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A B S T R A C T   

The Carbon Navigation System (CNS) showcases a new methodology to model specific carbon-efficient bioenergy 
with carbon capture and storage (BECCS) supply chains at high spatial resolution. The CNS model is capable of 
searching and routing for a precise amount of biomass to a chosen location, route captured CO2 for offshore 
geological storage and direct energy output to end-users. The CNS model is multi-modal between trucks, rails, 
shipping and CO2-compatible pipelines to ensure carbon-optimal routings. The model’s operation and outputs 
are demonstrated through a case study approach using an illustrative sugar beet derived bioethanol BECCS 
supply chain. The CNS model calculates carbon performance heatmaps for the case study supply chain, revealing 
the carbon-optimal position of the BECCS facility. A BECCS supply chain notation was also created, which 
allowed for the generation of classification maps that present the BECCS supply chain type for any given area. 
The CNS model can model any BECCS supply chain or be repurposed to model any other supply chain. The 
methodology presented in this analysis provides a useful heuristic that can aid the carbon-efficient deployment of 
BECCS in the UK and has the potential to be replicated for other countries or calculate carbon-efficient trans- 
national BECCS supply chains.   

Introduction 

Stringent climate mitigation strategies are required to prevent 
significant increases in atmospheric CO2 concentrations and avoid 
dangerous levels of climate change [1]. Climate models and regional 
climate schemes heavily rely on Greenhouse Gas Removal (GGR) ap-
proaches, primarily afforestation and bioenergy with carbon capture 
and storage (BECCS), in order to offset residual emissions from hard- 
to-abate sectors, such as agriculture and aviation, within a net-zero 
framing [2]. The majority of modelled emissions pathways compliant 
with the 2 ◦C goal set out in the 2015 Paris Agreement require a form of 
GGR, with 50% of the pathways showing BECCS exceeding 5% of 
primary energy supply by 2050 [3]. 

BECCS is the installation of carbon capture and storage (CCS) tech-
nology with a bioenergy feedstock, whereby CO2 is captured and 
injected into a contained and secure subsurface geological formation 
[4]. BECCS faces the culmination of the barriers from both bioenergy 
and CCS, ranging from social to economic to physical. The availability of 
sustainable biomass feedstocks to fuel bioenergy and BECCS is critical to 
the future deployment of BECCS globally. The potential for bioenergy is 
limited by land productivity efficiency, land use competition, water 

consumption, soil properties and future climate [5–6]. Estimates of the 
potential future contribution of bioenergy to global power generation 
vary from 2 to 20% by 2050, compared to the current 2.3% [7–8]. This 
increase in demand could be met by increasing the production of dedi-
cated energy crops, although this may lead to negative externalities 
including increased water consumption, soil degradation, biodiversity 
loss and competition for food production [9–11]. The adoption of a 
mixture of agricultural residues and industrial wastes as alternative 
feedstocks would help avoid these risks [5]. 

BECCS relies on the capture of biogenic CO2 through the use of 
chemical solvents from biomass burnt or gasified in energy conversion 
processes to be geologically trapped or mineralised in the subsurface for 
‘permanent’ storage [12–15]. If emissions along the BECCS supply chain 
are less than the amount captured and stored, this may result in a net 
removal of atmospheric CO2. 

The first CCS and BECCS supply chains were centralised and self- 
contained to a local area using a point-to-point style supply chain [16]. 
As the technologies are developing and the need for large-scale capturing 
of CO2 increases, a cluster approach involving regional hub-and-spoke 
supply chains is proposed [17], with the potential for them to mature 
to trans-national applications [18–19]. As CCS and consequently BECCS 
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supply chains expand, they will require greater management to ensure 
the better handling and control of emissions, to ensure a net-negative 
carbon balance. Although, trans-national hub-and-spoke supply chains 
are more carbon-efficient than multiple disconnected supply chains, 
strict methodologies and measures will be required to minimise 
embodied emissions and good practice developed from the outset. The 
Committee on Climate Change estimates that the UK has the potential to 
store 50 MtCO2 by 2050 via BECCS [20]. Currently, five regional in-
dustrial carbon capture clusters (ICCS) are under development across the 
UK, which aim to develop hub-and-spoke BECCS supply chains as part of 
the UK’s Net-Zero commitment [20]. The only current BECCS pilot fa-
cility in the UK is the Drax power plant, which captures 1 tCO2 per day 
with the eventual goal of storing the CO2 in an offshore saline aquifer 
[21]. The deployment of BECCS is critical to allow the UK to meet its 
2050 net-zero target, requiring a methodology to evaluate how to suc-
cessfully and sustainably integrate BECCS supply chains into the ICCS 
clusters. The analysis presented here describes the Carbon Navigation 
Model (CNS), a multi-modal BECCS supply chain model (trucks-trains- 
shipping-pipelines), which can evaluate the spatial carbon performance 
of specific BECCS supply chains in the UK with biomass data down to the 
resolution of the plot of land. 

The CNS model provides a useful heuristic tool that has the potential 
to aid the carbon-efficient deployment of BECCS in the UK. However, the 
model alone will not provide a wider analysis of the deployment of 
BECCS and will require other factors and considerations. 

Supply chain network modelling 

This new CNS methodology analyses the high-resolution carbon 
performance of a BECCS supply chain through the use of a case study 
modelled over 219,878 locations across the UK. The model identifies the 
locations and quantities of the key biomass feedstocks, which it routes in 
a carbon-efficient manner to any chosen location or locations. The 
methodology also routes the captured CO2 for offshore geological stor-
age via an ICCS cluster and routes the energy output to its chosen end- 
user. Carbon performance heatmaps are then generated by the meth-
odology presenting the areas with the highest to lowest performance for 
the specific case study. The methodology then provides a breakdown of 
the types of supply chains modelled in the form of a classification map. 

The modelling of BECCS supply chains across the UK requires 
biomass data with high spatial resolution. Biomass census data for the 
UK is well developed, but the majority lack a spatial distribution. A 
biomass type may have a high availability but could be so widely and 
sparsely dispersed that gathering the biomass to a central point could 
lead to fiscal and emission barriers. A biomass repository was designed 
alongside the model to contain various high-resolution mapped biomass 
types across the UK. These biomass types range from sawdust pellets to 
cereal straws to sewage. The aim of this repository was to build a 
biomass collection so that any calculations could utilise high spatial 
resolution data. The repository initially aimed to capture the potential 
for agricultural residues and industrial wastes. However, the supple-
mental biomass which produces the residues and wastes were also 

mapped and can be used in any future calculations. Examples of the 
biomass types available in the repository can be seen in Table 1. 

The scope of this analysis focuses on the spatially explicit CO2 emis-
sions produced by a BECCS supply chain, being the CO2 emissions which 
vary depending on their location. The analysis takes into consideration 
the spatially explicit emissions from the growing of the feedstocks to the 
storage of CO2 in the subsurface and the transportation of the energy 
output to its end-user. The scope has been designed to target the spatially 
explicit supply chain emissions for easy integration with life-cycle as-
sessments and techno-economic evaluations to improve the spatial 
context of their calculations. This analysis does not take into consider-
ation the usage of the energy output, the displacement of biomass usage 
and monitoring techniques such as airborne monitoring for CO2 leakages. 
The scope of this analysis is highlighted in yellow within Fig. 1. 

The presented methodology fills the research gap for a UK national 
scale multi-modal supply chain network model that can aid the carbon- 
efficient deployment of BECCS. 

Macro-Energy systems 

Macro-energy systems is a newly emerging discipline that couples 
components of large-scale energy systems within a rigorous methodol-
ogy to understand the dynamics, benefits, costs and impacts of the sys-
tem to inform policymakers [22]. The discipline has been applied to a 
range of energy systems including solar, wind, residential heating and 
electric fuel cells vehicles [23–25]. Two macro-energy system analyses 
have been applied to BECCS. The first was to determine the near-term 
BECCS deployment within the United States [26]. However, the reso-
lution of the analysis is approximately 80 km, it assumes a wide range of 
biomass types and was not applied to a specific BECCS supply chain. The 
second was to determine the optimal design of a hydrogen network 
derived from biomass and carbon capture in Switzerland utilising 
simplified transportation network polylines at a resolution of 40 km 
[27]. 

Levi et al. propose that the three dimensions of scale for macro- 
energy systems models are energetic, temporal and spatial. The 
criteria for the scale of analysis to be considered a macro-energy system 
is for the scope of analysis being larger than a city, investment, and 
national grid planning level for each of the respective dimensions [22]. 
The CNS methodology presented in this analysis does meet the criteria to 
be considered a macro-energy system model as the scale of analysis is 
applied to national supply chains and couples the energetic and spatial 
dimensions. This analysis could be argued to be introducing a new 
analysis dynamic for macro-energy systems being high spatial resolution 
supply chain emissions modelling. 

Multi-Modal energy system routing models 

Shortest distance algorithms and energy system routing models are 
well established and have been applied to multiple sectors including 
energy (fossil fuel, bioenergy, nuclear, tidal and hydro), transportation, 
construction and agriculture [28–34]. 

The majority of the energy system models, particularly for bio-
energy, only use one type of transportation type, most commonly road 
transportation [34–36]. Some bioenergy routing models have been 
shown to be multi-modal between trucks and rails [37–38]. However, 
multi-modal routing models with shipping has only been seen in freight 
transportation and only at a local scale [39–40]. One multi-modal 
(trucks and pipeline) routing model has been applied to BECCS, 
focusing on designing a regionalised CO2 pipeline hub network between 
bioethanol distilleries in Brazil to minimise transportation costs [41]. 
The methodology presented in this analysis provides a new multi-modal 
(truck, rail, shipping and pipeline) macro-energy system network for 
BECCS. 

Table 1 
Mapped Resource Types Available in the Biomass Repository.  

Residue and Waste Biomass  

Residue Resources Crop Residues  
Cereal Straws  
Animal Residues  
Manures and Slurries  
Forestry Residues 

Waste Resources Municipal Solid Waste  
Sawmill and Pulp-Mill Wastes  
Sewage  
Cardboards and Textiles  
Waste Wood  

M. Freer et al.                                                                                                                                                                                                                                   
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Cost matrix 

A cost matrix utilised by a model is the unit of the accumulated or 
measured values recorded for analysis. The majority of the cost matrices 
used in energy system routing models tend to be fiscal, temporal or 
spatial and have yet to be shown to use a carbon-based cost matrix 
[37–38,42–43]. The novel use of a carbon-based cost matrix coupled 
with a multi-modal macro-energy system model presented in this 
methodology would allow for the high-resolution modelling of BECCS 
supply chain emissions. 

Software 

Geographic Information Systems (GIS) models have extensively been 
used for energy system routing models, with some integrating python to 
analyse economic components [37,42–44]. Supply chain models ana-
lysing BECCS tend to use python and SimaPro to analyse gate-to-gate 
pathways for techno-economic assessments and life cycle analysis with 
the technology [45–47]. However, BECCS supply chains have yet to be 
seen analysed in GIS with a cradle to grave or plant to storage scope of 
analysis. 

A method of analysing supply chains is to create a network frame-
work in GIS using the network analyst toolbox developed by ESRI [48]. 
Network analyst is most commonly used for the management and 
analysis of transportation routes, such as delivery routes for large goods 
vehicles using shortest path algorithms [49]. 

A network within network analyst works by travelling along a 
polyline while accumulating and counting a resistance or cost for a given 
length [48]. Typical cost matrices used in network analyst are temporal 
or spatial in nature. 

Scale of analysis 

The scale of analysis for bioenergy routing models tend to be local to 
regional in scale [36,42,50–51], although some have been shown to 
analyse at a national scale [34]. BECCS models have been shown at the 
national scale and even some at the trans-national scale but lack high 
spatial resolution in their analysis [52–54]. 

Carbon capture and storage infrastructure and strategy 

The level of development of CCS infrastructure in the UK is one of the 
most developed in the world, with many of the current projects about to 
conduct or have completed their Front End Engineering Design (FEED) 
studies [19,55–56]. 

The study area used in this analysis is the mainland UK, including 
England, Wales and Scotland as this reflects the current CCS strategy 
[17]. The UK has adopted a cluster approach for CCS with initial funding 
for cluster and roadmap plans across five regional clusters linked to 
offshore geological storage sites [57]. The UK industrial strategy is to 
establish four low carbon clusters by 2030 and one net-zero cluster by 
2040 [17,58]. The five clusters are the North-West (NW), Scotland, 
Humberside, Teesside and the South Wales clusters [17,56]. 

Each of the ICCS clusters comprise a unique configuration of in-
dustries and technologies. A summary of each of the clusters is presented 
in Table 2. The Scotland, NW and Humberside have opted to use dedi-
cated pipelines for CO2 transportation, with Humberside and NW con-
structing new pipelines and the Scotland cluster repurposing the feeder 
10 gas pipeline [19,55–56,59–60]. The Teesside and South Wales cluster 
have opted to collaborate with the Humberside and NW clusters 
respectively, where captured CO2 is transported to the clusters via ship 
to then incorporate the CO2 into their networks for geological storage, 
however, are responsible for their own transportation [17,56,61,62]. 

Due to the still-developing nature of the CCS infrastructure in the UK, 
analysis using georeferenced pipeline routes has yet to be seen, and 
analysis using the routes would be novel. 

BECCS supply chain modes of transportation 
The transportation methods available for inputs and outputs of a 

BECCS supply chain vary depending on the transported resources. The 
methodology presented in this analysis focuses on biomass, CO2 and 
energy output resources streams for BECCS. 

Fig. 1. BECCS Process Schematic with the Scope of Analysis Highlighted in Yellow.  

Table 2 
UK ICCS Cluster Emission Sizes, Primary CO2 Transportation Methods and 
Storage Site used in this Analysis.  

ICCS 
Cluster 

Current Emissions 
from Point Sources 
(MtCO2/yr) 

Primary CO2 

Transportation 
Method 

Storage Site 

Scotland  4.3 Pipeline Goldeneye 
Depleted Gas 
Field 

Humberside  12.4 Pipeline Endurance 
Saline Aquifer 

Teesside  3.1 Ship Endurance 
Saline Aquifer 

North-West  2.6 Pipeline Hamilton 
Depleted Gas 
Field 

South Wales  8.2 Ship Hamilton 
Depleted Gas 
Field  

M. Freer et al.                                                                                                                                                                                                                                   
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Biomass transportation 
The main transportation types available for biomass transportation are 

cargo trucks, cargo freight trains and cargo ships. In some cases, a pipeline 
can be used for the transportation of slurries and manure but these have 
yet to be economically viable over long distances, resulting in biomass 
pipelines only being used for on-site biomass transportation [63]. 

Biomass transportation via truck is the most common form of 
transportation globally even though it has the highest transportation 
cost at 0.14–0.40 USD/tonne-km compared to rail and shipping at 
0.02–0.04 USD/tonne-km and 0.01–0.03 USD/tonne-km respectively 
[64–65]. The high preference for transportation via trucks in many cases 
are due to logistical and ease of access reasons. Ko et al. show that the 
majority of biomass supply chains are small and self-contained within 
radii between 50 and 386 km [65]. Rail and shipping transportation 
methods are typically used for more distributed biomass supply chains 
with distances ranging from 100 to 1500 km [65–66]. Transportation 
via rail and shipping is limited to areas where they have access to 
proximal rail terminals and ports, as in many cases the added cost of 
travelling to a rail terminal or port would be more expensive than just 
using a truck. Although this may change as the added carbon savings 
from using rails and shipping for biomass transportation may offset the 
added fiscal costs. 

CO2 transportation 
A functioning CO2 transportation scheme is a prerequisite for an 

operational CCS project. The four main transportation types available 
for CO2 transportation are tanker truck, tanker rail, shipping and CO2 
compatible pipeline. 

The transportation of CO2 via truck has mostly been used as a short- 
term measure for projects in their pilot and demonstration phases [67]. 
The preferred method of CO2 transportation is via a pipeline for trans-
porting large quantities for long onshore distances due to low fiscal and 
carbon costs, 0.012 USD/tonne-km of CO2 and 0.005 kgCO2/tonne-km 
[68–69]. Transportation via truck should be used sparingly, especially 
for BECCS supply chains, due to the high emissions factors associated 
with the method [52,70]. 

Transportation via rail is possible for CO2, but it has not been used for 
any CCS or BECCS projects as of yet [1,67,71]. However, the UK does 
have the potential to introduce rail transportation into the ICCS clusters 
to help lower emissions. 

The transportation of CO2 via shipping is the preferred method to 
decarbonise dislocated and isolated emitters compared to that of pipe-
lines due to the comparatively high cost per km and the required 
continuous gas flow in the pipeline [72]. CO2 transportation via ship-
ping plays a prominent role in many CCS projects as many projects do 
not have proximal geological storage sites and offers flexibility in 
source-sink matching and trans-national cluster collaborations, such as 
the Northern Lights project in Norway [73–74]. 

Transportation via pipeline is done at high pressure, with the CO2 
being either in a liquid or supercritical phase with the inlet pressure of 
the pipelines being around 100–200 bar. The pressure within the pipe-
line must be kept above approximately 86 bar to avoid gas formation, 
which could lead to damage to the pipeline [70]. Due to this, pipelines 
longer than 300 km require compressor stations to re-pressurise the 
pipeline to ensure the pipeline is kept above 86 bars [19,68]. The longest 
CO2 pipeline was the Cortez pipeline in the US, where it could transport 
19.3 MtCO2/yr over an 808 km distance [75]. CO2 also needs to be 
dehydrated, purified and compressed at the conversion facility prior to 
injection into the pipeline. 

Energy vector transportation 
The transportation of an energy output produced by a BECCS supply 

chain is extremely variable depending on the form that energy takes. 
BECCS-power facilities are able to connect into a national grid, although 
connecting facilities in rural areas to a national grid can be costly and 
carbon-intensive [76–77]. The transportation types available for BECCS- 

hydrogen and BECCS-biofuel supply chains are tanker trucks, tanker 
rails and tanker ships, although there has been significant development 
into hydrogen compatible pipelines, which have the potential to be in-
tegrated into ICCS clusters for cost and carbon effective transportation 
[27,55,78]. 

The transportation of the energy output of the end-user greatly differs 
depending on which sector the specific BECCS facility has been coupled 
with to decarbonise or offset. BECCS-hydrogen facilities have been pro-
posed to be coupled with numerous sectors such as the residential, 
commercial, manufacturing, transport and industry sectors due to the 
versatile nature of hydrogen [17,55,79–80]. BECCS-power facilities have 
been primarily coupled with residential, commercial and transport sec-
tors [1,81–82] and BECCS-biofuels have been proposed to couple with 
transportation, residential and aviation [2,54,76]. Although, the end-use 
of the energy output of the BECCS should be accounted for in life-cycle 
assessments to ensure a favourable net-negative carbon balance, espe-
cially for the transportation and aviation sectors. 

Methodology 

Supply chain network design 

The Carbon Navigation System (CNS) model was developed specif-
ically to create and analyse potential domestic BECCS supply chains in 
the UK using Network Analyst software. The CNS is built out of three 
separate networks which converge at the location of the potential BECCS 
facility. These three networks (or limbs of the supply chain) are the 
biomass limb for biomass routings, CO2 limb for CO2 transportation and 
the energy limb for the supply chain energy output routings. The 
structure of the CNS is presented in Fig. 2. 

Designing the CNS model by having the three limb networks 
converge on the location of the BECCS facility allows the model to 
calculate the supply chain emissions for that specific location. For any 
given location in the UK, the CNS can calculate the supply chain emis-
sions from the transportation of biomass, CO2 and energy output. The 
model then compiles these emissions to a singular location point given 
the total supply chain emissions for that specific location. This model 
design calculating the emissions for the one location alone does not 
constitute a macro-energy system model. However, by repeating this 
methodology over multiple locations, carbon performance heatmaps can 
be generated, ascending the methodology from an energy system rout-
ing model to a macro-energy system model. 

Each limb of the model has its own allocated set of transportation 
methods and values. The types of transport available to each of the limbs 
are shown in Table 3, and the polylines used for each of the limbs are 
presented in Fig. 3. By splitting the model into the three limbs it allows 
for multi-modal routings from the perspective of the transported good, 
being biomass, CO2 and the energy output. The multi-modal nature of 
the model also allows for automatic switching between various transport 
types to minimise the carbon cost of transportation. The forms of energy 
output the CNS model is capable of routing include heat, power, biofuels 
and hydrogen. The energy limb has to be calibrated for the specific type 
of energy output. For this analysis, it has been calibrated for a BECCS- 
biofuel supply chain. 

Network polylines 

The routes used to build the network are based on the most recent 
opensource shapefiles available published by the UK government. The 
roads shapefiles are from the 2018 OS Open Roads dataset, the train 
lines shapefiles are from the 2017 Freight Rail Usage dataset, the ship-
ping shapefile routes are from the 2016 MMO Anonymised AIS Derived 
Track Lines dataset, and the pipeline shapefiles were triangulated and 
determined from ICCS schematics at the time of calculation [83–84]. 
The model limbs could be updated at any point, for example, if there was 
a construction of a new trunk road, new CO2 compatible pipeline or the 
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opening of a new gas terminal for offshore storage. All of the residential 
roads were omitted to avoid shortcutting through residential areas, and 
roads that run under bridges with height clearances less than 4.1 m were 
removed to ensure cargo trucks could travel through successfully. The 
polylines for the roads, rails and pipelines were processed together as all 
of the transport types using these routes are locked to the polylines, 
assuming that cross-country routes are not taken. This involved splitting 
the polylines into segments, measuring the lengths and then applying 
their respective carbon costs, which can be seen in Table 4. Trans-
portation via ship varies from that of roads, rail and pipelines as there is 
much more freedom of movement. This was accounted for by using the 
previous shipping routes for cargo and tanker ships which were taken 
and dissolved to create a framework of routes which have been proved to 
have been used by a ship in the past. Using this shipping framework 
allows the model to create new shipping routes from previous routes. 
This process assumes that if a ship has taken the route before, then the 
model can use the route to build a new path from the dissolved parts of 
those routes. This also ensures that the calculated routes do not cut 
across any conservation zones or special protection areas and does not 
collide with any offshore wind turbines. The limitation of this approach 
means that the model cannot create new shipping routes in areas of 
water where a ship has not been before. This limitation is less impactful 
for this analysis as the density of the previous shipping routes is high 
enough to create the domestic port to port routings but could pose an 
issue if the model were used for larger trans-national routings. Once the 
shipping framework was created, similar to the roads, rails and pipe-
lines, the polylines were split, measured and had their carbon cost 
applied, which can be seen in Table 4. 

The exact coordinates and paths for most of the CO2 pipelines used in 
the UK are yet to be published, apart from the feeder 10 pipeline. The 
paths of the remaining pipelines had to be triangulated from the liter-
ature [17,19,61]. The exact paths which a pipeline takes in the model 
allow for some deviation into which plots of land the pipeline cuts 
across, as long as the lengths of the pipelines are correct. Future calcu-
lations would also be possible to include smaller feed-in pipelines for the 
ICCS clusters once they have been decided. 

The CCS infrastructure in the UK is likely to go through various 
stages of deployment as new pipelines will be integrated into the clusters 
to capture more emission sources and eventually develop trans-national 
pipelines [18,67]. Due to this continuous infrastructure development, 
the calculations made will assume an early stage of deployment of 
pipelines. These will include enough infrastructure to allow for storage 
in the likely first storage sites in the Goldeneye, Hamilton and Endur-
ance formations [93], which can be seen in Fig. 3d. The Goldeneye 
formation is a depleted gas field located approximately 100 km off the 
coast of Aberdeenshire in the Central North Sea [94]. Hamilton is also a 
depleted gas field, although it is located approximately 30 km off the 
coast of Merseyside in the eastern Irish sea [95]. The Endurance field is a 
saline aquifer located approximately 50 km off the coast of Humberside 
in the Southern North Sea [96]. The model has been designed in a way 
that in the future it can easily be updated and upgraded as the CCS 
infrastructure develops. 

Network cost matrix 

The focus of this analysis is to determine the carbon costs associated 
with the spatially explicit CO2 emissions produced by a BECCS supply 
chain, and a cost matrix has been chosen to best achieve this. The cost 
matrix used in the model is kgCO2/tonne-km and has been standardised 
across the transport types. The cost matrix values for each of the 
transport types are presented in Table 4. The model’s data has been 
tagged such that the cost matrix could be swapped out for another. For 
example, USD/tonne-km would calculate the most cost-effective routes 
rather than the most carbon-effective routings. A weighted hybrid cost 
matrix between cost-efficiency and carbon-efficiency could also be used 
in future analysis. For example, transport routes could be calculated 
with a 60% preference to be carbon-efficient and a 40% preference to be 
cost-efficient. 

The CNS model assumes fossil-fuelled transport methods. However, 
with the increasing decarbonisation of the transport industry, it is 
possible to switch out the fossil fuel parameters for either biofuel- or 
hydrogen-based cost matrices, which may better represent the future of 
supply chains in the UK. 

Network routing switching and return journeys 

To make the model multi-modal, the transport type switching loca-
tions were identified and integrated into the networks. The switching 
locations are rail terminals, ports and CO2 pipeline compressors. The 
network can transfer from one transport type to another only at these 
locations. The additional carbon cost of switching between transport 

Fig. 2. Supply Chain Network Key. The components of the Biomass Limbs are highlighted in Green, CO2 Limb highlighted in Blue and the Energy Limb in Yellow.  

Table 3 
The transport types available to each of the Carbon Navigation System limbs.  

Biomass Limb CO2 Limb Energy Limb 

Truck Truck Truck 
Rail Rail Rail 
Shipping Shipping Shipping  

CO2 Pipeline   
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methods was baked into the model at the switching locations. It was 
assumed that a diesel-powered cargo crane would be used to transfer 
biomass at the switching locations, and the assumed value is presented 
in Table 4. The switching costs differ for both the transportation of CO2 
and the energy output. It has been assumed that the transfer of CO2 and 

the energy output from one transport type to another would utilise a 
hose and nozzle, which has a negligible carbon cost [97]. 

The model assumes 50,000 deadweight tonnage ships due to the 
short port to port journeys made by the model. The choice of size of the 
ships is in line with what is being proposed to be utilised by the ICCS 

Fig. 3. The transportation routes used in the CNS model. a) Road infrastructure, b) Shipping routes and ports, c) Rail infrastructure and rail terminals, d) CO2 
compatible pipelines, pipeline compressors and the offshore geological storage sites. 
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clusters and the Northern Lights project in Norway [19,74]. Larger ships 
may be used for trans-national supply chains and have much lower 
emission factors per tonne of transported good, comparable to that of 
pipelines [45]. However, for the short distances calculated, the 50,000 
deadweight tonnage ships are the largest possible which can still dock at 
the ports assumed by the model [19]. 

An issue facing the transportation of goods and resources are the 
wasted emissions produced by empty return journeys [98]. The addi-
tional emissions produced by the empty return journeys could be 
reduced by introducing multi-purpose journeys or if the players forgo 
ownership of the transport types and adopt a library-of-things approach 
to transportation where the transport types are used when needed with a 
centralised collection point. This analysis assumes that empty return 
journeys will take place. The emissions factor for the empty return 
journeys are presented in Table 4, and it has been assumed that the 
return journeys take the same route they took to get to their destination. 
The transportation of CO2 via pipeline does not have an associated re-
turn journey cost and has been incorporated into the calculations. 

Network formulation 

The analysis aims to calculate the spatially explicit carbon optimal 
routes for a BECCS supply chain using the three limbs of the CNS model. 
Equations (1) to (3) refer to the minimised supply chain emissions of 
each of the model’s limbs, with the notation of the equations seen in 
Table 4 and 5. Each of the model limb calculations are then combined in 
Equation (4), producing the total BECCS supply chain emissions for a 
given location. 

SCEbio =
(

kgCO2bio∙Cbio∙LFbio∙
∑

Dbio

)

+ λbio

(
kgCO2bio∙Cbio∙LFbio∙

∑
Dbio

) (1)  

SCECO2 =
(

kgCO2CO2
∙TCO2∙DCO2

)
+ λCO2

(
kgCO2CO2

∙TCO2∙
(
DCO2 − Dp

) )

(2)  

SCEenergy =
(

kgCO2energy∙Tenergy∙Denergy

)
+ λenergy

(
kgCO2energy∙Tenergy∙Denergy

)

(3)  

SCETotal = SCEbio + SCECO2 + SCEenergy (4)  

Biomass data processing 

The CNS model can search and route specific amounts and types of 
biomass by converting the biomass locations from the biomass re-
pository into standardised biomass “packages” through a named process 
of either splitting or bundling depending on the amount of biomass at a 
location. What determines whether biomass points should be bundled or 
split depends on the relation to the incidental transport capacity and the 
amount of biomass at the point location. 

In all cases in this case study, the incidental transport type for 
biomass are trucks. If the amount of biomass at a point location is greater 
than the capacity of the trucks, then the biomass points need to be split 
and if it is less than, then the points should be bundled. 

Splitting biomass point locations 
Splitting biomass points converts a singular point into collectable 

“packages”, which can be easily located and transported by the model. 
For example, a singular point representing 2745 tonnes of biomass could 
be split into 10 stacked points, each representing 27.45 tonnes, which 
would match the transport capacity of the incidental trucks used to 
transport while also considering the loading factor. Under a splitting 
protocol, the biomass point locations were duplicated into multiple 
stacked points, of which the number of duplicated points corresponds to 
the amount of biomass at the location divided by the transport capacity 
of the trucks used. 

All split points are stacked at the same location to avoid additional 
carbon cost to the routing. This splitting of points allows the model to 
search for specific amounts of biomass “packages” using the closest fa-
cility or OD cost matrix tools and route them to any chosen location or 
locations. 

Table 4 
CNS model parameters for each of the transport methods.  

Description Value Unit Source 

Cargo Truck Emission Factor 0.062 kgCO2/tonne- 
km 

[85] 

Cargo Truck Capacity (FEU) 30.5 Tonnes [86] 
Cargo Truck Load Factor 90 % [87] 
Empty Cargo Truck Emission Factor 12.3 % [87] 
Cargo Shipping Emission Factor 0.016 kgCO2/tonne- 

km 
[88] 

Cargo Shipping Capacity (FEU) 30.5 Tonnes [89] 
Cargo Shipping Load Factor 90 % [87] 
Empty Cargo Shipping Emission Factor 12.7 % [87] 
Cargo Rail Emission Factor 0.022 kgCO2/tonne- 

km 
[69] 

Cargo Rail Capacity (FEU) 30.5 Tonnes [89] 
Cargo Rail Load Factor 90 % [87] 
Empty Cargo Rail Emission Factor 12.7 % [87] 
Tanker Truck Emission Factor 0.058 kgCO2/tonne- 

km 
[69] 

Tanker Truck Capacity 24.6 Tonnes [90] 
Tanker Truck Load Factor 90 % [87] 
Empty Tanker Truck Emission Factor 16.3 % [87] 
Tanker Shipping Emission Factor 0.018 kgCO2/tonne- 

km 
[91] 

Tanker Shipping Capacity Maximum 40,000 Tonnes [19] 
Tanker Shipping Load Factor 90 % [87] 
Empty Tanker Shipping Emission Factor 12.7 % [87] 
Tanker Rail Emission Factor 0.021 kgCO2/tonne- 

km 
[70] 

Tanker Rail Capacity Maximum (100cars) 30,100 Tonnes [90] 
Tanker Rail Load Factor 90 % [87] 
Empty Rail Tanker Emission Factor 12.7 % [87] 
CO2 Pipeline Emission Factor 0.005 kgCO2/tonne- 

km 
[69] 

Diesel Powered Cargo Crane 0.370 kgCO2/tonne [92]  

Table 5 
Parameters used in the Supply Chain Emission Calculations.  

Notation  

SCEbio  Supply chain emissions for biomass transportation 
SCECO2  Supply chain emissions for CO2 transportation 
SCEenergy  Supply chain emissions for energy transportation 
SCETotal  Total supply chain emissions 
kgCO2bio  Emission factors for biomass transportation 
kgCO2CO2  

Emission factors for CO2 transportation 
kgCO2energy  Emission factors for energy transportation 
Cbio  Transport capacity for biomass transportation 
LFbio  Loading factor for biomass transportation 
TCO2  Tonnage for CO2 transportation 
Tenergy  Tonnage for energy transportation 
Dbio  Carbon optimal distance for biomass transportation 
DCO2  Carbon optimal distance for CO2 transportation 
Denergy  Carbon optimal distance for energy transportation 
λbio  Empty return emissions factor for biomass transportation 
λCO2  Empty return emissions factor for CO2 transportation 
λenergy  Empty return emissions factor for energy transportation 
Dp  Distance of pipeline used in routing  
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Bundling biomass point locations 
Bundling biomass points acts similarly to splitting as the objective is 

to create biomass “packages”; however, if the amount of biomass at a 
point location is less than the transport capacity, a biomass truck will 
have to visit multiple locations to fill up to the truck’s capacity. To 
bundle the biomass points, they need to be grouped using the location- 
allocation tool into collectable “packages”, resulting in creating a new 
accumulative biomass point representing the standardised 27.45 tonnes 
of biomass. For example, 10 points each representing 2.745 tonnes of 
biomass would be bundled together to make a singular point repre-
senting 27.45 tonnes of biomass. 

For each bundle, a centralised point needs to be chosen so that the 
CNS model can search for the biomass “packages”. These centralised 
points could be a building or a plot of land. Similar to the splitting of 
biomass points, either the closest facility or OD cost matrix tools could 
be used to search and route the bundled biomass “packages” to any 
chosen location or locations. 

The gathering of the points together will generate an additional 
carbon cost which is incorporated into the calculations by adding the 
carbon cost of collecting the biomass using the location-allocation tool 
to the joining segment of road polyline for each individual biomass 
location. This process naturally integrates the collection carbon costs 
into the network and allows the model to select biomass locations for 
routings with smaller collection carbon costs over locations with higher 
costs. 

Defining the supply chain 

The CNS has been designed so that it can be customised to specific 
supply chains, according to type/quantities of biomass used, type of 
conversion facility, type/quantities of energy produced, amount of CO2 
produced and the types of transport methods. This enables the modelling 
of specific BECCS supply chains to determine their carbon optimal lo-
cations and performances. 

The CNS methodology has been illustrated here using a case study 
supply chain of a sugar beet derived biorefinery producing bioethanol 
fitted with industrial separation carbon capture. The input and output 
tonnages used in this analysis are presented in Table 6. Sugar beet was 
chosen as the primary feedstock of the supply chain as it has a high yield, 
is highly clustered to the east and south-east of England and has the 
potential to produce a high purity source of CO2 through the production 
of bioethanol. The spatial distribution of sugar beet in the UK is pre-
sented in Fig. 4. 

The scale and choice of attributes of this supply chain have similar-
ities to proposed projects across the UK and Europe. The CPER Artenay 
BECCS project in Orléans is set to be France’s first BECCS project. The 
project is similar to the chosen case study as it will capture CO2 from the 
fermentation process of sugar beet derived bioethanol and is only slightly 
larger in scale. However, the supply chain is set to follow a completely 
onshore point-to-point design [82,99–100]. Within the UK, the company 
British Sugar has scheduled the construction of a sugar beet derived 

bioethanol refinery at a scale slightly smaller than this modelled case 
study [101]. This new facility could be integrated into an ICCS cluster 
and provide an attractive opportunity for low-cost negative emissions. 

Supply chain biomass 
Sugar beet offers increased food and fuel security due to its large 

array of outputs and by-products. These include sugar products, bio-
ethanol, industrial plastics, beet pulp, vinasse and lime fertiliser [102]. 
Sugar beet produces a higher net energy balance than other cereal 
straws coupled with the high yield provide an attractive opportunity for 
biofuel production in the UK. The production of bioethanol does not 
diminish the output of sugar products. Both sugar and bioethanol pro-
duction can coexist in a refinery and only requires the equipment to be 
installed. The by-products produced from the crystallisation process of 
sugar production can be fed back into the fermentation process for 
bioethanol to increase production outputs [103]. The largest competing 
factor for sugar beet bioethanol is bioplastics. However, the production 
of bioplastics produces higher yields from sugar beet pulp (rather than 
the whole crop) through hydrolysis, fermentation and purification to 
produce lactic acid which can generate bioplastics via catalytic distil-
lation [104]. 

Due to the favourable attributes of sugar beet, it has been proposed to 
increase its production across the UK for dedicated energy production. 
This may include an additional 20 kha of land to be repurposed for sugar 
beet production in Scotland which could deliver an additional 170 
million litres of bioethanol per annum by 2030, helping to double the 
current bioeconomy of the UK [105–106]. However, the CNS case study 
analysis presented here assumes the current quantity and distribution of 
sugar beet without future land-use change. Due to the potential for the 
co-existence of bioethanol and sugar products, it has been assumed that 
any sugar beet can be directed for bioethanol production. For future 
analysis, it could be possible to model the supply chain with the inclu-
sion of future biomass sites and a percentage limitation availability for 
the biomass. 

The base data for the locations of the current distribution of sugar 
beet in the UK was taken from the UKCEH Land Cover Plus Crops dataset 
for 2019 [107]. From this dataset, the sugar beet plots of land were 
extracted, measured and had their yields applied. The extracted poly-
gons were then converted into points and were later processed to be used 
by the model. 

The biomass locations for sugar beet were processed to be integrated 
into the model, and due to the amount of biomass for sugar beet at all 
locations being greater than the standardised truck capacity, the 
biomass points were split. The average number of duplicated sugar beet 
packages at a location was 87, with a minimum of 6 and a maximum of 
389. For this case study, the CNS used the closest facility tool to search 
for and route 43,460 sugar beet biomass “packages” to the chosen points 
across the UK. 

The bundling and splitting techniques only apply to the biomass 
routings in the model as multiple points are directed into a singular 
location being the BECCS facility. Whereas the CO2 or energy output 
routings are exported from the BECCS facility, and any multiple journeys 
are assumed to take the same route. 

Supply chain energy output 
The chosen scale of the supply chain produces 140.4 million litres of 

bioethanol per year which is presented in Table 6. The CNS model takes 
into account the added carbon cost of transporting the energy output to 
its end-user, although it does not account for the utilisation of the energy 
output or the displacement of more carbon-intensive fuels. Studies have 
shown that BECCS can create win–win scenarios by producing biofuels 
that can decarbonise the transportation industry while supplying low- 
cost negative emissions [54,108]. If the BECCS supply chain were to 
incorporate its own biofuels into the supply chain and displace more 
carbon-intensive fuels, this would exponentially improve its carbon 
performance. 

Table 6 
Supply Chain Inputs and Output Parameters.  

Description Value Unit Source 

Sugar Beet Yield 93.4 Tonnes/ha [109] 
Sugar Beet Mass Required for 1 Litre of 

Bioethanol 
8.5 kg [110] 

Sugar Beet Tonnage 1.19 Million 
Tonnes 

[111] 

Bio-ethanol Production 140.351 Million Litres  
Weight of 1 Litre of Bioethanol 0.789 kg  
CO2 Produced per Litre of Bioethanol 0.713 kg [108] 
CO2 Purity 95 %  
CO2 Production 0.100 MtCO2/yr  
Number of Days Operations per Year 300 Days   
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Fig. 4. Spike Heatmap Presenting Sugar Beet Production and Spatial Distribution in the UK, taken from the Biomass Repository.  
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The chosen energy output for this supply chain is to initially blend 
the bioethanol with petroleum-based shipping fuel to help decarbonise 
the shipping industry. Bioethanol is currently not compatible with most 
shipping engines as the only fuel type, so must be blended. Eventually, 
the shipping industry will deploy multi-fuel engines that will solely use 
biofuels [112]. The current more typical alternative fuel for shipping is 
biodiesel and not bioethanol. Although, research is now looking into 
exploring the potential to use bioethanol as an alternative fuel type 
[113]. By choosing to direct the bioethanol towards shipping, it may 
provide the opportunity for a short to mid-term solution to decarbon-
ising shipping until more sustainable engines can be deployed. In order 
to integrate this into the model, the bioethanol produced by the supply 
chain is routed to the nearest port for fuel blending from the BECCS 
facility location. 

Integration into industrial carbon capture clusters 
A collaborative approach between all of the ICCS clusters has been 

assumed, as all CO2 transportation routings will be directed toward the 
carbon optimal cluster, even if this is across a regional boundary. This 
analysis assumes storage at the Goldeneye, Endurance and Hamilton 
sites; these are currently being developed within UK cluster plans and 
benefiting from favourable reservoir/caprock characteristics, pre- 
existing infrastructure and level of understanding for the geo-
morphology of the strata. 

Batch processing of the supply chain 

The CNS model is capable of calculating the routings for a chosen 
location or multiple locations at once. Examples of the CNS model 

Fig. 5. Examples of Singular Locations of the modelled BECCS Supply Chain showing the Biomass, CO2 and Energy Routings for each of the ICCS Clusters for the UK, 
a) Scotland, b) NW, c) Teesside, d) South Wales, e) Humberside. 
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routings for singular chosen locations are presented in Fig. 5, each 
depicting routings locations that utilise one of the five ICCS clusters for 
the UK. The collaborative nature of the ICCS cluster can be seen in 
Fig. 5c and 5d, where the Teesside and South Wales CO2 transportations 
integrate into the Humberside and NW clusters to access the geological 
storage sites. 

The multiple locations of the BECCS facility location points had to be 
determined to generate the carbon supply chain performance maps. The 
mode of transportation in the limbs of the CNS model, excluding the 
anchor points of CO2 pipelines, for the incidental and terminating 
routings always used trucks to input or output resources into the system. 
The points required to repeat the methodology over the multiple loca-
tions across the UK were extracted from the road polyline network 
vertices. Using the road polyline network vertices had the added benefit 
of forcing the routings to start on the roads and prevented short-cutting 
of routings by starting on other transportation methods such as rail. 

For the modelled case study, the selected BECCS supply chain was 
simulated for 219,878 locations across the UK. Each of the point loca-
tions were given their own unique identification name to ensure that the 
correct total supply chain emission values were joined to their corre-
sponding point location. The points were selected to ensure equal 
coverage of rural and urban areas of the UK. Once the supply chain 
emissions were calculated for each of the points across the UK, an in-
verse distance weighted interpolation was used to generate a heatmap 
showing the areas of the UK with the highest to lowest carbon perfor-
mance of this specific supply chain. 

BECCS supply chain notations and classification mapping 

The descriptions of the transport stages of supply chains are often 
lengthy and are not suitable for statistical analysis. A BECCS supply 
chain notation was created in order to shorten these descriptions to 
allow the evaluation of the types of supply chains calculated by the 
model. The structure of the notation is presented in Fig. 6. The notation 
is split into three sections by a point, denoting the routing types across 
three limbs of the model, biomass transport, CO2 routings, and energy 
output. The letters in the notations correspond to the types of transport 
methods used, truck (T), rail (R), ship (S) or pipeline (P). The order of 
the letters corresponds to the order in which transport modes are used 
within each limb, allowing for multiple modes (e.g. TRTST and TSTRT 
both use ships and rail, but in different orders). An example of a BECCS 
supply chain would be TRT.TP.T which represents a supply chain where 
the biomass transportation methods would use trucks to rail to trucks, 
the CO2 routings would use a truck to pipeline, and the energy output 
would use trucks. The creation of this notation shortens the lengthy 
descriptions of the supply chains, decreases the amount of data created 
by the model and allows for statistics to be applied to specific types of 
BECCS supply chains. 

The allocation of the supply chain notation can only occur once all of 
the routings are completed for each of the model’s limbs. The supply 
chain routing polylines for each of the model’s limbs were systemati-
cally overlaid on top of their respective network’s baseline polylines. 
The intersect tool was used to extract the routes that overlap with the 

transport routes (truck, rail, ship and pipeline) in each limb network. 
The supply chain routings were then assigned a notation based on 
whether the extracted route segments overlap with each of the baseline 
transport network polylines. The notations for each of the limbs were 
then combined and joined to their respective BECCS facility location 
points. An inverse distance weighted interpolation was then performed 
using the annotated facility location points, resulting in a BECCS supply 
chain classification map revealing the transport methods used to mini-
mise supply chain emissions for any given area. 

Results and discussion 
This paper has described a methodology to model optimal configu-

rations of BECCS supply chains. Using the sugar beet bioethanol case 
study supply chain, this analysis reveals how the methodology can 
provide a helpful heuristic that could aid decision-making in sitting a 
BECCS facility with minimised supply chain emissions. Fig. 7 depicts a 
map unveiling the locations in the UK where the supply chain emissions 
for the modelled BECCS supply chain is most carbon optimal. 

The methodology presented in this analysis has been tailored for the 
UK’s infrastructure but could be replicated for any other country. The 
methodology could also be expanded upon to contain biomass and 
infrastructure data for multiple countries to analyse the supply chains 
for collaborative trans-national BECCS projects, such as the CO2 
SAPLING project between the UK, Norway and the Netherlands. 

Optimal BECCS supply chain performance areas 

A notable finding from the results is the relationship between the 
proximity of the BECCS facility to its biomass, CO2 storage site and the 
energy end-users. The optimal placements of the BECCS supply chains 
minimise the distances for the limbs with the heaviest tonnages. For this 
case study, the amount of biomass being transported accounts for 
84.98% of the total tonnage, with CO2 and the bioethanol accounting for 
7.13% and 7.89% respectively. The position of the BECCS facility, for 
this supply chain, is not so much tethered to its proximity to the ICCS 
cluster, but rather to its biomass. The case study supply chain can afford 
to increase emissions associated with the transportation of the CO2 and 
the energy output to allow for greater savings in the emissions associ-
ated with the transportation of the biomass. The high-performance areas 
are presented in Fig. 7, centred around the east of England (Grantham, 
Boston, Peterborough and Norwich) where the supply chain operates at 
carbon-efficient levels similar to the area surrounding the Humberside 
cluster; this is due to its proximity to the biomass feedstock having a 
greater impact of on emissions than access to CCS infrastructure. 

This may differ for BECCS supply chains with sparsely distributed 
low yield biomass, but for BECCS supply chains with spatially dense, 
high yield biomass with a high biomass tonnage ratio, it is more carbon- 
optimal to have the facility within the biomass area rather than within 
an ICCS cluster. Within the biomass area, the high-performance loca-
tions are grouped around the transport switching locations such as the 
rail terminals and ports for swift transportation. 

The UK areas which have the poorest carbon performances are the 
rural areas that are distal from the modelled biomass, such as the 

Fig. 6. Schematic Detailing the All of the Possible BECCS Supply Chain Combinations for this Case Study.  
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Fig. 7. A Heatmap Presenting the CO2 Emissions produced by the Modelled BECCS Supply Chain for the UK over the 219,878 locations.  
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Highlands, Dumfries/Galloway, Shetlands, Outer Hebrides, Dyfed and 
Cornwall. Unless a significant amount of the biomass required for this 
supply chain is shifted to these areas, they are not suitable for this BECCS 
supply chain. 

The successful siting and optimal supply chain performance of a 
BECCS facility depends on the measure it is held against and what 
objective it needs to achieve. If the supply chain requires the supply 
chain emissions not to exceed 2% of the negative emissions produced, 
similar to values used by some BECCS life cycle analyses 
[46,54,114–115], then the location of the BECCS facility would only 
perform optimally within the “gold zone” presented in Fig. 8. The 
optimal area for the supply chain is very restrictive, as only 5.51% of the 
area within the UK would be carbon optimal under the 2% assumption of 
the supply chain. This is consistent with the rule of thumb that biomass 
collection is only efficient within a radius of 50–75 km [116–117], 
although this may be due to the high relative tonnage of biomass of this 
specific BECCS supply chain compared to the tonnages of the CO2 and 
the energy output. Further research is required to determine if this is 
consistent with other BECCS supply chains with different biomass, CO2 
and energy output tonnage ratios. If the supply chain were to decar-
bonise transportation methods by switching to or blending hydrogen- 
based fuels and biofuels, the “gold zone” would encompass a much 
larger area due to the reduced emissions factors of the alternative fuels. 
Further research would also be needed to determine the degree of 
impact of decarbonisation of transportation methods on supply chain 
emissions at high spatial resolution. 

Similar to a geological fault, there is not a singular defined line where 
on one side the performance of the supply chain is suitable, and on the 
other it is not. Rather, it is a zone where the carbon performance be-
comes questionable, and it comes down to the handling of the supply 
chain. 

As it currently stands, there is not a carbon optimal location for this 
BECCS supply chain, but there are changes to the supply chain design 
which have the potential to make them more optimal. The high- 
performance areas encompass the green regions within Fig. 7 and 
require the least amount of improvements. Small changes to the supply 
chain such as swapping to less carbon-intensive fuels and developing 
feed-in pipelines would make the locations more optimal. The yellow 
regions of Fig. 7 represent the moderate-performance areas for this 
supply chain. These areas require greater supply chain improvements to 
become more carbon optimal, with the effort such as improving trans-
port infrastructure, integrating renewable fuels, developing feed-in 
pipelines for the ICCS clusters and repurposing grasslands and mar-
ginal lands for energy production. By identifying the most carbon- 
efficient supply chain locations, the model results help to identify 
which areas merit further investigation of suitable and desirability of 
establishing BECCS facilities. 

Many other factors will be required for decision-making to ground 
the results in reality, including land-use change, fluctuating domestic 
and international energy markets, multiple actors, and climate change 
effects on future biomass production. However, the CNS model provides 
a helpful heuristic that could aid decision making. 

BECCS supply chain performance within ICCS clusters 

Out of the ICCS clusters, the Humberside cluster has the highest 
performance due to its proximity to its biomass, CO2 infrastructure, 
energy end-users and access to various transportation switching loca-
tions. The cluster with the next highest performance is the NW cluster 
due to being slightly distal to the biomass while still maintaining strong 
access to CCS infrastructure, energy end-users and transport switching 
locations. The cluster with the poorest overall performance is the South 
Wales cluster due to the lack of proximal biomass coupled with the 
distance required for the shipping of CO2 into the NW cluster. The 
performances of the areas within 50 km of an access point of the ICCS 
clusters are presented in Table 7. 

The CNS model also allows more focused analysis to be performed at 
any scale within the UK for the modelled BECCS supply chain. The 
model has the potential to be used to find the optimal placement of a 
BECCS facility within a particular area. The carbon performances of the 
modelled BECCS supply chains within 50 km of an ICCS cluster access 
point are presented in Fig. 9. 

The areas of high performance within these focused areas are 
concentrated around the areas which are closest to the biomass and the 
transportation switching locations. Within the Humberside area, the 
areas with the highest carbon performance are concentrated to the east 
and south of the Humber Estuary. The highest performance areas for the 
NW cluster are around the Liverpool and Wigan area. BECCS facility 
placement for this case study for Scotland is better placed at the southern 
end of the feeder 10 pipeline than around the St Fergus gas terminal at 
the north of the pipeline due to the greater proximity to the biomass. The 
area with the highest performance for Teesside is not tethered to the 
ICCS cluster. Rather the optimal locations are to the south of the cluster, 
where it has better access to transport switching locations and is more 
proximal to the biomass. Similarly, the areas of high performance for the 
South Wales cluster are not tethered to the cluster and are further east 
where it has better access to the rail terminals and is more proximal to 
the biomass. 

The potential siting of the case study supply chain in the South Wales 
cluster has a lower carbon efficiency compared to the other clusters due 
to its large distance from the Hamilton storage site. The carbon cost of 
shipping from Haverfordwest and Port Talbot to the Hamilton field is 
10.918 kgCO2/tCO2 and 12.651 kgCO2/tCO2 respectively, compared to 
0.286 kgCO2/tCO2 for the NW cluster. Interestingly, the Newport area 
could utilise the Wentloog and Newport Docks rail infrastructure to 
transport CO2 via tanker cars to the Port of Liverpool rail terminal to be 
connected into the NW cluster for 10.533 kgCO2/tCO2. This would be 
beneficial for the transportation of small quantities of CO2, but shipping 
is still the better choice for the transportation of larger quantities of CO2 
from various cluster sources. A similar issue arises for the Teesside 
cluster. The transport of CO2 from the Teesside cluster to the Endurance 
storage site uses shipping to connect the cluster to Humberside to utilise 
the offshore pipeline infrastructure, as shown in Fig. 5. The carbon cost 
of doing this for Teesside is 4.367 kgCO2/tCO2 compared to 0.768 
kgCO2/tCO2 for Humberside. The decarbonisation of shipping would 
have a large impact on the carbon efficiency of the South Wales and 
Teesside Clusters and would bring them in line, in terms of carbon 
performance, with the other clusters. 

BECCS supply chain emissions are subject to change according to 
where the biomass is grown; for example, if grasslands and marginal 
lands are converted to use for bioenergy production, a change in feed-
stock location could greatly impact the suitability of different areas for 
BECCS facilities. Although the conversion of both grasslands and mar-
ginal lands for bioenergy production is a widely debated topic, this 
analysis does not suggest the widespread conversion of land for energy 
production to source BECCS supply chains as the carbon implications of 
land use change need to be taken into account. Rather a highly targeted 
approach would be beneficial to the carbon performances of the supply 
chains. 

The results of this analysis can also be extrapolated to apply to other 
BECCS supply chains which use a heavy, high yield and spatially dense 
feedstock such as some energy crops and forestry, although the precise 
areas of high carbon performance will differ. Due to these types of 
BECCS supply chains performing at higher levels when the facility is 
closer to its clustered biomass, it would be beneficial to introduce 
clustered areas for the growth of dedicated biomass for energy purposes. 
It would be advantageous to strategically place two or three clustered 
areas across the UK which can feed biomass and or CO2 into the ICCS 
clusters, acting as industrial biomass clusters. These areas would focus 
on producing high yield energy-dense biomass for both bioenergy and 
BECCS purposes using techniques such as vertical farming, short rota-
tion coppicing and genetic modification to maximise the biomass yields 
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Fig. 8. A Heatmap presenting the CO2 Emissions produced by the Modelled BECCS Supply Chain for the UK, with the Areas where the CO2 Emissions Do Not Exceed 
2% of the Negative Emissions produced by the BECCS Supply Chain in Gold. 
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[118–119]. Prioritising the growth of energy crops to strategic clusters 
across the UK would allow for areas of land outside of the clusters to be 
used for other uses such as food and forestry, avoiding competition for 

energy production. As more and more energy crop pilot projects are 
maturing, it would be beneficial to find the optimal locations for these 
energy crops to be clustered together. In future analysis, the CNS model 
could be repurposed to find the optimal locations of these industrial 
biomass clusters to minimise supply chain emissions. 

BECCS supply chain classification mapping 

For the case study modelled in this analysis, there are 150 possible 
supply chain combinations across the UK, which are represented in 
Fig. 6. Each of these possible supply chain combinations can be assigned 
to a point or area and can be classified by the specific supply chain type 
resulting in a classification map, which gives the type of supply chain 
used for any given area. Creating a supply chain classification map can 
be done for any given area or the entirety of the UK due to the spatial 
resolution of the CNS model. The area 50 km from an ICCS gas landing or 

Table 7 
Carbon Performance for the Areas within 50 km of an ICCS Cluster Access Point.  

ICCS 
Cluster 

Lowest 
Supply Chain 
Emissions 
(tCO2) 

Mean Supply 
Chain 
Emissions 
(tCO2) 

Highest 
Supply Chain 
Emissions 
(tCO2) 

Supply Chain 
Emissions 
Standard 
Deviation 
(tCO2) 

Scotland 11,653 14,481 19,444 1498 
Humberside 1026 2260 5198 794 
Teesside 2975 6082 8857 1249 
North-West 1641 7920 13,239 2141 
South Wales 10,842 15,815 20,396 2192  

Fig. 9. Heatmaps presenting the CO2 Emissions produced by the Modelled BECCS Supply Chain for areas within 50 km of an ICCS Cluster Access Point, a) Hum-
berside, b) NW, c) Scotland, d) South Wales, e) Teesside. 
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pipeline access point for the NW cluster was used as an example of such a 
supply chain classification map, Fig. 10. 

Five types of BECCS supply chains are present in the NW cluster for 
the modelled case study. The predominant type of BECCS supply chain 
for this region is supply chain zone 2 (TRT.TP.T), with 88.55% of the 
area using this type. The types of supply chains calculated by the model 
are directly related to its proximity to transport switching locations and 
its proximity to its biomass. 98.86% of the area modelled for the NW 
cluster use rail for the transportation of its biomass. Supply chain zone 1 
(T.TP.T) in Fig. 10 is the only area not to use rail for biomass trans-
portation due to its proximity to the biomass and lack of proximal access 
to the rail terminals. Zones 3 and 4 (TRT.TP.TRT and TRT.TRTP.TRT) 
are in close proximity to a rail terminal where it can carbon-efficiently 
use the terminals to transport its biomass, CO2 and energy output. The 
difference between zones 3 and 4 is the transport of CO2. Within zone 4, 
it would be carbon-efficient to use rail transportation to access the CCS 
infrastructure, and within zone 3, it would be more carbon-efficient to 
use trucks instead. The difference between zones 3 and 4 with zone 2 is 
the transportation of the energy output. Within zones 3 and 4, the lo-
cations are in close enough proximity to carbon-efficiently utilise the rail 
terminal to transport the bioethanol; However, within zone 2, it would 
be more carbon-efficient to use trucks instead. 

The point at which a location will not use a mode of transportation 
heavily depends on a multitude of factors and varies between biomass, 
CO2 and the energy output, even for the same location. These variables 
include the number of turns within the transport network, the types of 
available transport switching locations, proximity to transport switching 
locations for both the origins and destinations, the relative positions of 
the origins and the destinations to the transport switching locations, and 
the distances between the origins and destinations. This is apparent in 
the variation in the boundary lines between zones 2 and 3, as the 
boundary for zone 3 deviates and manoeuvres taking an irregular shape 
due to the previously stated variables. The distances for the trans-
portation of biomass, CO2 and the energy output in which they stop 
using the rail terminals within the NW cluster and utilise alternative 
transport methods, for the modelled supply chain, is presented in 
Table 8. These distances only apply to the area within the NW cluster 
and will be different for other parts of the UK. 

The stopping distances should be calculated on a case-by-case basis 
and presented in a classification map to best show how far is too far for 
specific transportation uses. These classification maps would also only 

apply to the specific supply chains which were modelled as any shift in 
biomass locations would alter the boundaries of the classification zones. 

Conclusion 

The CNS model methodology presented in this analysis has the po-
tential to aid the carbon-efficient deployment of BECCS in the UK. The 
CNS model could be applied to any BECCS supply chain and calculate 
the optimal placement of the supply chain. The creation of the CNS 
model provides a useful heuristic which has the potential to aid the 
carbon-efficient deployment of BECCS in the UK. However, many other 
factors will be required for decision-making to ground the results in 
reality including, but not limited to, land-use change, fluctuating do-
mestic and international markets, multiple actors and the effects of 
climate change on future biomass production. This model can inform the 
delivery of the UK’s Net-Zero emissions pathway, but collaboration will 
be needed to ensure the formation of complete, acceptable and realistic 
pathways for BECCS deployment. The methodology could also be 
replicated for other countries to determine their carbon-efficient 
deployment of BECCS or expanded to calculate carbon-efficient trans- 
national BECCS supply chains between multiple countries. 

From the specific modelled case study, the most carbon-efficient 
siting of the BECCS facility is not so much tethered to its proximity to 
the ICCS cluster but rather to its biomass. This untethering of BECCS 
from the ICCS clusters could lead to the development of additional in-
dustrial biomass clusters where BECCS facilities could be placed for 
carbon-efficient transportation. 

The high-resolution results calculated by the model could also feed 
into other evaluation methods such as life cycle assessments and techno- 
economic assessments, which would also increase their spatial resolu-
tion. In particular, the coordination with a life cycle analysis would be 

Fig. 10. a) Map Presenting the Types of Supply Chains within 50 km of an ICCS Access Point for the NW Cluster, b) Pie-chart presenting the Types of Supply Chains 
within 50 km of an ICCS Access Point for the NW Cluster by km2. 

Table 8 
Distances in which the Transportation of Biomass/CO2/Energy Output via 
Rail becomes too Carbon Intensive and Alternative Transportation 
Methods are Utilised for the NW Cluster.  

Resource Transportation Stopping Distance (km) 

Biomass 23.01 – 41.42 
CO2 9.01 – 20.73 
Energy Output 6.23 – 8.69  
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critical in determining if a modelled supply chain would be net-negative 
and would include emissions from the end-use of the bioethanol. For 
future calculations, it would be beneficial to compare multiple BECCS 
supply chains to determine if the untethering of the BECCS facility from 
the ICCS cluster would also benefit supply chains using light, low yield, 
widely distributed biomass or a mixture of spatially dense and spatially 
distributed biomass. For these future calculations, it would also be 
interesting to calculate the carbon savings associated with the adoption 
of renewable fuels into the supply chain and evaluate the impact on the 
types of supply chains calculated by the model. The CNS methodology 
can support understanding of potential BECCS to contribute a net-zero 
pathway, providing spatially explicit, high-resolution answers to the 
question ‘how far is too far’ in the extent and configuration of BECCS 
supply chains. 
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