wheat straw used a spectral image analysis
approach. The base data for the current distribution of wheat
straw locations in the UK was taken from the UKCEH Land
Cover Plus Crops dataset for 2020 (UKCEH, 2019). From this
dataset, the wheat straw plots of land were extracted and had their
areas measured. A wheat straw yield was applied to each polygon,
which is presented in Table 1. The total wheat straw was then
verified against reported DEFRA census data to verify the results
(DEFRA, 2020), of which they did match.

The mapping of the sawmill residue was performed using
a combination of biomass accounting and satellite image
analysis. The data availability for the UK forestry industry is
very high. However, most of the data has been anonymised,
making it difficult to allocate amounts of biomass to specific
locations. This anonymising issue was bypassed by using satellite
imagery to measure the area of the lumber yards at each
of the sawmills in the UK. The amount of timber processed
at eight sawmills was found and assigned to their respective
sawmill lumber yard (UK Forestry Commission, 2021). These
eight data points were then used to determine the amount
of roundwood produced per m? of lumber yard and used to
determine the amount of roundwood produced at all the other
sawmills. The total amount of roundwood was then verified
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against the total anonymised data from the forestry commission
to verify the results, of which they did match. Sawmill
residue yields for sawdust and chipwood were then applied to
each site.

Carbon Navigation System Model

Parameters

The three supply chains have all been calibrated and standardized
to store 1 MtCO,/yr and produce an energy output in the form of
power or power and hydrogen. A 1 MtCO,/yr storage scale was
selected as this reflects the scale of upcoming large-scale BECCS
facilities, although future analysis will focus on the performance

of smaller-scale facilities. The parameters of the supply chains are
presented in Table 1.

Carbon Navigation System Infrastructure
CO; Transportation Infrastructure
The UK has one of the fastest developing CCS infrastructure
networks in the world, with plans rapidly evolving as the first
geological injection, scheduled for 2024 (Acorn, 2017a; CCC,
2019; OGC, 2019; Pale Blue Dot, 2019; ZeroCarbonHumber,
2019; HyNet, 2020; BEIS, 2021).

The UK has adopted an ICCS cluster approach with five ICCS
clusters under development and chosen due to their proximity
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FIGURE 5 | (A) Spatial distribution of organic fraction of MSW, (B) spatial distribution of wheat straw, (C) spatial distribution of sawmill residue.

TABLE 1 | MSW supply chain, wheat straw supply chain and sawmill residue supply chain inputs and output parameters.

Description Unit MSW Wheat straw Sawmill residue References

Biomass yield Tons/Hectare - 8.5 - DEFRA, 2019, 2020

Biomass availability % 44 28 19 DECC, 2012, 2014; Cadent Gas Ltd,
2017; Fantini, 2017; Townsend et al.,
2018; Scarlat et al., 2019; UK Forestry
Commission, 2021

Lower heating value MJ/kg 16.8 17.8 15.9 ECN Biomass Energy Efficiency, 2021

Hydrogen : Electricity ratio - - - 1.3:1 Chiesa et al., 2005; IEA, 2008;
Moldenhauer et al., 2020

CO, captured tCOo/MWh 0.90 1.01 0.73 Pour et al., 2018; Agrawal and Rao,
2020; Emenike et al., 2020;
Garcia-Freites et al., 2021

CO, capture efficiency % 90 92 90 Pour et al., 2018; Agrawal and Rao,
2020; Emenike et al., 2020;
Garcfa-Freites et al., 2021

Days operations per Year Days 300 300 300 Pour et al., 2018; Agrawal and Rao,
2020; Emenike et al., 2020;
Garcia-Freites et al., 2021

Biomass tonnage Mt/yr 0.24 0.20 0.31 -

Energy capacity MW 154 138 83 -

Hydrogen tonnage ktHo/yr - - 23.11 -

CO, tonnage MtCO./yr 1.00 1.00 1.00 -

to gas terminals for offshore geological storage, pre-existing The Teesside, North West and Humberside ICCS

infrastructure and in the catchment of multiple CO, emitters.  clusters have opted to construct new CO, compatible

The five ICCS clusters are in Scotland, Teesside, North-West
England, Humberside, and South Wales. The current UK CCS
strategy is to establish four low carbon clusters by 2030 and
one net-zero cluster by 2040 (BEIS, 2018; HM Government,
2018). The locations of the ICCS clusters are presented in
Figure 6.

pipelines for offshore geological storage of CO, (OGC,
2019; ZeroCarbonHumber, 2019; HyNet, 2020), while the
Scottish cluster will repurpose the feeder 10 and offshore
pipelines for CO, transportation (Acorn, 2017ab; Pale
Blue Dot, 2019). Due to the lack of proximal geological
storage to the South Wales cluster, the cluster has opted
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FIGURE 6 | Updated CO, and H, limb networks for the CNS model, (A) CO, compatible pipeline network for the UK, (B) National grid pipeline network for the UK,
(C) CO, emissions associated with the transportation of CO, from anywhere in the UK into either the Hamilton/Endurance/Goldeneye storage site via an ICCS cluster,
(D) CO, emissions associated with the transportation of Hy from anywhere in the UK into the national grid via injection.
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to transport CO, via ship to be integrated into the North
West cluster.

The UK has access to a large potential of secure offshore
geological storage sites in the North Sea and the east Irish
Sea, with theoretical storage capacities estimated to be between
61.7 and 75.6 GtCO, (Pale Blue Dot, 2020). The most
suitable storage sites in the North Sea in terms of reservoir
thickness, permeability, storage capacity, level of containment
risk, CAPEX + OPEX costs, level of seismic surveys, CO,
injection rates, caprock viability and level of pre-existing
infrastructure are Captain X, Goldeneye, Forties 5, Bunter
Enclosure 36, Endurance, Viking A, Hewett, Hamilton and
Morecambe formations (Jin et al., 2012; Pale Blue Dot, 2016,
2020; Williams et al., 2016; Akhurst et al., 2017; HM Government,
2018). This analysis assumes an early level of development
and deployment of geological storage, resulting in the use of
the Goldeneye, Endurance and Hamilton storage sites in the
analysis, with Monte Carlo theoretical storage capacities not
exceeding 50% of estimates (P50) of 37, 248, and 122 MtCO,,
respectively (Pale Blue Dot, 2020). The Goldeneye and Hamilton
reservoirs are depleted gas fields, while the Endurance reservoir
is a saline aquifer.

This study reflects the current UK CCS strategy by focusing on
England, Scotland and Wales. This research can be rolled out to
cover Northern Ireland and the potential Londonderry shipping
ICCS cluster (BEIS, 2020), but has not been included due to
limitations and barriers such as grid reference projection, the
integration of island infrastructure, potential tariffs and politics
within Ireland and implications of CO; storage with the IMO
London Protocol (Dixon, 2019).

The UK CO; pipeline networks and the carbon transportation
costs of CO, storage in the Goldeneye, Endurance and Hamilton
reservoirs from anywhere in the UK are presented in Figure 6.

H; Transportation Infrastructure

Hydrogen has many advantages as a clean energy vector due
to its high energy density, potential for combustion products
without pollutants, renewability, and its possible use in transport,
industrial and domestic applications (Rashid et al, 2015;
Felgenhauer et al, 2016; Zhou and Park, 2020). Hydrogen
can be transported by ship or pipeline, with straightforward
modifications to existing infrastructure, with onshore and
offshore storage potential in the UK and could substitute fossil
fuels in various applications including industrial processes, heat
and transport (Kuo and Wu, 2015; Gerboni, 2016; Gondal, 2016;
Dawood et al., 2020; ETIP Bioenergy, 2021; HM Government,
2021; Yu et al., 2021). It has been estimated that the deployment
of hydrogen to phase out fossil fuels in the UK could result in
a 0.6-2.3% emissions reduction by 2030 (FCH, 2020). The UK
Hydrogen strategy has also set ambitions to generate 5 GW of low
carbon hydrogen by 2030 (HM Government, 2021). Although,
uncertainties remain in the magnitude and extent of the UK
hydrogen economy (Calver et al., 2022). Hydrogen production is
projected to play a substantial part in the pursuit of net-zero and
plays a larger role in the UK’s ten-point plan (HM Government,
2020b). A phased deployment of hydrogen supply is predicted
for the UK, starting with hydrogen derived from a fossil fuel
source with CCS (blue hydrogen) with the objective to switch to

hydrogen derived from renewable sources (green hydrogen) (HM
Government, 2021; UK Parliament, 2021).

Bio-hydrogen is an example of a third-generation biofuel
and may be formed via many technologies, including steam
reformation, gasification, fermentation, microbial fuel cells, and
algal cultivation (ETIP Bioenergy, 2021). The carbon balance of
bio-hydrogen has the potential to be carbon neutral, but when
combined with CCS, a form of BECCS, has the potential to
produce a net-negative carbon balance (Zhou and Park, 2020).

Hydrogen has the potential to be blended with natural gasin a
national grid. HyNet in the northwest of England has proposed to
inject hydrogen into the national grid at a 20% volume, with the
goal of reaching 100% in the future (HyNet, 2020). Other projects
such as H Aberdeen are seeking to develop a hydrogen economy
through hydrogen fuel HGVs, hydrogen district heating and
national gas grid replacement (Aberdeen City Council, 2015). In
line with these initiatives, the hydrogen produced by the Sawmill
Residue supply chain case study was directed for national grid
injection at 20% volume. The national grid pipelines and the
carbon transportation costs of H; injection into the national grid
from anywhere in the UK is presented in Figure 6.

Carbon Navigation System Infrastructure Upgrade

The CCS infrastructure in the UK is quickly evolving toward
the goal of efficiently and permanently storing CO, in the
offshore subsurface. The Teesside and Humberside clusters
have recently formed a collaboration named the “Northern
Endurance Partnership,” which plans to introduce a new CO,
compatible pipeline directly connecting the Teesside cluster to
the Endurance reservoir (Zero Carbon Humber, 2020). The CNS
model has been updated to incorporate this new pipeline into all
calculations. The updated CO; pipeline network is presented in
Figure 6.

Carbon Navigation System Cost Matrix and
Emissions Profiles

The CNS model uses a standardized carbon-based cost matrix,
kgCO,/ton-km, to minimize the spatially explicit CO, emissions
produced by the supply chain. This analysis assumes that all
transportation is fossil fuel derived and uses the same fossil fuel
emissions profile and transport switching costs used in Freer et al.
(2021). This analysis also assumes that empty return journeys do
take place within the supply chains.

The three modeled BECCS supply chains all produce power as
an energy output, producing negligible spatially explicit supply
chain emissions from the transportation of the power through
the grid. Due to this, the energy output limb of the CNS was
not used for the three supply chains. The emissions produced
via the construction of new powerlines to rural areas fall out of
scope for this analysis, but it is important to note that there will
be additional carbon costs for connecting BECCS-Power in rural
areas at a rate of 6.3 ktCO,/km (Harrison et al., 2010).

Biomass Data Processing

The CNS model is capable of searching for specific quantities
of biomass through the processing of biomass into standardized
“Biomass Packages” through a named process of either splitting
or bundling (Freer et al., 2021). Splitting the biomass points
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involves taking a singular biomass location representing a large
quantity of biomass and splitting the singular point into multiple
stacked points, each representing 27.45 tons of biomass (truck
capacity with applied loading factor). Bundling the biomass is
applied when a singular biomass point represents <27.45 tons of
biomass and is combined with other biomass points to constitute
the standardized 27.45 tons of biomass while integrating the
added carbon cost of gathering the biomass points together. The
process of splitting and bundling the biomass data is further
explained in Freer et al. (2021).

The biomass data within the MSW supply chain and
Sawmill Residue supply chain were split, while the biomass
data within the Wheat Straw supply chain were split
and bundled due to the distribution of high and low
yield locations.

Biomass Availability and Availability Distribution
Biomass availability considered in this study is the percentage
of total biomass production that is collatable and of high
enough quality for energy production (Welfle et al., 2014a,b).
Due to the lack of data accessibility for biomass availability
for BECCS, bioenergy biomass availability was used as a proxy.
The biomass availability percentages for each supply chain
have been taken from the literature specific to each biomass
type and are presented in Table 1 (DECC, 2012, 2014; Cadent
Gas Ltd, 2017; Fantini, 2017; Townsend et al., 2018; Scarlat
et al, 2019; UK Forestry Commission, 2021). The chosen
biomass availability percentages are representative of the current
biomass strategy but may be subject to change with future
policies and climate impacts and would require future work to
determine the impact of a variable biomass availability on BECCS
supply chains.

An equal distribution of biomass availability was also
assumed due to the lack of spatially explicit reported data
for biomass use and competition distribution. Future work
will be required to determine the spatial distribution of
biomass availability but would require a fully transparent
database of biomass users for the entire UK at high
spatial resolution.

Batch Processing of the Supply Chains
Each of the supply chains was simulated over a range of locations
to create the carbon performance heatmaps. The CNS model
calculates the routings for one location, dissolves the routings
into the point, and then automatically moves onto the next
locations. Each of the supply chains were simulated over 219,878
locations to generate the heatmaps, resulting in 6.01 billion total
routings between the three supply chains. Each of the supply
chains also perform drastically differently for the same location.
Figure 7 depicts the routings for the three supply chains from
the same location, which access the Endurance storage site via
the Teesside ICCS cluster, showing the range in the footprints
of the supply chains.

Each of the simulated BECCS facility emissions for the
supply chains were dissolved and joined to their respective point

locations, where an inverse distance weighted interpolation was
applied to generate the carbon performance heatmaps.

RESULTS AND DISCUSSION

This analysis evaluates the carbon performances of three modeled
BECCS supply chains across the UK using the CNS model. The
carbon performance heatmaps for the MSW, Wheat Straw and
Sawmill Residue supply chains is presented in Figure 8.

BECCS Supply Chains Carbon

Performance Areas

Across all three supply chains, the areas of highest performance
(areas that have produced the lowest amount of supply chain
transportation emissions) are concentrated around the ICCS
clusters that use a dedicated CO; pipeline. Compared to the
other clusters, the South Wales cluster underperforms due to the
large and carbon-intensive distance required to transport CO,
for geological storage. The decarburization of the shipping or
rail industry would greatly benefit the carbon performance of
the area. Additionally, the conversion of an oil platform in the
Irish sea into a CO, catchment hub with a dedicated pipeline
connected to the geological storage sites in the area would benefit
the South Wales cluster as well as Northern Ireland, Ireland and
the rural west coast of the England and Scotland.

The siting location with the highest performance for the MSW
and Sawmill Residue supply chains is Connah’s Quay (located
within the North West ICCS cluster) due to its strong access to
CO;, infrastructure, available biomass, low carbon infrastructure
and energy end-user. Contrarily, the highest performing siting
location for the Wheat Straw supply chain is in Barrow-
Upon-Humber (located within the Humberside ICCS cluster)
as this location has greater access to available biomass. Areas
surrounding low carbon transport switching locations, such as
shipping ports and rail terminals, have elevated performance
due to the increased access to less carbon-intensive transport
methods. The least optimal location for all three supply chains is
Kingsbridge (30 km east of Plymouth) due to it being the furthest
distance in the UK from one of the modeled geological storage
sites. Great efforts in decarburization would have to be made to
improve the carbon performance of the area. This is not to say
that BECCS is not possible in this location, but rather these three
types of BECCS do not perform well in this location. Another
type of BECCS, perhaps a high purity low yield manure derived
anaerobic digestor BECCS would perform better in this area but
would still require major decarburization of transportation.

Carbon Impact of Shifting BECCS Siting

The optimization of the siting of a BECCS facility is critical in
minimizing the positive emissions in the projects carbon balance
to achieve a favorable net-negative carbon balance. It may not
be possible to site a BECCS facility in its most carbon-optimal
location due to competition, in terms of land and available
infrastructure/resources, with other sectors or potentially other
BECCS facilities. The siting of a BECCS facility is extremely
important to maximize its carbon performance.
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FIGURE 8 | Carbon performance heatmaps depicting the spatially explicit supply chain emissions for the modeled BECCS supply chains, (A) MSW supply chain, (B)
wheat straw supply chain, (C) sawmill residue supply chain, along with an annotated ICCS cluster map for the UK.

The shifting of the siting location of each supply chain  10m perpendicular to the transition from green to orange to
results in drastic changes in their carbon performance. For  red/white regions of the carbon performance maps were used
each of the supply chains, multiple radial lines of points every  to extract the values, and the average percentage change in
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TABLE 2 | Percentage increase in spatially explicit supply chain emissions for the
MSW, wheat straw and sawmill residue supply chains from shifting the siting of
the facilities from a green region to an orange region and from a green region to a
red/white region.

Supply chains Green region to orange

region (A %)

Green region to
red/white region (A %)

MSW 672.9 1,345.9
Wheat straw 804.8 1,609.6
Sawmill residue 298.8 597.5

carbon performance from green regions to orange regions and
green regions to red/white regions were recorded. These average
percentage changes showcase the percentage increase in supply
chain emissions for each of the supply chains if they were moved
from a high performance area (green region) to a moderate
performance area (orange region) and to a low performance area
(red/white region).

Shifting the siting of the BECCS facilities from a green region
of the performance maps to an orange region results in a 298.8-
804.8% increase in spatially explicit supply chain emissions, while
shifting from a green zone to a red/white zone results in a 597.5-
1,609.6% increase. A breakdown of the percentage changes in
shifting from a green region to an orange and red/white region
by each of the supply chains is presented in Table 2. Dramatically
shifting the location of the BECCS facility in such a manner
will make achieving a favorable net-negative carbon balance very
difficult. On average, a 10 km shift in the siting of a BECCS facility
will result in between an 8.6 and 13.1% increase in spatially
explicit supply chain emissions.

BECCS Supply Chain Tethering

The carbon performance heatmaps for the supply chains look
similar as all three of the modeled supply chains in this analysis
are more tethered to their CO, infrastructure than to their
biomass and hydrogen, indicating that greater carbon savings
would be made by focusing decarburization efforts on CO;
transportation rather than the other limbs of the supply chains.
However, the level and scale of tethering varies dramatically
between the supply chains and where the BECCS facility
is located.

Whether or not a BECCS supply chain will be more tethered
to its biomass or its CO; infrastructure depends heavily on
its geography, access to low carbon infrastructure, access to
available biomass, distribution of its biomass and the ratios of
transported tonnages. A generalized trend can be identified for
the tethering of different styles of BECCS. BECCS supply chains
which produce an initial high purity CO, stream at low yields will
generally be more tethered to its biomass [CPER, Decatur Illinois,
Occidental White Energy, Lamberton, Plainview and Goldfield
(BusinessWire, 2019; Global CCS Institute, 2021; Summit Carbon
Solutions, 2021; U.S. Securities Exchange Commission, 2021)],
while BECCS supply chains which produce an initial low purity
CO;, stream at high yields will generally be more tethered
to its CO; infrastructure [Drax, Stockholm Exergi, Copenhill,

Mikawa and Project Bright (Drax, 2019; Toshiba, 2020; Global
CCS Institute, 2021; HyNet, 2021a; Stockholm Exergi, 2021)].
Although each supply chain would have to be tailored and
evaluated on a case-by-case basis and depending on their relative
access to available biomass and geological storage would exist
on a sliding scale of tethering. Generally, high purity low yield
BECCS supply chains will perform more carbon optimally in
more rural areas with strong access to biomass, while low purity
high yield BECCS supply chains will perform more carbon
optimally in more industrial areas with strong access to geological
storage sites.

The level and scale of tethering can be quantified by taking the
ratio between pairs of each supply chain limb (CO, limb, Biomass
limb and H, limb), revealing how many more times the supply
chain is tethered to a specific limb. The scales of tethering for
the modeled supply chains broken down by regions in the UK is
presented in Figure 9. On average across the entire UK, the MSW
supply chain is 6.04 times more tethered to its CO; infrastructure
compared to the other limbs, the Wheat Straw supply chain is
7.95 times more tethered and the Sawmill Residue supply chain
is 2.36 times more tethered.

The difference between the supply chain tethering across the
modeled supply chains is driven by its access to available biomass,
the distribution of its biomass, access to geological CO, storage
and access to its energy end-user. The MSW and Wheat Straw
supply chains follow similar trajectories in their tethering as
both have a well-distributed and plentiful biomass source across
the UK, resulting in a wide range in the scale of supply chain
tethering. The Sawmill Residue supply chain follows the same
trajectory of tethering but has been skewed toward a more equal
balance in supply chain tethering due to its concentrated and
clustered biomass distribution and the level of access to its energy
end-user. The sawmill residue across the UK are not as well
distributed as the other modeled biomass types and tend to be
far away from the ICCS clusters, resulting in further and more
carbon-intensive biomass transportation than the other supply
chains. The Sawmill Residue supply chains must also incorporate
hydrogen transportation into the national grid into the tethering,
while the other two supply chains do not. Other low purity
high yield BECCS supply chains with concentrated biomass
distributions, such as energy crop derived BECCS projects, will
be expected to have similar and more equal scales of tethering to
the Sawmill Residue supply chain rather than the other modeled
supply chains.

Within a BECCS supply chain the scale of tethering varies
greatly and exists on a spectrum depending on if the facility is
located within an ICCS cluster or in a more rural location.

BECCS facilities located within ICCS clusters that have access
to a CO, pipeline tend to be more equally tethered to its
biomass and CO, but are still overall more tethered to its CO,
infrastructure. The level of tethering within 50 km of pipeline
access for the Scottish, Teesside, North West and Humber
clusters and 50km from the shipping ports for the South
Wales cluster are presented in Table 3. Indicating that a more
balanced approach in decarbonizing the supply chain limbs
would result in the most carbon savings while still having a
slight focus on the CO; limb. However, since the South Wales
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FIGURE 9 | The scale of BECCS supply chain tethering for the MSW, wheat straw and sawmill residue supply chains across the UK broken down by regions.

cluster lacks a CO; pipeline, the facilities within the cluster are
more tethered to its CO, infrastructure than the UK average
due to the large shipping distances to store CO, within the
Hamilton reservoir. On average, the MSW, Wheat Straw and
Sawmill Residue supply chains are 8.92, 8.13, and 3.46 times
more tethered to its CO, infrastructure within the South Wales
cluster, respectively. Indicating that greater carbon savings within
the supply chains would be made if decarburization efforts were
focused on decarbonizing shipping within the cluster compared
to the rest of the supply chain.

Due to the lack of proximal access to CO, storage sites,
the scale of tethering for more rural areas of the UK are
heavily tethered to its CO; infrastructure for the modeled supply
chains. On average, the MSW, Wheat Straw and Sawmill Residue
supply chains are 3.94, 3.64, and 2.12 times more tethered to
their CO; infrastructure in the Highlands, respectively. The
supply chains are 5.66, 6.72, and 2.51 times more tethered
within Central Wales and 13.01, 14.86, and 3.26 times more
tethered in South-East England. The decarburization of shipping
and rail transportation would dramatically improve the carbon
performances in these more rural areas around the UK, allowing
for the wide dissemination of BECCS across the UK and not
only siting the facilities within the ICCS clusters. A general

trend across all supply chains is that the further south the
BECCS facility is placed, the more tethered the facility is to its
CO; infrastructure. This is due to the majority of geological
storage sites and CO;, compatible pipelines across the UK being
in the country’s northern regions, resulting in larger emissions
accessing this infrastructure from the south.

BECCS Supply Chain Performances Within

ICCS Clusters

The carbon performances of the modeled BECCS supply chains
differ drastically within the ICCS clusters. The MSW, Wheat
Straw and Sawmill Residue supply chains carbon performance
maps focusing within each of the ICCS clusters is presented in
Figure 10. The highest performance areas within the clusters
are concentrated around the CO; pipeline compressors. In
contrast, for South Wales the highest performance areas are
concentrated around the shipping ports and rail terminals since
the cluster lack a CO, compatible pipeline and proximal access to
geological storage.

The MSW and Wheat Straw supply chains outperform the
Sawmill Residue supply chain in all ICCS clusters with a CO;
pipeline due to the comparatively increased access to available
biomass, energy end-users and low carbon infrastructure.
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TABLE 3 | Supply chain tethering for MSW, wheat straw and sawmill residue broken down by ICCS clusters.

MSW Wheat straw Sawmill residue
Mean Range Mean Range Mean Range
Scottish 2.71 0.36-5.89 2.43 0.46-5.49 1.11 0.20-2.16
Teesside 2.19 0.75-4.13 3.49 1.02-7.02 0.95 0.31-1.61
North West 2.81 0.28-6.13 2.48 0.26-4.78 0.84 0.11-1.52
Humberside 3.72 0.43-8.25 5.42 0.67-8.99 0.93 0.15-1.48
South Wales 9.37 5.70-13.08 8.52 3.77-14.11 3.52 2.74-3.99

Notably, the MSW supply chain performs at a higher level along
the entire length of the Feeder 10 pipeline in the Scottish cluster
due to the abundance of available biomass, while the Wheat Straw
supply chain performs at a higher level at the northern end of the
pipeline due to the distribution of wheat straw being greater in
the Northeast of Scotland. Contrarily, the Sawmill Residue supply
chain outperforms both the MSW and Wheat Straw supply
chains within the South Wales cluster due to the moderate access
to sawmill residue and lack of large enough quantities of MSW
and wheat straw to store the required 1 MtCO,/yr.

Comparative BECCS Supply Chain
Decision Mapping

A decision map is a map that can choose between a selection of
options under a specific set of criteria at a high spatial resolution
to clearly show what should go where under the set criteria. The
main objective of this decision map is to provide a heuristic to
help inform stakeholders such as policymakers, NGOs, academia
or industry in determining where to locate BECCS facilities.

A comparative BECCS supply chain decision map was
generated for the three modeled supply chains, indicating for a
given area of the UK which of the three supply chains captured 1
MtCO,/yr for the lowest amount of spatially explicit supply chain
emissions per MWe. The decision map is presented in Figure 11.

The phrasing of the question when generating a decision map
is critical. A decision map showing which supply chains should
be chosen to capture 0.5 MtCO,/yr for the lowest amount of
spatially explicit supply chain emissions per MWe would show
vastly different results than 1 MtCO,/yr. This is due to the smaller
operational footprints of the supply chains as less distance is
needed to be traveled to meet the biomass quotas to capture 0.5
MtCO,/yr compared to 1 MtCO;/yr.

The selection process deciding which supply chain is chosen
is based on access to biomass, energy end-users and access to low
carbon infrastructure. The MSW and Wheat Straw supply chains
were selected for each location based on their biomass and low
carbon infrastructure access. In comparison, the Sawmill Residue
supply chain selection was based on its biomass, energy end-user
and low carbon infrastructure access.

There are four main bodies of choice for the three supply
chains across the UK. The Wheat Straw supply chain is the
better choice across Teesside, the east side of Humberside and
the coastal areas of the East Midlands and East England. The
MSW supply chain is the better choice across North Wales, NW
England, Yorkshire, the west side of Humberside and Scotland’s

east coast. The MSW supply chain has not been selected for
South Wales, but it may have been chosen if the decision map
was recalibrated for a smaller BECCS facility rather than 1
MtCO;/yr. The Sawmill Residue supply chain is best located in
more isolated rural areas such as Southwest England, Cumbria,
Scottish Highlands, the Outer Hebrides, Orkney and Shetlands.

Notably, there are a series of small zones within the decision
map which identify one of the supply chains within another
supply chain zone. This is most apparent for the Greater London
area, where the MSW supply chain performs best within wider
surroundings dominated by the Sawmill Residue. These zones are
termed “enclaves” and are driven by areas with increased levels of
access to biomass, energy end-users and particularly low carbon
infrastructure compared to their surrounding areas. The Greater
London enclave is selected due to the abundance of MSW and
excellent access to shipping and rail terminals compared to the
areas surrounding Greater London. There are eight groupings
of enclaves across the UK, with the majority based in England,
one in Scotland and none in Wales. There are more enclaves in
England compared to Scotland and Wales due to the widespread
distribution of low carbon transport switching locations. England
has distinct areas of dense and sparse infrastructure which allow
the decision map to form enclaves, while the infrastructure in
Scotland and Wales is concentrated along the east coast and
north and south coast, respectively, which makes enclaves less
likely. The enclaves in England are driven by increased access to
shipping ports and rail terminals, while the enclaves in Scotland
are driven by increased access to the feeder 10 pipeline.

The information conveyed by the decision map has the
potential to help inform policymakers and industry on how
to best place BECCS facilities across the UK, but much more
research will be needed to cover all aspects and contexts of
BECCS deployment. The decision map only focuses on the
carbon emissions for the modeled supply chains. Further research
will be needed to ensure that BECCS facilities are right-
sized into its local infrastructure, available biomass, economic
environment, energy systems, land management strategies,
geography, and socio-political context. The decision map has
been calibrated for 1 MtCO,/yr, but many locations may be better
suited for larger or more likely smaller facilities. Future research
into determining the optimal BECCS facility scale for any
location in the UK will be greatly needed to ensure a successful
and sustainable deployment of BECCS. Future work will also be
performed on the decision map to capture other constraints such
as biomass availability volatility, transportation costs, integration
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FIGURE 10 | Carbon performance heatmaps depicting the spatially explicit supply chain emissions for the MSW, Wheat straw and sawmill residue supply chains,
focusing within 50 km of an ICCS cluster, (a—c) the Scottish ICCS cluster, (d—f) the Teesside ICCS cluster, (g-i) the North West ICCS cluster, (j-I) the Humberside

of renewable fuels, rapidly evolving CO, infrastructure and static
supply chain emissions.

It is important to highlight that this study only considers
the spatially explicit supply chain emissions for each supply
chain and does not include the spatially static emissions such
as biomass drying, biomass grinding, fuel combustion, CO;
compression, CO; injection and CO, remediation. The study

also does not explore land-use change implications such as
soil carbon sequestration, erosion control and consequences of
climate change. This is particularly important for cereal straw
derived BECCS projects like the Wheat Straw supply chain
in this study. Further collaboration with LCAs, sustainability
studies, economic feasibility studies and stakeholder engagement
studies will be needed to ensure a sustainable and successful
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FIGURE 11 | Comparative BECCS supply chain decision map. Identifying
between the MSW, wheat straw and sawmill residue supply chains should be
chosen for any given area of the UK, under the condition of capturing 1
MtCOs/yr for the least amount of spatially explicit supply chain emissions

per MWe.

integration of BECCS into our energy generation, land
management strategies, waste management strategies and socio-
economic frameworks.

If the three modeled BECCS supply chains were to be rolled
out across the UK, assuming the biomass availability used in
this analysis, the theoretical output of the MSW supply chain
would be 6.53 MtCO,/yr, the theoretical output of the Wheat
Straw supply chain would be 12.39 MtCO,/yr and the theoretical
output of the Sawmill Residue supply chain would be 3.79
MtCO,/yr. This would constitute 43.5% of the required amount
of BECCS to meet Net-Zero by 2050 under the UK BECCS

requirements in the Committee on Climate Change Sixth Carbon
Budget balanced pathway scenario. The roll-out of these supply
chains would not be as one mega facility, but rather disseminated
as a series of smaller facilities that have been tailored and
calibrated to be successfully integrated into their geographic,
economic, environmental and social context. The realistic output
of these supply chains may be less as these roll-outs calculations
assume 100% utilization of available biomass, which may not
be economically viable, particularly in more rural areas of the
country. The theoretical outputs also assume no reduction in
the level of competition with other sectors, particularly for
MSW, and no reduction in biomass availability from zero-waste
campaigns and policies.

Future analysis will also have to account for the impact of
climate change on the supply of biomass for BECCS as some
representative concentration pathways could see a 46% decrease
in biomass yield (IPCC, 2021). The realistic outputs of the supply
chains may also be increased through mixing the feedstocks with
other sources or through importation, but this may reduce the
calorific value of the fuels, reduce the supply of biomass for
other countries and result in unwanted additional transportation
emissions. Although, there are potential limitations in scaling
up bioenergy and BECCS facilities to the required level to meet
Net-Zero from what is currently available due to limited biomass
supply and limited operational timeframes. These limitations
may be circumvented with the recent advances in pre-treatment
techniques and dry biomass storage systems to prolong the
operational timeframes of the facilities and secure biomass supply
(Victorin et al., 2020; Wendt and Zhao, 2020). Future analysis
exploring the implications of multiple smaller decentralized
BECCS facilities with reduced operational timeframes may also
reveal potential pathways for BECCS deployment.

CONCLUSION

The work produced in this paper using the CNS model
has the potential to aid the successful and sustainable
deployment of BECCS across the UK. BECCS is an incredibly
diverse and unique technology that needs to be carefully
tailored to its local infrastructure, available biomass, economic
environment, energy systems, land management strategies, socio-
political context and geography for successful deployment and
integration. Each BECCS facility must be evaluated on a
case-by-case basis, and some supply chain designs perform
better in some locations than others. The findings from this
paper can be replicated for any other BECCS supply chain
or simulated in any other country. The findings produced
also have the potential to act as a useful heuristic for
policymakers and industry when planning where to site specific
BECCS projects.

The shifting of a BECCS facility will result in a drastic
increase in spatially explicit supply chain emissions, where for the
modeled supply chains for each 10km shift in facility location
results between an 8.6 and 13.1% increase in emissions. The
optimal placement of a BECCS facility will play a significant role
in achieving a favorable net-negative carbon balance and should
be considered in the inception of each and every project.
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A BECCS project may be more tethered to its CO;
infrastructure or biomass and, as a general rule, a BECCS project
producing an initial high purity low yield CO, stream will be
overall more tethered to its biomass, and a project producing
an initial low purity high yield CO; stream will be overall more
tethered to its CO; infrastructure. All three of the modeled supply
chains were more tethered to its CO; infrastructure, but the scale
of tethering varies greatly and exists on a spectrum depending on
if the facility is located within an ICCS cluster or in a more rural
location. Locations within ICCS clusters tend to be more equally
tethered to both its biomass and CO, infrastructure, with a
slight preference for the CO; infrastructure, and more rural areas
tended to be more strongly tethered to its CO; infrastructure;
Indicating that low purity high yield BECCS project will perform
at higher levels within ICCS clusters and high purity low
yield BECCS projects will perform at higher levels in more
rural areas.

This paper has also introduced a BECCS decision map
indicating for any given area which of the modeled BECCS supply
chains should be chosen to best store 1 MtCO,/yr for the least
amount of spatially explicit supply chain emissions. The decision
map reveals that the modeled supply chains have a performance
proclivity for certain areas of the UK and that one BECCS
supply chain that operates optimally in one location cannot be
transplanted or replicated into a new location without tailoring
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