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Abstract

The UK is the second largest emitter of carbon dioxide in Europe. It aims to take urgent actions to achieve the
2030 target for CO2 emissions reduction imposed by EU environmental policies. Three different carbon
capture utilization and storage (CCUS) supply chains are developed giving economic indicators for CO;
utilization routes not implying carbon dioxide hydrogenation (i.e. with high TRL). The study presents an
innovative proposal to reduce CO2 impact in the UK, a country rich in coal, which requires reduction of carbon
dioxide emissions from flue gases as the easiest and best performing solution. Bunter Sandstone, Scottish
offshore and Ormskirk Sandstone are the storage sites considered, while several attractive potential utilization
options are considered. Through minimization of total costs, the CCUS supply chain with Bunter Sandstone
as storage site results in the most economically profitable solution due to the highest value of net present value
(€0.554 trillion) and lowest value of pay back period (2.85 years). Only carbon tax is considered. The total
cost is €1.04 billion€/year. Across the supply chain, 6.4 Mton/year of carbon dioxide emissions are avoided,
to be either stored or used for calcium carbonate production. Future work should consider uncertainty,

dynamics of market demand and social aspects.

Key works: CCUS supply chain, CO; reduction, mathematical modeling, optimization.
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1. Introduction

In recent years, energy consumption has increased due to economic development and population growth.
Global energy consumption has doubled from 6642.3 million tons oil equivalent (Mtoe) in 1980 to 13105.0
Mtoe in 2015 (Dong et al., 2019). As a conseguence, carbon dioxide emissions have increased: in 2018 the
average carbon dioxide concentration in the atmosphere was 407 ppm (Meunier et al., 2020), with an increase
of 2 ppm/year in the last ten years (IEA, 2016) and 3 ppm/year since 2015 (Dlugokencky, 2018). Global
carbon dioxide emissions reached 33.1 Gt in 2018 (IEA, 2019). Public concern has increased and the problem
is receiving significant attention from the scientific community. Many efforts are being made to achieve the
objectives established in the Paris Agreement limiting global warming to below 2 °C by setting a target for net
zero global emissions in the second half of this century (Yi et al., 2018). This means that global carbon dioxide
emissions must be reduced to 24 GtCO./year by 2030, 14 GtCO,/year by 2040, and 5 GtCOy/year by 2050
(Rogelj et al., 2016). In this context, the European Union (EU) suggests that every EU country should have
carbon dioxide emission reductions of 40% by 2030, 60% by 2040 and 80% by 2050 in comparison to the

1990 baseline (European Commission, 2011). Such reductions are challenging for all countries.

Carbon capture utilization and storage (CCUS) can account for 7% of the cumulative carbon dioxide emission
reduction capacity required globally by 2040. This would imply a rapid scale-up of CCUS deployment from
around 30 million tons of carbon dioxide currently captured each year to 2300 Mt per year by 2040 (Fan et al.,
2019). Studies show that without CCUS supply chains it is possible to reduce carbon dioxide emissions within
the target with costs raised by about 138% (IPCC, 2014). CCUS supply chains have the lowest cost for
decarbonization operations compared to alternatives. However, for a full development of this system, it is
necessary to improve the maturity of the technologies involved as they still have high energy penalties and
high costs, to establish more stringent rules and regulations, to limit the risks associated with geological storage
and to contribute to an increase in public awareness. Financial support for CCUS systems will also be necessary
due to the high costs (Saito et al., 2019; Durmaz et al., 2018; Li et al., 2011; Budinis et al., 2018). CCUS supply

chains could and should play a central role in the transition to a low carbon economy.

Many studies involving CCUS supply chains involve carbon dioxide enhanced oil recovery (CO2-EOR) where
the injected carbon dioxide will remain stored securely (Kuuskraa et al., 2013). The potential application of
these technologies in Europe is recognized by Cavanagh and Ringrose (2014). Hasan et al. (2014) designed
a CCUS supply chain with CO,-EOR for the United States and find that it is possible to reduce 50%-80% of
carbon dioxide emissions with an annual cost of between $58.1-106.6 billion, generating $3.4-3.6 billion
revenue per year. A multi-scale framework for the optimal design of a CCUS supply chain with oil recovery
in the United States was developed by Hasan et al. (2015). A simultaneous selection of capture technologies
and materials, carbon dioxide sources, utilization and sequestration sites is considered. At the optimal
conditions, the system is able to reduce 50% of the carbon dioxide emissions at a cost of $35.63 per ton of the
carbon dioxide captured. Four business models with different stakeholders involved in carbon supply chains

are presented by Yao et al. (2018). Different derivative-free optimization methods are used by Rahmawati et
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al. (2015) to maximize the net present value (NPV) of a CCUS supply chain with oil recovery with CO;
utilization and to compare the results with other injection strategies. The NPV is also optimized for these
systems by Jahangiri and Zhang (2011) and by Kwak and Kim (2017) who consider fluctuating values of oil

and carbon price.

A model for a CCUS supply chain with CO,-EOR was developed by Tapia et al. (2016) considering both
stationary and variable carbon dioxide flow rate. Uncertainties in oil price, reservoir oil capacities and oil yield
are considered through a Monte Carlo simulation. In a subsequent paper, Tapia et al. (2016b) developed a
mixed integer linear programming (MILP) for this system and focus on three important issues: scheduling
CCUS operations, allocation of carbon dioxide supply for CO,-EOR operations and matching between carbon
dioxide sources and geological storages, as suggested by Sun and Chen (2017). Generally, most of these supply
chains are characterized by a source-sink matching method allowing carbon dioxide transportation from a
source to the nearest storage location through a pipeline. A more complex connection between the components
of a CCUS supply chain, allowing for merging and splitting streams in transportation, is considered by Zhang
et al. (2018) for north eastern China. The system is able to reduce 50% of stationary emissions with an annual
cost of $2.3 billion and $0.77 billion of revenues. A similar case study for China was also developed by Sun
et al. (2018). The important role of CCUS supply chains for China is recognized by Yu et al. (2019): they help
facilitate energy transactions, support low carbon development and reduce costs of meeting environmental
goals. However, Fan et al. (2019) report that economic incentives are required for China so that these systems

do not remain in the ‘technology valley of death’ (Von Stechow et al., 2011).

An economic evaluation of CCUS supply chains with CO,-EOR in Poland was carried out by Mathisen and
Skagestad (2017) considering a sensitivity analysis for the price of oil and of carbon dioxide. In Middleton et
al. (2015) a CCUS supply chain was developed for the US Gulf Coast region and in nearby regions (Texas,
Louisiana, Mississipi, New Mexico, Oklahoma and Kansas) reducing 50 Mton of emissions and producing
200 million bbl/yr of oil, while in Klokk et al. (2010) a CO,-EOR supply chain is optimized for the Norwegian

regions.

In addition to oil and gas recovery, carbon dioxide is used to produce other products inside the CCUS supply
chain. Carbon dioxide can be used for methane recovery in enhanced coal bed methane production with carbon
dioxide injection (CO,-ECBM). Huang et al. (2014) analyze a CCUS supply chain with this utilization option
through a mixed integer nonlinear programming (MINLP) model. The profit is maximized considering

uncertainties in natural gas price and carbon credit.

Carbon dioxide fixation by algae for biofuel production is considered by Yue and You (2015). They present a
non-convex MINLP model for Texas to optimize the system according to both economic and environmental
criteria using a multi-objective optimization approach. 80% of carbon dioxide emissions are reduced at a price
that is lower compared to other mitigation technologies. Ochoa Bique et al. (2018) integrate a carbon dioxide
and a hydrogen supply chain in Germany in order to produce methanol in a sustainable way via hydrogenation.

Results show that this solution is feasible only when the electricity for the electrolyzer is delivered for free. In
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Leonzio et al. (2019a) a CCUS supply chain is developed for Germany producing methanol via methane dry
reforming with three case studies. Results show that hydrogen production from water electrolysis and
renewable power sources is the best case due to a lower environmental impact and higher carbon dioxide
consumption. However, in this work a higher amount of methanol compared to the national demand is
produced if the target of carbon dioxide reduction is achieved. For this reason Leonzio et al. (2019b) consider
using carbon dioxide to produce different products such as urea, methanol, concrete, wheat, polyurethane,
calcium carbonate, lignin in a CCUS supply chain for which total costs are minimized. A Monte Carlo
simulation is carried out to evaluate the uncertainties regarding the selling price and national demand of the
chemical compounds produced. The production of methane in the CCUS supply chain for Italy is developed
by Leonzio and Zondervan (2019). The CCUS is integrated with power to gas technology and a comparison
among different supply chains is carried out. Results show that economic incentives are required by the systems
and the best economic conditions are obtained for the system with the Adriatic Sea as storage site. Gounaris et
al, 2016, applied network optimization to design CCUS supply chains of different types.

For those countries not rich in coal but that need to reduce carbon dioxide emissions, carbon dioxide can be
captured from flue gas obtained by the co-combustion of coal and biomass and used to produce methanol, as
proposed for Spain (Lainez-Aguirre et al., 2017). Similar scenarios, considering biomass as a source of carbon
dioxide in a supply chain, are also analyzed and discussed by Perez-Fortes et al., (2017), Yue et al. (2014) and
Miret et al. (2016). For carbon capture in a biomass combustion process, a net reduction is achieved for carbon
dioxide in the atmosphere but it results in a negative balance for overall carbon dioxide accumulation since

biomass growth and conversion is a carbon-neutral cycle.

The models considered above are mainly based on the deterministic minimization or maximization of a single
objective function and only the work of Yue and You (2015) considered a deterministic multi objective
optimization to consider both economic and environmental aspects. In recent years more complex models have
been developed for CCUS supply chain design considering uncertainty, market demand dynamics, etc. Lee
etal. (2019) develop a two stage stochastic multi-objective optimization problem maximizing the annual profit,
minimizing the environmental impact and uncertainties. The model is based on the 2P2SSMOOP algorithm
and the system produces polymers and bio-butanol from carbon dioxide in Korea, achieving the target of
emissions reduction set for the year 2030. A multi-objective two stage stochastic optimization was carried out
by Zhang et al. (2019) for north east China considering carbon tax uncertainty. The trade-off between the

economic and risk objectives was obtained under different conditions.

A stochastic simulation for a CCUS supply chain in the Danish North Sea altering the price of oil and carbon
dioxide, discount and hydrocarbon tax rates is considered by Suicmez (2019). The author presents a feasibility
study of a CCUS supply chain with CO,-EOR in the North Sea Chalk Field which is the oldest and one of the
largest oilfields in the Danish sector: 40 Mton of carbon dioxide can be captured and in this condition the

system has a net present value (NPV) value of $124 million. Uncertainties in the model (in particular in coal



and carbon trading price) are also considered in the CCUS supply chain developed by Fan et al. (2019) for
China.

A model for the integration of carbon and hydrogen supply chains in the UK, producing methanol by carbon
dioxide hydrogenation, was developed by Quarton and Samsatli (2020). The model is called Value Web Model
for which the objective function is provided by the minimization of a weighted sum of all of the “impacts” of
the value chain.

The UK is the country with the second largest carbon dioxide emissions in Europe. In 2014 the UK registered
419.820 Mton of carbon dioxide emission; in Germany it was 719.883 Mton while in Italy 320.411 Mton of
carbon dioxide emissions (data.worldbank.org). The UK Climate Change Act states that CCUS supply chains
are vital to meet the future target for carbon dioxide emissions reduction. The U.K. government has begun to
analyze the costs of these technologies and consider deployment but no concrete actions have been undertaken
yet. Carbon supply chains are also important because they have a positive effect on job creation, local

economies and productivity.

This study aims to determine CCUS supply chains in the U.K. with minimum cost. Three different CCUS
supply chains are considered with different storage sites (Bunter Sandstone in the southern North Sea, Scottish
Offshore in the central North Sea and Ormskirk Sandstone in the Irish East Sea). These systems are considered
with utilization options all of which are systems with relatively high values for the technology readiness level
and likely to provide significant carbon dioxide reduction by the year 2030: calcium carbonate, concrete,
tomato, polyurethane production. In addition, methanol and methane production are also considered for
comparison. Utilization of CO; to produce methanol and methane is often considered. They differ from the
utilization routes previously mentioned since their production requires carbon dioxide hydrogenation using H;
obtained from green processes (electrolysis utilizing power from renewable sources), which is not yet a mature

process at industrial scale.
2. Model development
2.1 Problem statement

Using a mathematical model for the CCUS supply chain, the optimal connections between carbon dioxide
sources and utilization/storage sites can be found to determine the optimal amount of captured carbon dioxide

to be used or stored. In order to develop the mathematical model the following assumptions were made:

- Oneto one coupling: In the utilization and storage section only one source node can be connected with
one capture node and one capture node can receive from only one source node although it is possible
to connect multiple sources to one capture plant (Kalyanarengan Ravi et al., 2017);

- To avoid transportation of flue gas with additional costs, carbon dioxide sources and capture plants
are located at the same site. Flue gases are rather dilute in CO- (less than 20%) although their utilization

in production processes usually requires high CO; concentration in the feed gas. This is also true for
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the storage option. As a result CO; capture plants should be located close to each source site to avoid
the burden of transporting a gaseous flow rate of around five times the volume. In addition pure CO;
can be conveniently transported in its liquid physical state under appropriate pressure conditions;
Within the supply chain carbon dioxide is transported via pipeline because it is the most mature
infrastructure able to transport high flow rates of carbon dioxide at low cost (Hasan et al., 2015;
Kalyanarengan Ravi et al., 2017);

Carbon dioxide is assumed to produce polyurethane, concrete and calcium carbonate and in tomato
growing (products were selected considering the market demand of 2030 and the relatively high
technology readiness level of the respective production processes, which have been quite stable over
recent years) as well as methanol and methane (Alberici et al., 2017);

The supply chain is considered to be operating at steady state condition for a period of 25 years. This
assumption influences the amount of carbon dioxide that can be stored each year without exceeding
the whole capacity of the storage site. The lifetime of a CCUS supply chain is likely to be long in
relation to the resources mobilized. This assumption does not affect cost items because they relate to
the processing (capture technology, production and storage processes, etc.) which were taken from
official figures available in economic and technical literature sources;

The demand for carbon dioxide based products is considered constant over time and they can be sold
at a stable selling price (Hasan et al., 2015; Zhang et al., 2018). The assumption of stationary
conditions is widely utilized for this type of modelling for optimization purposes. The supply chain is
evaluated at a time averaged state disregarding major fluctuations for the design of production plants
and industrial installations to consider system specifications independent of time required for specific
SCenarios;

Only one storage site is present inside the CCUS supply chain able to store an amount of carbon
dioxide equal to emissions that need to be reduced to achieve the minimum target imposed by the
regulator. Also for utilization no more than two production sites are considered for each carbon dioxide
product. The production costs are taken from official average values independent of production
location and production capacity of each plant site. Such an assumption is a simplification for the
model but it does not affect the main aim of this study which is to calculate an appropriate balance
between carbon dioxide storage and utilization processes that satisfies environmental requirements
while minimizing costs. Different locations for the production sites would mainly affect the
transportation cost of carbon dioxide from capture to utilization site (equation 16), due to distances
different from those assumed here. However, this cost item influences only slightly total costs in the
utilization section of the supply chain;

Carbon dioxide capture technologies have an efficiency of 90% and are able to produce carbon dioxide
with a purity at least equal to 90% for the storage section (Hasan et al., 2012a,b; Nguyen and
Zondervan, 2018);



- Distances between nodes inside the supply chain are evaluated according to their latitude and longitude
(Kalyanarengan Ravi et al., 2017; Ochoa Bique et al., 2018);

- The economic feasibility is found through the calculation of the net present value (NPV) and pay back
(PB) period;

In addition to these assumptions, some inputs are provided to define the mathematical model:

- Carbon dioxide sources are defined: type, location and yearly emissions (Department of Business,
Energy and Industrial Strategy, 2018; naei.beis.gov.uk);

- Carbon dioxide capture and compression process are defined: materials and technologies with
respective total costs (Hasan et al., 2014; Nguyen and Zondervan, 2018);

- Carbon dioxide transportation data are defined: distances and relative costs (Serpa et al., 2011;

www.nhc.noaa.gov);

- For each carbon dioxide based product a conversion factor is taken into account (Patricio et al., 2017;

Ancona et al., 2019; von der Assen et al., 2015; www.defra.gov.uk);

- For each utilization site location and production costs are given (Hank et al., 2018; Reichert, 2012;

www.holanda.es; www.colacem.com; Zappa, 2014; Sheldon, 2017; assets.publishing.service.gov.uk;

www.prea.co.uk; www.basf.com; apsgroup.uk.com; mineralproducts.org; www.hanson.co.uk;

www.calcium-carbonate.org.uk);

- For the storage section the location and respective costs are fixed (Bentham, 2006; Kolstera et al.,
2018; Babaei et al., 2016; Kirk, 2005; Gammer et al., 2011; Hendriks, 1994);

- National demand for each product and carbon dioxide reduction targets are given

(www.reportlinker.com; Www.eia.gov; WWW.0NS.goV.uk; www.britishgrowers.org;

mineralproducts.org; Bide et al., 2019);

The mathematical model is able to provide the optimal connection between carbon dioxide sources, carbon
dioxide utilization and storage sites. Carbon dioxide sources are selected with the respective capture
technologies/materials and connected with the utilization and storage section. The optimal amount of captured
and transported carbon dioxide is determined in addition to the amount of each product. The objective is to
minimize the total costs, which include carbon dioxide capture and compression costs, carbon dioxide

transportation costs, carbon dioxide storage costs and production costs of the different products.
2.2 CCUS supply chain network model

In this section, sets, parameters, variables and constraints for the model are defined.

2.2.1 Sets

Each element inside the CCUS supply chain is identified by an index. Carbon dioxide sources are represented
by ‘1’, carbon dioxide capture and compression technologies are represented by ‘j’, carbon dioxide storage

sites and its complementary utilization section as ‘k’, methanol plants are indicated by ‘m’, power to gas plants
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are indicated by ‘g’, polyurethane plants are indicated by ‘p’, tomato production sites are indicated by ‘t’,

concrete plants are indicated by ‘c’, calcium carbonate plants are represented by ‘d’.

ie(l....... I) — carbon dioxide sources
Je(,....... J) — carbon dioxide capture systems
ke,...... K) — carbon dioxide storage sites and complementary utilization section

m € (1,......M) — methanol production sites

g € (1,......G) — methane production sites

p € (1,......P) — polyurethane production sites

t € (1,.....T) — tomato production sites

¢ € (1,......C) — concrete production sites

d € (1,......D) — calcium carbonate production sites

2.2.2 Parameters

The following parameters are set:

CR™"_ Minimum target of overall carbon dioxide reduction (ton/year)

CSi— Total carbon dioxide emissions from each source i (ton/year)

Fi— Total feed flue gas flow rate from each source i (mol/s)

XS;— Carbon dioxide composition in the flue gas emission from source i (mol%)
XLi— Lowest composition processing limit for the capture plant j (mol%)

XH; — Highest composition processing limit for the capture plant j (mol%)

C™ — Maximum storage capacity for the storage site k (ton)

2.2.3 Variables

Continuous and binary variables are used to define the model for the CCUS supply chain. To select the storage
site and the capture technology/material the following binary variables are introduced: Xijk and Yijx..
Continuous variables are introduced to define the fraction of captured carbon dioxide that is sent to storage
(Frijk), to utilization (Utilizationijk), to methanol production (Methanolijm), to methane production

(Methanei;,g), to polyurethane production (Polyurethanei;,), to tomato growing (Tomatoij,), to concrete curing
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(Concreteijc) and to calcium carbonate production (CalciumCarbonate;jq). A value between 0 and 1 is assumed

for these variables.
2.3 Model development
2.3.1 Constraints

The following constraints are introduced. Carbon dioxide cannot be sent to multiple storage sites so the

following constraint is used (see Eq. 1):

X
U.x)eU.K)

ijk S 1 Vi el (D

with X« the binary variable already defined. In addition, this inequality ensures the one to one coupling
between source and capture technology in the storage section. The storage site is characterized by a defined

storage capacity that cannot be exceeded, so the following constraint is used (see Eqg. 2):

Iznax
CSi " FRi,j,k S TH

U.k)eU.x)

vk €K 2)

where CS; is the total carbon dioxide emissions from source ‘i’ in ton/year, C ™ is the maximum storage
capacity of the storage site ‘k’ in tons, TH is the time horizon of supply chain in year (25 years) and Frijx is
the variable defined above. The defined CCUS supply chain should achieve the minimum target for carbon

dioxide reduction, so this constraint is defined as (see Eqg. 3):

CS;* FR;jy + CS; - Utilization; j > CR™" 3)
(L. k)E(L].K)

with CS; the total carbon dioxide emission from source ‘i’ in ton/year, Frijxand Utilization;; variables defined
above and CR™" the minimum target of CO, reduction. The whole amount of carbon dioxide that is captured
and sent to utilization and storage section should be higher than the minimum target for reduction of its release
into the atmosphere. For a selected source not all carbon dioxide can be processed by a selected capture
technology: at most only 90% of carbon dioxide can be captured, as defined by the following constraint (see
Eq. 4):

FR; i + Utilization; j, < 0.9 V (i,k) € (I,K) 4)
e

with Frijxand Utilization; . the continuous variables defined above. Not all the technologies considered can
be used to capture carbon dioxide from all sources with a product purity of 90% for carbon dioxide. This

depends on the composition of carbon dioxide in the feed, as defined by the following constraint (see Eq. 5):

(XHj — XS;) - (XS; — XLj) - Xi je 2 0 V(i) ed)) ©)
(EW)
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where XS; is carbon dioxide composition in flue gas emissions from source i (mol%), XL;, is the lowest limit
of processing composition for capture plant j (mol%), XH; is the highest limit of processing composition for
capture plant j (mol%), Xijkis the variable defined above. This constraint is required for the storage section,
while in the utilization section purity higher or lower than 90% can be required and achieved in the respective

site.

The amount of carbon dioxide that is sent to the utilization section is divided among the different utilization
options, according to the following material balance constraint (see Eq. 6):

Utilization; j;, = ZProductk Mgites VG k) LK) (6)
k

where k is the index identifying each single product and nsies is the number of utilization sites. In the utilization
and storage section only one capture technology/material can be chosen for the selected carbon dioxide source,

as defined in the following constraint (see Eq. 7):

Yi,j,k <1 v (l,k) € (I,K) (7)
Ne)

with Yi;k the binary variable defined before. In order to convert the mathematical model to a linear one, a
glover linearization is applied by using these constraints (see Eq. 8-9):

0 <FRj. <09 X, vV (i,j,k) € (I,],K) (8)
0-Y,. < Utilization;j;, <0.9-Y, Vv (i,j,k) € (,],K) 9)

where Friji, Xijk, Utilizationijx and Yi;x were already defined, while 0.9 is used because at least 90% of

carbon dioxide is captured from each carbon dioxide source.

2.3.2 Equations

In the mathematical model, equations for carbon capture and compression costs, carbon dioxide transportation
costs and storage costs are given. Carbon dioxide capture and compression costs (€/year) are determined

according to the following relation (see Eq. 10):
CCi,j,k = CDCi,j,k +C1Ci,j,k+C0Ci,j,k V(l,],k) S (I,I,K) (10)
where CDC; ; ;. are the flue gas dehydration costs in €/year equal to 9.28 €/tonCO; (Kalyanarengan Ravi et al.,

2017), CIC; j  are the investment costs in €/year and COC; ; ;. are the operating costs in €/year. Investment and

operating costs expressions were proposed by Hasan et al. (2014) (see Eq. 11-12):

ml,j

CICi k= ar; Yijr+ Brj Xcozi™ +v1j) F ik v (i,j.k) €U],K) 11
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Mo, j

COCijn= o Yijrk+ Boj Xcori™ +Voj)- F ik v (j k) €] K) (12)
where a; j, & j, Brji Bo,j» Y1,j + Yo,jr T, j» o j» Mo j, My, j are fixed parameters for each process and for each
material shown in Zhang et al. (2018) and in the Appendix (table S1), Xcoz,i is carbon dioxide content in the
flue gas for the selected carbon dioxide source, Fijx is flue gas flow rate in mol/s and Yijx is the binary

parameter defined before. However, for ionic liquid absorption modified equations can be used (see Eq. 13-
14) (Nguyen and Zondervan, 2018; Nguyen et al. 2018):

myi P

CIC;jx = (arj-Fijx+Brj Yijr) Xcozi +7Vij° Fuécj v(ijk) ed]K) (13)
My, j ..

COCijy = (o Fiji + BoYiji) " Xcozi, +Vo,; Ky v(ij k) €] K) (14)

with @y, @, j, Brjs Bo,js V1,j 1 Yo,j» Mo,j» My,j fixed parameters (Nguyen and Zondervan, 2018) (see table S1
in the Appendix), Xcoz,i, carbon dioxide composition in the flue gas, Fijx flue gas flow rate in mol/s, Yi;xthe
binary variable defined above.

Carbon dioxide is transported within the CCUS supply chain via pipeline and the relation to calculate these
costs is reported by Serpa et al. (2011), where the total costs (TC in €/year) are the sum of investment (TIC in
€/year) and operating costs (TOC in €/year) (see Eq. 15):

TCijrctpamg =TICijkctpamg T TOCijkctpdamg Vv (@jkctpdmg)
€ (,],K,C,T,P,D,M,G) (15)

The investment costs are determined from this relation (see Eg. 16) (Serpa et al., 2011):

TIC;jk.ctpdmg
= CCR(a,
* CS; - FR; j i /Concrete; j . /Tomato; j . /Polyurethane; ; , /Calcium carbonate; j 4
/Methanoly jm /Methane; j g + By - Xi jic/Xij/Xij e/ Xijp/XijalXijm/Xijg )" Fr
*(Dix/Dic/Dit/Dip/Dia/Dim/Dig +16) ¥ (i,j, k,c,t,p,d,m, g)
€/, KCTP,DM,G) (16)

where ot is 0.019 and Bt is 0.533 (Serpa et al., 2011), CCR is the capital cost recovery, D ix/ Did/Did
Dio/Did/Dim/ Dig are the distance respectively between carbon dioxide sources and storage site, concrete
production site, tomato production site, polyurethane production site, calcium carbonate production site,
methanol production site, methane production site evaluated according to latitude and longitude
(Kalyanarengan Ravi et al., 2017), Fr is a terrestrial factor of 1.2 (Broek et al., 2010), 16 Km are added to the
distance to consider additional paths related to process (Dahowski et al., 2004), Fi;x, Methanol;;m, Methaneijg,
Polyurethane;j,, Tomatoij:;, Concreteijc and CalciumCarbonate;jq, are the continuous variables already
defined, and Xijk, Xijc Xiju Xijd, Xijm, Xijgare 1 if the respective continuous variable is not 0. The operating
costs are 4% of investment costs (Kalyanarengan Ravi et al., 2017).
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Carbon dioxide storage costs (SC in €/year) are the sum of investment (SIC in €/year) and operating costs
(SOC in €/year) (Kalyanarengan Ravi et al., 2017) (see Eq. 17):

SC, = SIC, + SOCy, (17)
Investment costs are determined from (Hendriks, 1994) (see Eq. 18):
SIC, = CCR'(m * dyyey + b) - NDUIE, (18)

where m and b are parameters respectively of 1.53 M€/km and 1.23 M€ (Hendriks, 1994), dwen is the depth of
build

the well, CCR is the capital cost recovery and N, o5/ is the number of wells which need to be built evaluated
according to this relation (Hasan et al., 2014; Kihn et al., 2013) (see Eq. 19):

- X jean CSi  FRyjk
NG, = T 1

as a function of the injection capacity per well, IC, and amount of stored carbon dioxide. Operating costs are

4% of investment costs (Kalyanarengan Ravi et al., 2017).
Production costs and selling prices of carbon dioxide products are shown in table 1.

Table 1

Selling price and production cost of different products of CCUS supply chain in the UK

Product Production costs Selling price
Methanol 608 €/ton (Hank et al., 2018) 705 €/ton (Www.ons.gov.uk)
Methane 300 €/MWh (Reichert, 2012) 0.028 €/kWh (ec.europa.eu)
Polyurethane 1349 €/ton 2590 €/ton (www.ons.gov.uk)
Tomato growing 0.85 €/kg (www.holanda.es) 1.45 €/kg (www.gov.uk)
Concrete 21.8 €/ton (www.colacem.com) 32.6 €/ton (rmsconcrete.co.uk/prices/)
Calcium carbonate 65.2 €/ton (Zappa, 2014) 120 €/ton (Zappa, 2014)

The conversion factors for the compounds produced are: 1.7 tonCO,/ton methanol (Patricio et al., 2017), 1
moleCO,/mole methane (Ancona et al., 2019), 0.3 kgCO-/kg polyurethane (von der Assen et al., 2015), 2.6
ton tomato/ton CO, (Patricio et al., 2017; www.defra.gov.uk), 0.03 tonCO-/ton concrete (Patricio et al., 2017),
0.25 tonCO/ton steel slag (Patricio et al., 2017).

2.3.3 Objective function

The objective function for CCUS supply chain is defined as (see Eq. 19):
@ = Z CCi,j,k + TCi,j,k,c,t,p,d,m,g + SCk + CPC + CPt + CPp + CPd + CPm

(i,j.k,ctpdm,g)
+ CF, v (i,jkctpdmg) €U],KCTPDMG) (19)
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where CC;;, are carbon dioxide capture and compression costs, CT;;jkcipamg are carbon dioxide
transportation costs, SCy, are carbon dioxide storage costs, CP, are concrete production costs, CP, are tomato
production costs, CP, are polyurethane production costs, C P, are calcium carbonate production costs, CP,, are
methanol production costs, CF,; are methane production costs. The objective function is the sum of all costs

involved within the CCUS supply chain. This objective function is minimized to design the system.
2.4 Case study

The EU Member States have agreed to reduce EU emissions by at least 40% below 1990 levels by 2030. To
achieve this aim, the UK should reduce carbon dioxide emissions by 53% compared to 1990 levels
(www.theccc.org.uk). In the UK, total carbon dioxide emissions in 1990 were of 596.3 Mton, so in 2030 they
should be below 320 Mton (Department of Business, Energy and Industrial Strategy, 2019). Carbon dioxide
emissions are of 357.5 Mton, so to achieve the target for 2030 an additional reduction of 10.5% is required
(Department of Business, Energy and Industrial Strategy, 2018).

For the carbon capture utilization and storage supply chain only carbon dioxide emissions from industrial and
commercial sectors are considered. Four regions, represented by their main city, with higher emissions were
selected. The regions of interest are: Wales (14.2 Mton/year), Scotland (13.3 Mton/year), the North West (15.5
Mton/year), Yorkshire and the Humber (18 Mton/year). The nodes are located respectively at Cardiff,
Edinburgh, Manchester, Leeds.

Total carbon dioxide emissions in the CCUS supply chain for these regions are equal to 61 Mton/year. These
should be reduced by 10.5%, as discussed above. The minimum target of emissions reduction to be obtained

by the model is 6.4 Mton/year. Carbon dioxide is mainly emitted by power plants (naei.beis.gov.uk) whose

flue gases have a carbon dioxide composition in the range of 4-15 mol% (Zhang et al., 2018), as reported in

table 2, which also shows flue gas flow rates.

Table 2

Characterization of carbon dioxide sources selected for the CCUS supply chain in the UK

Region CO; source CO: ?ﬁgﬁ%mon F(Irt:]e(z)lg;?)s

Wales Power plant 10 102313
Scotland Power plant 12 79857
North West Power plant 14 79771
Yorkshire and the Humber Power plant 13 99763

In the UK, carbon dioxide can be stored in oil and gas fields or in saline aquifers (Department of Energy &
Climate Change, 2010). The first option is the most important storage type for the UK, with low risk, and with
potentially enough storage capacity to meet national carbon capture and storage (CCS) deployment
requirements and wide regional distribution. The total storage capacity can be considered in the range of 7.4-

9.9 GtCO, (Department of Energy & Climate Change, 2010). Saline aquifer storages have potentially large
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scale distribution around the UK. The total storage capacity in the UK is in the range of 7.1-14.3 GtCO, (the

potential theoretical capacity exceeds those of oil and gas fields) and is present in the Irish Sea, southern North

Sea, and northern/central North Sea (Department of Energy & Climate Change, 2010). Because of their much

larger capacity, saline aquifers are selected in this study for the CCUS supply chains. Three different storage

sites near to the selected carbon dioxide sources are identified, one for each CCUS supply chain: Bunter

Sandstone in the southern North Sea, Scottish Offshore in the Central North Sea and Ormskirk Sandstone in

the Irish East Sea. The main characteristics of these storage sites are reported in table 3.

Table 3

Data about storage sites considered for the CCUS supply chain of the UK

Storage location
Storage area
Storage site

Southern North Sea
Bunter Sandstone
1\44

Bentham (2006)
Bentham (2006)

Storage capacity 10 MtonCO; Bentham (2006)
Storage depth 1600 m Bentham (2006)
Injection capacity per well 2 MtonCOslyear  Kolstera et al. (2018)

Storage location
Storage area
Storage site

Central North sea
Scottish offshore
Forties

Babaei et al. (2016)

Storage capacity 121 MtonCO; Babaei et al. (2016)
Storage depth 2217 m Babaei et al. (2016)
Injection capacity per well 3 MtonCO,/year Babaei et al. (2016)

Storage location

Irish east sea

Storage area Ormskirk sandstone Kirk (2005)
Storage site 4 Kirk (2005)
Storage capacity 11,5 MtonCO; Kirk (2005)
Storage depth 500 m Kirk (2005)
Injection capacity per well 2 MtonCO./year  Kirk (2005)

Carbon dioxide sources and storage sites are reported in figure 1.
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Figure 1 Carbon dioxide sources ( “*) and storage sites (*) suggested for the CCUS supply chains of the UK

In the utilization section, carbon dioxide is used to produce calcium carbonate, concrete, tomatoes,
polyurethane, methanol and methane. In addition to methanol and methane obtained from CO; hydrogenation
the corresponding carbon dioxide consumed is expected to be considerable according to the projections for the
year 2030. The value of UK demand for calcium carbonate, concrete, tomatoes, polyurethane are respectively
of 5-43 KtonCO,/year, 0-100 KtonCO,/year, 108-2018 KtonCO,/year, 0-100 KtonCO,/year (Alberici et al.,
2017). Tomatoes are chosen for horticultural production because they have the highest production

(www.defra.gov.uk) ahead of cucumbers, peppers and aubergines amongst those suggested as agricultural

products that can be obtained from carbon dioxide in the UK (Alberici et al., 2017).

For each carbon dioxide based product different production sites are suggested. For methanol production

Billingham is selected (Sheldon, 2017), for methane production Isle of Grain and Avonmouth are selected

(assets.publishing.service.gov.uk), for polyurethane production Manchester (www.prea.co.uk) and Alfreton
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(www.basf.com) are suggested, for tomato growing Teesside (apsgroup.uk.com) and the Isle of Wight

(apsgroup.uk.com) are considered, for concrete production York (mineralproducts.org) and Wallasey

(www.hanson.co.uk) are suggested, while for calcium carbonate production Lifford, Birmingham and Fort

William are suggested (www.calcium-carbonate.org.uk). Utilization sites are shown in figure 2.
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Figure 2 Carbon dioxide utilization sites suggested for the CCUS supply chain in the UK ( methanol
production site, & methane production site, polyurethane production site, & tomato production site,
concrete production site, & calcium carbonate production site)

The national demand of each of these products is the following: for methanol 1.64:10“ Mton/year

(www.reportlinker.com), for methane 51.4 Mton/year (www.eia.gov), for polyurethane 0.15 Mton/year

(www.ons.gov.uk), for tomato 7.5-10 Mton/year (www.britishgrowers.org), for concrete 4.14 Mton/year

(mineralproducts.org), for calcium carbonate 6.53-10* Mton/year (Bide et al., 2019).
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For carbon dioxide capture different technologies/materials are considered as reported by Leonzio et al.
(2019b). For absorption technology, materials such as monoethanolamine (MEA) (30%wt), piperazine (PZ)
(40% wt) and ionic liquids (IL) (1-butyl-3-methylimidazolium acetate) are proposed. For membrane
technology POEL, POE2 and FSCPVAmM are considered. For pressure swing adsorption (PSA) and vacuum
swing adsorption (VSA) technologies 13X, AHT, MVY and WEI zeolites are considered.

3. Results and discussion

In this section, the results for the CCUS supply chains developed for the UK are presented. While the main
objective is to reduce carbon dioxide emissions to meet the established target, the systems are designed by
minimizing total costs. In each supply chain analyzed 4 carbon dioxide sources, 14 capture
technologies/materials, 1 storage site and 11 utilization sites are considered. The models is formulated as a
Mixed Integer Linear Programming model developed in AIMMS and using CPLEX 12.7.1 as the selected
solver. The model has 6423 (112 integer) variables and 7614 constraints. The computer processor is 2.5 GHz

with 4 GB memory.
3.1 Results of the CCUS supply chain with Bunter Sandstone as storage site

Table 4 shows the optimal topology of the considered CCUS supply chain, with the amount of carbon dioxide
that is sent to utilization or storage from the selected source. The optimal solution was found in 0.58 seconds
in 54 iterations.

Table 4

Topology of the CCUS supply chain in the UK with Bunter Sandstone storage site

CO; source CO; capture technology/material %I\(/I) tzo?]r/?/z:?)t
To storage
Leeds MEA absorption 0.4
To utilization
Leeds PZ absorption 6

The system considers 61 Mton/year of carbon dioxide (in the four regions taken in the account in this study)
and captures 6.4 Mton/year of carbon dioxide. 6 Mton/year of carbon dioxide are sent to the utilization section
while 0.4 Mton/year of carbon dioxide are sent to storage. The minimum target for carbon dioxide reduction
is achieved. For both cases, Leeds is the selected source. For the storage section, MEA absorption is the
suggested capture technology, while for the utilization section PZ absorption is selected. As found in our
previous studies (Leonzio et al., 2019b) absorption technology is the preferred choice due to lower costs than
for other technologies. The lower costs of absorption are also reported in Hasan et al. (2012b), comparing
absorption, membrane, PSA and VSA technologies at different flue gas flow rate and carbon dioxide
composition. Also, it is possible to verify that the selection of capture material depends on the final use of

carbon dioxide, in addition to its treated amount (Leonzio et al., 2019b). For a fixed carbon dioxide
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composition, as in this case study, PZ is preferred at higher flow rate due to the lower costs, as shown by
Kalyanarengan Ravi et al. (2017). For low flow rate, the costs of MEA and PZ are comparable and MEA

absorption capture technology is suggested.

As expected the selected carbon dioxide source is connected to a storage site in the Yorkshire and the Humber
region (with Leeds as main city), because it is nearby. This reduces carbon dioxide transportation costs. In the
utilization section, carbon dioxide is used to produce calcium carbonate, with an amount of 5.4 Mton/year,
higher than the national demand (a fraction of produced calcium carbonate can be exported to other countries).
Calcium carbonate is produced at Lifford, Birmingham and at Fort William. The graphical topology of this
optimized supply chain is shown in figure 3.
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Figure 3 Topology of the optimized CCUS supply chain with Bunter Sandstone as storage site ( carbon

dioxide source, * carbon dioxide storage, & calcium carbonate production site, — to storage site, to
utilization site)

Carbon dioxide capture and compression costs are 0.687 billion €/year, carbon dioxide transportation costs are
2.16 million €/year, carbon dioxide storage costs are 0.765 million €/year, while calcium carbonate production
costs are 0.352 billion €/year. At optimal conditions, the total costs of this CCUS supply chain are 1.04 billion

€/year. Capture and compression costs have the highest influence on the total costs, as also found in other
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supply chains reported in literature (Hasan et al., 2014; Kalyanarengan Ravi et al., 2017; Zhang et al., 2018).

Calcium carbonate production costs also have a high influence on the total costs.

An economic analysis was carried out to evaluate the NPV and PB period. For this supply chain it is found
that at the optimal conditions, the NPV is €0.554 trillion, while the PB period is 2.85 years. The system is
economically profitable only when considering carbon tax (€80/tonCO,) and without considering other

additional economic incentives.

The cost of polyurethane production is covered by confidentiality obligations, so a sensitivity analysis was
developed in order to verify that the suggested value is not significant for the results obtained. In this sensitivity
analysis different production costs, lower than the selling price (between 1349 €/ton and 2158 €/ton), were
considered. The results of CCUS supply chain optimization are independent by the polyurethane production

cost (a total cost of the supply chain of 1.04 billion €/year is obtained in all the different cases).
3.2 Results of the CCUS supply chain with Scottish Offshore as storage site

The optimal topology of this CCUS supply chain is reported in table 5. 54 iterations were used to solve the

model in 0.81 seconds.

Table 5

Topology of the CCUS supply chain for the UK with Scottish offshore as storage site

CO; source CO; capture technology/material 8\(/? foa;lr;;/t)el;?)t
To storage
Edinburgh VSAWEI adsorption 4.84
To utilization
Leeds PZ Absorption 1.56

The system consumes 61 Mton/year of carbon dioxide (in the four regions taken in the account in this study)
and captures 6.4 Mton/year from those emissions, according to the established target. In this case, 4.84
Mton/year of captured carbon dioxide are sent to the storage section, while 1.56 Mton/year of captured carbon
dioxide are sent to utilization. Edinburgh is the source selected in this case with VSA adsorption using WEI
material for the selected capture process. In the utilization section, the Leeds carbon dioxide source is chosen
by the model, with PZ absorption. Flue gas from Edinburgh has a carbon dioxide composition of 12 mol%,
slightly lower than the carbon dioxide composition of flue gas from Leeds (13 mol%). However, the flue gas
flow rate from Edinburgh is higher than that from Leeds. These results are in agreement with those reported
in the literature by Hasan et al. (2012): at a comparable carbon dioxide composition (just above 10 mol%), for
relatively low flue gas flow rate absorption technology is the suggested choice, while for relatively high flue
gas flow rate VSA process is suggested due to lower costs. Regarding the capture material, MEA is selected

due to the lower costs at lower carbon dioxide composition for a fixed amount of flue gas flow rate
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(Kalyanarengan Ravi et al., 2017). The WEI zeolite material is chosen because the flue gas flow rate of Leeds
is not so high (Zhang et al., 2018).

As in the previous case study, the selected carbon dioxide source from which carbon dioxide is sent to storage
to the nearest site in order to reduce carbon dioxide transportation costs. In the utilization section, carbon
dioxide is used to produce calcium carbonate (1.4 Mton/year) at Lifford, Birmingham and at Fort William. A
higher amount than the national demand is produced so it would need to be exported to other countries. The
topology of CCUS supply chain is shown in figure 4.
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Figure 4 Topology of the optimized CCUS supply chain with Scottish Offshore as storage site ( carbon

dioxide source, * carbon dioxide storage, & calcium carbonate production site, — to storage site, to
utilization site)

The total costs of the supply chain are of €0,425 billion /year. Carbon dioxide capture and compression costs,
carbon dioxide transportation costs, carbon dioxide storage costs and production costs of calcium carbonate
are respectively of €0.323 billion /year, €3.57 million /year, €7.76 million /year and €91.5 million /year.
Capture and compression costs have the highest influence on the total costs as in the previous case study and
as reported elsewhere in the literature (Hasan et al., 2014; Kalyanarengan Ravi et al., 2017; Zhang et al., 2018).

Capture and compression costs are followed by calcium carbonate production costs, carbon dioxide storage
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costs and carbon dioxide transportation costs. A more detailed economic analysis is carried out for the
optimized system, in order to evaluate its profitability. NPV and PB are calculated and are respectively of 0.12
trillion€ and 5.27 years. In this analysis, only a carbon tax of 80 €/tonCO, was considered. A profitable system

is obtained with a PB period of about 5 years.
3.3 Results of the CCUS supply chain with Ormskirk sandstone storage site

The optimal structure of the CCUS supply chain with the storage site in the East Irish Sea is reported in table
6. The optimal solution was found with 54 iterations in 0.8 seconds.

Table 6

Topology of the CCUS supply chain for the UK with Ormskirk Sandstone as storage site

CO; source CO; capture technology/material %I\(/I) tzo?]r};/z:?)t
To storage
Manchester MEA Absorption 0.46
To utilization
Leeds PZ Absorption 5.94

The system consumes 61 Mton/year of global carbon dioxide (in the four regions taken in the account in this
study) and chooses to capture 6.4 Mton/year of these emissions from selected sources. A small amount of
carbon dioxide is sent to storage: only 0.46 Mton/year are sent to the Ormskirk sandstone storage site. 5.94
Mton/year of carbon dioxide are sent to utilization section to produce calcium carbonate. As far as the storage
section is concerned, Manchester, with a carbon dioxide composition of 14 mol%, is the selected source: once
more it is the nearest source to the storage site and for this reason it is selected. For the utilization section,
Leeds (i.e. the Yorkshire and the Humber region with a carbon dioxide composition of 13 mol%) is the chosen
carbon dioxide source. For both of them absorption technology is the selected process. However, two different
capture materials are selected: for the storage section MEA is selected while for the utilization section PZ
solution is suggested. As in the first case study (the CCUS supply chain with Bunter Sandstone as storage site),
absorption technology is selected due to a lower cost compared to other capture technologies (Leonzio et al.,
2019a; Hasan et al., 2012b). However, for higher flow rates the PZ solution is the best material because it can
ensure lower costs compared to MEA (Kalyanarengan Ravi et al., 2017). The optimized topology of this

developed CCUS supply chain is shown in figure 5.
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Figure 5 Topology of the optimized CCUS supply chain with Ormskirk Sandstone as storage site ( carbon

dioxide source, * carbon dioxide storage, & calcium carbonate production site, — to storage site, to
utilization site)

5,35 Mton/year of calcium carbonate are produced in the utilization section (at Lifford, Birmingham and at
Fort William). Some of the produced calcium carbonate needs to be exported. Inside the optimized supply
chain, carbon capture and compression costs are €0,682 billion /year, carbon dioxide transportation costs are
€2.18 million /year, carbon dioxide storage costs are €0.477 million /year, while calcium carbonate production
costs are €0.349 billion /year. The total costs of the optimized CCUS supply chain are equal to €1,03 billion
lyear. As already discussed, capture and compression costs mostly influence the total costs, followed by
calcium carbonate production costs, carbon transportation costs and carbon dioxide storage costs. To evaluate
the economic feasibility of the supply chain, the value of NPV and PB are found. As in previous cases, only a
carbon tax is considered with a value of €80 /tonCO,. Results show that the NPV is equal to €0.549 trillion,
while the PB time is 2.86 years. Profitability is ensured by the optimized CCUS supply chain with Ormskirk

sandstone as storage site.
3.4 Comparison of the developed CCUS supply chains

A comparison among the different CCUS supply chains developed here is shown in table 7.
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Table 7

Comparison among the CCUS supply chains for the UK

Storage site Bunter Sandstone  Scottish offshore  Ormskirk Sandstone
Treated CO, (Mton/year) 61 61 61
Captured CO; (Mton/year) 6.4 6.4 6.4
Minimum target for CO, reduction (Mton/year) 6.4 6.4 6.4

Total costs of CCUS supply chain (billion€/year) 1.04 0.425 1.03
Produced compound calcium carbonate  calcium carbonate  calcium carbonate
Amount of CO;-based product (Mton/year) 5.4 14 5.35

Net present value (trillion€/year) 0.554 0.12 0.549

Pay Back period (years) 2.85 5.27 2.86
Production cost CO»-based product (€/ton)(*) 193 304 193

(*) in this evaluation economic incentives and carbon tax are not considered

The systems consider the same global amount of carbon dioxide emissions of 61 Mton/year and capture the
same amount of carbon dioxide (6.4 Mton/year) from selected sources according to the minimum target. Only
calcium carbonate is produced in these supply chains due to the lower production costs to achieve the target
for carbon dioxide reduction. 5.4 Mton/year, 1.4 Mton/year and 5.35 Mton/year of calcium carbonate are
produced in the CCUS supply chain with Bunter Sandstone, Scottish Offshore and Ormskirk Sandstone as
storage site respectively. This amount of calcium carbonate is higher than the national demand so a proportion
should be exported and sold on the international market. The CCUS supply chain with the lowest cost is that
with Scottish Offshore as storage site.. It was found that the CCUS supply chain with the highest value of NPV
and the lowest PB time is that using Bunter Sandstone as storage site. For this structure the NPV is €0.554
trillion while the PB time is 2.85 years. Calcium carbonate production cost is 193 €/ton (without considering
economic incentives or a carbon tax). The CCUS supply chain with Bunter Sandstone storage site is the best

suggested solution according to the model.
4. Conclusions

CCUS supply chains will have a vital role for the UK to meet the 2030 target regarding carbon dioxide
emissions and to move to a low carbon economy. The Government and the technical sector need to work

together to build the frameworks to develop CCUS supply chains at large scale.

Due to the importance of these technologies, in this research three different CCUS supply chains for the UK
were designed considering different storage sites. Products for which the production process has a high value
for TRL were considered: calcium carbonate, tomato crops, concrete and polyurethane. In the projections for
the year 2030, these products also meet a high national demand in terms of carbon dioxide consumed. Methanol
and methane, obtained by hydrogenation reaction with renewable hydrogen, were also considered as in many
literature studies about CCUS supply chains to check their comparative economic performance. Four regions
(Wales, Scotland, Yorkshire and the Humber and the North West) with higher carbon dioxide emissions were
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considered in the structure of the supply chains. Bunter Sandstone, Scottish Offshore and Ormskirk sandstone

were the considered storage sites for the different CCUS supply chains.

Results show that the CCUS supply chain with Bunter Sandstone as storage site is the most economically
profitable system, due to the highest value of NPV (€0.554 trillion/year) and the lowest value of PB time (2.85
years), considering only the carbon tax, at a value of €80 /ton CO>. The supply chain costs €1.04 billion/year
and reduces 6.4 Mton/year of carbon dioxide emissions. The carbon dioxide captured is used to produce 5.4
Mton/year of calcium carbonate, an amount greater than the national demand, so a proportion should be
exported. In the optimized supply chain Leeds is the reference city for the location of carbon source for
utilization and storage sections. Due to lower costs, absorption technology and vacuum swing adsorption are
selected for the capture process. All the CCUS supply chains considered are economically feasible considering

also carbon tax.

It has been shown how using a mathematical model to find the optimal configuration of alternative carbon
dioxide storage and utilization studies can be undertaken to find strategies for achieving the stringent CO;
reduction targets that the U.K. seeks to achieve. This approach should be used for CCUS infrastructure
planning. In the future, research should be directed towards considering uncertainties, market dynamics and

social aspects. This last aspect in particular has not received much attention in the literature.
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Nomenclature

Indices

i carbon dioxide sources

j carbon dioxide capture system

k carbon dioxide storage sites and complementary utilization section
m methanol production sites

g methane production sites

p polyurethane production sites

t tomato production sites

c concrete production sites

d calcium carbonate production sites

Abbreviations

AIMMS Advanced Interactive Multidimensional Modeling System
CCUS carbon capture utilization and storage

CCS carbon capture and storage

CO2-ECBM carbon dioxide enhanced coal bed methane
CO»-EOR carbon dioxide enhanced oil recovery

EU European Union

IC maximum injection capacity per well (ton)

IL ionic liquid

MEA monoethanolamine

MILP mixed integer linear programming

MINLP a mixed integer non linear programming

NPV net present value

PB pay back period

PSA pressure swing adsorption

PZ piperazine

TH time horizon

TRL technology readiness level

VSA vacuum swing adsorption
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Continuous variables

CCi,x capture and compression cost of carbon dioxide captured from source i with technology j sent to
storage/utilization k (€/year)

CDCi« flue gas dehydration costs for carbon dioxide captured from source i with technology j sent to
storage/utilization k (€/year)

CICix investment capture and compression cost of carbon dioxide captured from source i with technology j
sent to storage/utilization k (€/year)

COCi;«koperating capture and compression cost of carbon dioxide captured from source i with technology j
sent to storage/utilization k (€/year)

CP. concrete production costs (€/year)

CP; tomato production costs (€/year)

CP, polyurethane production costs (€/year)

CPq calcium carbonate production costs (€/year)

CPmmethanol production costs (€/year)

CPymethane production costs (€/year)

Frij« fraction of captured carbon dioxide from source i with technology j sent to storage site k

Utilization j« fraction of captured carbon dioxide from source i with technology j sent to overall utilization
site k

Methanol;;m fraction of captured carbon dioxide from source i with technology j sent to methanol production
site m

Methane; ¢ fraction of captured carbon dioxide from source i with technology j sent to methane production
site g

Polyurethane;;, fraction of captured carbon dioxide from source i with technology j sent to polyurethane
production site p

TCijkcipdmg total transport cost of carbon dioxide captured from source i through capture technology j sent
to storage site k/concrete production site c/tomato production site t/polyurethane production site p/calcium
carbonate production site d/methanol production site m/methane production site g (€/year)

TICijxctpdmginvestment transport cost of carbon dioxide captured from source i through capture technology
j sent to storage site k/concrete production site c/tomato production site t/polyurethane production site
p/calcium carbonate production site d/methanol production site m/methane production site g (€/year)

TOCi jkctpdmgOperating transport cost of carbon dioxide captured from source i through capture technology j
sent to storage site k/ concrete production site c/tomato production site t/polyurethane production site
p/calcium carbonate production site d/methanol production site m/methane production site g (€/year)

Tomato; j: fraction of captured carbon dioxide from source i with technology j sent to tomato growing t
Concrete;c fraction of captured carbon dioxide from source i with technology j sent to concrete curing ¢

CalciumCarbonate; ;4 fraction of capture carbon dioxide from source i with technology j sent to calcium
carbonate production site d

SCxtotal carbon dioxide storage cost for storage site k (€/year)
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SICkinvestment carbon dioxide storage cost for storage site k (€/year)

SOCk operating carbon dioxide storage cost for storage site k (€/year)

Binary variables
Xijk 1 if carbon dioxide is captured from source i with technology j and sent to storage site k, otherwise 0

Yijk 1 if carbon dioxide is capture from source i with technology j and sent to storage/utilization site k,
otherwise 0

Parameters

b parameter in investment storage costs

C«™ maximum storage capacity at the storage site k (ton)

CR™"minimum target for overall carbon dioxide reduction (ton/year)

CS; total carbon dioxide emission from source i (ton/year)

Dix distance from carbon source i to storage site k (km)

Di distance from carbon source i to concrete production site ¢ (km)

Di: distance from carbon source i to tomato growing site t (km)

Di distance from carbon source i to polyurethane production site p (km)
Diqdistance from carbon source i to calcium carbonate production site d (km)
Dimdistance from carbon source i to methanol production site m (km)
Digdistance from carbon source i to methane production site g (km)

dwen depth of well (km)

Fitotal flue gas flow rate from source i (mol/s)

Fijx flue gas flow rate from source i trough capture technology j to storage/utilization section k (mol/s)
F: Terrestrial factor

m parameter in investment storage costs

m, j parameter in investment capture and compression costs for technology j
Mo j parameter in operating capture and compression costs for technology j
nj parameter in capture and compression investment costs for technology j
No,j parameter in capture and compression operating costs for technology j
Xijc 1 if Concrete;jis higher than 0, 0 otherwise

Xijt 1 if Tomatoij:is higher than 0, O otherwise

Xija 1 if CalciumCarbonate;jq is higher than 0, 0 otherwise
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Xijm 1 if Methanol;jm is higher than 0, 0 otherwise

Xijg 1if Methane;jgqis higher than 0, O otherwise

Xcoz,i Carbon dioxide molar fraction from source i

XL lowest composition processing limit for capture technology j (mol%)
XHi highest composition processing limit for capture technology j (mol%)

XS; carbon dioxide composition in the flue gas emission from source i (mol%)

Greek letters

oy j parameter in capture and compression investment costs for technology j
a,j parameter in capture and compression operating costs for technology j

ot parameter in transportation investment cost

1; parameter in in capture and compression investment costs for technology j
B o,jparameter in capture and compression operating costs for technology j

B« parameter in transportation investment cost

v 1j parameter in capture and compression investment costs for technology j

Y o, parameter in capture and compression operating costs for technology j
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Appendix

Table 1

Data cost for capture and compression technologies (Zhang et al., 2018; Nguyen and Zondervan, 2018)

Process Material a S y n m
investment cost ($/y)
Absorption MEA 7719 67871 901.000 0.660 0.800
Absorption PZ 0 59956 226.932 0.566 0.800
PSA 13X 220462 26720 895.262 0.508 0.804
PSA AHT 214535 17833 4607.297 0.744 0.813
PSA MVY 162447 22468 6408.791  1.000 0.797
PSA WEI 142320 19332 6076.357 0.610 0.779
VSA 13X 91060 23096 7688.408  0.470 0.763
VSA AHT 113969 24939 2659.383  0.468 0.786
VSA MVY 119259 21652 8101.014  1.000 0.795
VSA WEI 180953 15644 7751.257  0.874 0.802
Membrane FSC 177500 16505 18912.000 0.880 0.770
PVAm
Membrane  POE-1 568 19151 29669.274 0.778 0.735
Membrane  POE-2 53960 19967 28462.417 0.656 0.744
investment cost (€/y)
Absorption  IL 7590.52  2606878.23 33119.84 0.67
operating cost ($/y)
Absorption MEA 0 24088 0 1.000 1.000
Absorption PZ 0 26825 0 0.945 0.966
PSA 13X 0 11352 3115.833  1.000 0.974
PSA AHT 0 7040 983.893 0.626 1.000
PSA MVY 0 7265 1328.677 0.756 1.000
PSA WEI 0 6398 1257.721  0.554 0.991
VSA 13X 0 8167 1580.419  0.590 0.985
VSA AHT 0 8545 1725.654  0.842 0.996
VSA MVY 0 9117 1839.193  1.000 1.000
VSA WEI 0 7378 1493.500  0.753 1.000
Membrane FSC 0 11619 0 0.210 1.000
PVAm
Membrane POE-1 0 12798 0 0.134 0.980
Membrane  POE-2 0 13556 0 0.135 0.984
operating cost (€/y)

Absorption  IL 33172.59 897224.41  187421.22 0.65
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