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ARTICLE INFO ABSTRACT

Keywords:

Carbon capture and sequestration represents a key decarbonisation option, particularly for large-scale fossil-

ccs based industry sectors (e.g. cement, steel, and oil refineries). Carbon capture and sequestration networks have

Carbon capture and sequestration
Multi-objective optimisation
Seismic risk

nonetheless raised concerns regarding the possibility of leakages, especially in high seismic-risk regions.
In this study, a multi-objective mixed integer linear programming modelling framework is developed to

minimise the cost and the seismic risk associated with the deployment of a carbon capture and sequestration
infrastructure in Italy. The most significant industrial carbon dioxide sources (23 cement plants, 7 refineries, and
2 steel mills) are included in the model. The optimisation variables comprise capture technologies, transport
options (onshore vs. offshore pipelines), and the choice of onshore and offshore deep saline aquifers for
sequestration.

Three carbon dioxide emission reduction targets (20 %, 50 %, 80 %) are considered to assess the optimal
design configurations in terms of either cost or seismic risk. Results show that the seismic risk optimum de-
termines an increase in total cost ranging between 10 % (for an 80 % reduction target) and 65 % (for a 20 %
reduction target) with respect to the economic optimum. Considering only offshore sequestration leads to cost
increase between 20 % and 30 % with respect to solutions accepting onshore sequestration, too. Conversely, cost-
optimal infrastructures have a seismic risk that is between 1.5 and 18 times higher than that of the safest chains.

Industrial emissions
Supply chain

1. Introduction

In the latest assessment report of The Working Group III (WG3), the
Intergovernmental Panel on Climate Change (IPCC) provided an upda-
ted global assessment of mitigation progress and climate change
pledges. As already stated by the WG1 in a precedent report, in the past
10 years (2010-2019), the net anthropogenic Greenhouse Gas (GHG)
reached the highest levels of emissions in human history. To achieve
global net zero CO, emissions and strengthen the global response to
climate change by limiting global warming under 1.5°C (according to
Paris Agreement) or to 2°C (announced by COP26), urgent and imme-
diate mitigation actions are needed. Deep GHG emissions reduction is
required in all sectors, particularly for large-scale fossil-based industry
sources, such as the manufacture of cement, steel and chemicals. Carbon
Capture and Sequestration (CCS) is recognised as a key decarbonisation
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option (IPCC, 2022): CCS comprises a series of technologies capturing
CO-, from large stationary emission sources (in this case, industries such
as cement, iron and steel and refineries), and safely transporting it to
geological storage into underground formations (Bui et al., 2018).

The design of optimal CCS infrastructures is a complex task, and over
the last years, several studies have been published aiming at the cost-
optimisation of CCS supply chains (SCs), typically adopting mixed
integer linear/non-linear programming (MILP/MINLP) approaches. Just
to mention some recent contributions, Nguyen et al. (2021) optimised a
supply chain for carbon capture, utilisation and sequestration in Ger-
many (CCU). Kegl et al. (2021) used a MINLP approach for the optimal
design of a CCUS (carbon capture, utilisation and storage) SC, consid-
ering a hypothetical case concerning Slovenia, Croatia and Austria.
Bjerketvedt et al. (2022) investigated a shipping infrastructure for
enabling a CCS from the Norwegian industry, using a multi-period MILP
model to minimise transport cost. Becattini et al. (2022) proposed a
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Acronyms

CCS carbon dioxide capture and sequestration

CCUS carbon dioxide capture, utilisation and sequestration
CDR carbon dioxide removal

GHG greenhouse gas

MILP mixed integer linear programming

MINLP  mixed integer non-linear programming

SC supply chain

Sets

k capture technology {kc, kri, 23, ks1 23}

n nodes in the model {C1_23, ri1-7, $S1-2, 21-14, V1-7» 61_155}

p pipeline {p1, p2, ps, pa}

Scalars

a carbon dioxide reduction target [%]

LD™™ threshold distance for transport arcs [km]

Q additional transportation cost for offshore pipeline [Q =
1.75]

K; parameter used to adjust the fragility with respect to the
material used, pipe diameter [K; = 0.6]

® additional cost for offshore sequestration [@ = 2.5]

Usc unitary sequestration cost [USC = 7.2 €/t]

Parameters
CCAy, CO avoidance costs of capture technology k used in the
emitting node n [€/t]
Nk capture efficiency of a technology k [%]
fan cost factor for the increase in pipelines transport costs due
to obstacles for transport arc n-n’
e A fixed cost component of capture plant k [%]

INg reference-case yearly captured flowrate through
technology k [t/y]

LDy, matrix of distances between node n and n’ [km]

Nk capture efficiency for technology k [%]

PVG, peak ground velocity [m/s?]

Q transported capacity discretisation according to set p [t of
CO2]

RR; 5 repair rates

Pk rate of additional CO, emissions of a technology k due to
energy requirements [-]

Sa, spectral acceleration [g]

Tn cost factor for obstacles description in node n

UTC, unitary transport cost for size p [€/km/t]

var{®  variable cost component of capture plant k [%]

Xn longitude of node n [rad]

Y, latitude of node n [rad]

Continuous variables

INin annual captured CO; flowrate through technology k in the
emitting node n [t/y]

ouT, annual sequestered quantity of CO5 [t/y]

Qgnn’ carbon flowrate of size p transported from n to n’ [t of CO5]

TC total cost [€/y]

TCC total capture cost [€/y]

TR total seismic risk [ruptures/y]
TSC total sequestration cost [€/y]
TTC total transport cost [€/y]

Binary variables
1 if flowrate p is transported between nodes n and n’,
0 otherwise

lp, nn’

MILP model that minimises the total cost of a national-wide CCS SC of
Switzerland’s waste-to-energy sector, introducing into the optimisation
algorithm the dynamic development over a time horizon of 25 years. On
a continent-wide scale, d’Amore et al. (2021a) used a MILP framework
for the economic optimisation of a large-scale CCS SC, considering the
European energy and industrial (cement, steel, refining) sectors as
emissions sources, later also focussing on the impact of ship transport
(d’Amore et al., 2021b). Ostovari et al. (2022), defined a MILP model at
a European level for designing a climate-optimal CCUS SC, considering
mineralisation as the storage option. On a global scale, using a
source-sink matching model based on a linear programming formulation
for the objective function, Wei et al. (2021) proposed a cost-effective
CCUS layout in line with the target of limiting the temperature to 2°C.

The deployment of large-scale CCS networks and long-distance un-
derground pipelines for CO, transportation has nonetheless raised
concerns regarding the possibility of leakages, potentially increasing the
technology cost (Chen et al., 2022). The problem of risk in CCS SC design
and optimisation has been considered in a limited number of studies. For
instance, Lee et al. (2017) combined environmental and financial risk in
the economic optimisation of the CCS SC network. d’Amore et al. (2018)
integrated societal risk due to hazards into the MILP model of a CCS SC,
specifically evaluating the impact of the risk mitigation actions on the
total transport cost. d’Amore et al. (2020) introduced the idea of social
acceptance into the design of a European CCS SC, acknowledging that
the effective deployment of CCS technologies and their actual cost may
depend on the risk perception of local communities. Al-Yaeeshi and
Al-Ansari (2022) incorporated risk management for a resilient design of
a proposed COs to deal with disruptions that can lead to production and
economic losses.

When considering the Italian Peninsula, specific risk is related to its
high seismicity profile. This can have negative impacts on the

installation of underground CO- pipelines. Infrastructures and pipeline
networks deteriorate because of many factors, including external envi-
ronmental conditions, and they are vulnerable to various natural haz-
ards, such as earthquakes. Earthquake-induced damage to pipeline
networks, especially buried, may lead to severe failures, important
economic losses to asset owners, and environmental impact on society
(Tsinidis et al., 2020). The resilience of such extended systems under
extreme natural events, including earthquakes, must be carefully
considered, mainly when hazardous materials are transported, as in the
case of natural gas pipelines or carbon dioxide pipelines (Lanzano et al.,
2014).

Therefore, this study aims at bridging this gap in the design of CCS
infrastructures by integrating the seismic risk associated with the
transportation stage as part of the optimisation framework. This will
bring valuable insights and can also help deal with the unstable risk
perception toward CCS projects that the general public may have. This
study proposes a Multi-Objective MILP modelling framework of a
national-wide supply chain for a CCS technology that simultaneously
minimises the Total Cost and the Total Seismic Risk associated with the
underground pipeline network used for CO, transportation. The study
focuses on the decarbonisation of the Italian industry, considering the
CO, emissions coming from large stationary CO, emissions, i.e. 23
cement plants, 2 steel mills, and 7 refineries. The overall annual CO5
emissions considered in the model add up to about 34 Mt/y, repre-
senting 90 % of the total Italian emissions from these sectors. Multiple
scenarios are defined based on different carbon reduction target aiming
to capture and sequester 20 %, 50 % and 80 %, respectively, of the in-
dustrial emissions.

The article is organised as follows. First, materials and methods are
explained, and seismic risk is defined. The next section will elaborate
further on the mathematical formulation, introducing the modelling
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Fig. 1. Graphic representation of the multi-objective CCS SC model considered in this study.

assumptions and inputs, and the modelling framework. Then, the opti-
misation results will be presented and discussed. Some final remarks will
conclude the article.

2. Material and methods

The proposed multi-objective MILP model for economic and seismic
risk optimisation of a nation-wide CCS SC incorporates decisions about
capture technologies, pipelining (both onshore and offshore pipelines)
and sequestration (both onshore and offshore saline aquifers). CO5
sources (cement plants, steel mills and refineries) and sinks are char-
acterised by geographical coordinates and expressed as nodes in the
MILP model. The seismicity parameter is discretised into a 50 km square
grid that represents the Italian peninsula, each square being defined
around the centre point that is considered a node in the model and is
characterised by geographical coordinates. Economies of scale are
implemented for both capturing technologies and pipelines, for the
latter using discrete pipeline diameters with the corresponding capac-
ities and costs. A graphic representation of the methodology and the
multi-objective, multi-echelon MILP model is presented in Fig. 1.

2.1. Definition of seismic risk

The high seismic activity of the Italian peninsula may influence the
deployment of CCS technologies. This study aims at providing a rational
and evidence-based decision of installing the pipelines within the
transport stage of an Italian CCS SC from large stationary industrial
emission sources, also including the impact of seismic risk performance.

Historically, pipelines have suffered heavy damage due to seismic
load, as in the case of the Northridge earthquake of 1994 (USA), Kobe in
1995 (Japan), and Chi-Chi earthquake in 1999 (Taiwan) (Germoso et al.,

2021). Even more recently, pipeline systems worldwide have suffered
severe failures due to seismic actions, e.g. during the devastating
Tohoku earthquake of 2011 (Japan), in New Zealand (2010) and Chile
(2010). In this framework, the Italian peninsula is a seismic-prone area,
as well, and severe failures to pipelines have been reported because of
seismic scenarios, as in the case of the L’Aquila earthquake (2009) and
the earthquake of Emilia (2012) (Lanzano et al., 2015).

The structural performance of pipelines mainly depends on the
interaction between the soil and the pipe segment itself. Critical factors
include the shear strength properties of the soil and the variability in
ground motion parameters (e.g. wave propagation length, ground par-
ticle velocity, wave velocity, etc.) (Wijaya et al., 2019). Many empirical
relations were developed to describe the structural performance during
a seismic action, and the most significant relies on a concise set of pa-
rameters which include the Peak Ground Acceleration and the Peak
Ground Velocity (Eidinger, 1998; O’Rourke and Deyoe, 2004). Such
parameters are used in seismic risk assessment to evaluate the likelihood
of exceeding a specific threshold from the total range of earthquake
hazards, producing a vulnerability (Honegger and Wijewickreme,
2013). From the severity perspective of an earthquake ground shaking,
probabilistic methods consider the variability in the size, recurrence
interval, and location of earthquakes in a region. Lanzano et al. (2015)
summarised the damage patterns occurring in pipelines that depend on
the properties of materials and joint features.

The seismic damage on pipelines induced by an earthquake is typi-
cally given in terms of performance indicator curves, which are func-
tions of the seismic intensity. The Repair Rate is commonly adopted
among the developed performance indicators. It gives the number of
repairs after an earthquake of a given intensity for a unit length of the
pipeline (Tromans, 2004). Associated curves are mainly obtained from
the best fitting of collected data in a post-earthquake scenario. Also, the
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Fig. 2. (a) Geographical location of the CO, emission sources and geological sequestration sites; (b) Subdivision on emitting sectors of the total CO, emissions
considered in the model; (c) Comparison with total sectorial Italian emission in 2019 (EEA, 2020).

concept of fragility function is broadly used. It provides the probability
of exceedance of a given damage state as a function of a parameter
linked to the seismic action (Mina et al., 2020). Such approaches provide
a prediction of the damage or the failure probability by considering the
uncertainty of earthquake features (ALA, 2001; Eidinger, 1998;
O’Rourke and Ayala, 1993). Ultimately, fragility curves represent a
relationship between the measure of the seismic action and the proba-
bility of achieving a class of damage (e.g. slight, moderate, severe
damage) (Argyroudis and Pitilakis, 2012).

These components, i.e. the likelihood and the impact of a seismic
action, are ultimately used for the Quantitative Risk Analysis, which
allows evaluating risks towards an optimal pipeline performance and
reliability design.

3. Mathematical formulation
3.1. Modelling assumptions and inputs

The multi-objective MILP modelling framework is formulated to
simultaneously optimise the economic (i.e., minimum cost) performance
of a CCS SC and the seismic (i.e., minimum risk) performance of the
pipeline system. The CO sources included in the model are defined as
follows: in the case of the refining and steel sectors, all locations with
yearly emissions larger than or equal to 1 Mt CO,/y are included in the
model, while for cement plants, which are smaller and more distributed,
the threshold is lowered to 0.3 Mt COy/y (Fig. 2). These thresholds of
minimum of emissions are set so as to comprise at least 80 % of the

yearly CO5 emissions in each industrial sector (Fig. 2c). Yearly CO2
emission levels for each industrial node refer to the year 2019 and,
together with the exact geographical coordinates of the emitting nodes,
were retrieved from EEA (2020). Upon being captured from emission
points, CO» is transported to geological basins, which can be either
onshore or offshore and are represented in Fig. 2a as sequestration
nodes.

The spatially-explicit features are described as nodes in the model
through the set n comprising:

e n = {cj 23} = cement describing 23 cement plants nodes that are
emitting altogether 82 % of the total yearly Italian CO5 emissions
from the cement sector

e n = {r;_y} = refinery, describing 7 refineries nodes that are emitting

altogether 87 % of the total yearly Italian CO2 emissions from the

refinery sector

n = {s;_o} = steel, describing 2 iron and steel nodes that are emitting

altogether 86 % of the total yearly Italian CO, emissions from steel

mills

e n = {27_14} = seque, describing 14 sequestration nodes, of which 3

are offshore; all sequestration nodes are deep saline aquifers (Donda

et al., 2011)

n = {ej_166} = seismic, describing 166 seismic nodes obtained by the

discretisation of the dataset of seismic parameters (Stucchi et al.,

2011)

The exact geographic coordinates for each CO, emitting source
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Table 1
Obstacles related to the terrain description and the multiplicative cost factor
increasing the pipeline installation costs.

Description of obstacle Cost factor 7, [-]

No obstacle 1
Protected areas (Herzog and Javedan, 2009)

Populated places 15
National Parks 30
Regional Parks 15
Elevation (Kim et al., 2018)

Elevation 1 (0-100 m) 1
Elevation 2 (100-300 m) 1.1
Elevation 3 (300-500 m) 1.3
Elevation 4 (500-700 m) 1.5
Elevation 5 (700-900 m) 1.7
Elevation 6 (900-1100 m) 1.9
Elevation 7 (1100-1300 m) 2

Elevation 8 (1300-1500 m)
Elevation 9 (1500-1700 m)
Elevation 10 (>1700 m)

(SIS V)

Table 2

Scenario description: Scenario I include 3 sub scenarios, 1.1, 1.2, 1.3, that differ in
the CO, target a, allowing onshore and offshore sequestration in the Italian
saline aquifers. Scenario II analyses the case of offshore sequestration in the
Italian saline aquifers with a = 80 %. Total captured CO, represents the CO5
flowrate that is captured from all sectors to reach the target o, while Total
sequestered CO, contains also the additional CO, emissions due to capture
plants.

Scenario  Case « Total Sequestration Total
Captured Sequestered
CO, CO,
[%] [Mt/y] Onshore  Offshore [Mt/y]
L1 a 20 6.87 v v 8.24
b 6.89 7.81
c 6.86 6.88
12 a 50 17.14 v v 19.74
b 17.24 19.22
c 17.16 18.56
13 a 80 27.47 v v 31.06
b 27.57 31.17
c 27.45 30.91
I a 80 27.57 v 31.17
c 27.45 30.91

(subsets cement, refinery, steel), with their corresponding level of emis-
sions (INy'®), as well as the locations and capacities of geological storage
basins (subset seque), and the exact coordinates of each seismic node
(subset seismic) with the corresponding averaged value for the seismic
parameter, are reported in the Supplementary Material. Each node in set
n is described by its exact coordinates X, [longitude] and Y, [latitude].

Table 3
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3.1.1. Capture plants

A comprehensive description of the capture options, represented by
different capture technologies tailored to each industry and a detailed
explanation of the methodology used, can be found in d’Amore et al.
(2021a). The capture problem is modelled by a set k = {kc, kry 2,3, ks1,2,
3} containing:

e k = {kc} = capture technology referred to CO» capture from cement
plants. In this case, a single CO5 capture technology is assumed, i.e.
oxy-fuel combustion with its corresponding techno-economic pa-
rameters, as this technology proved to be less expensive than amine-
based separation (Gardarsdottir et al., 2019; Voldsund et al., 2019);

o k = {kr; 33} = the three capture steps referred to CO, capture from
refineries through monoethanolamine (MEA) based post-combustion
capture, given its relatively competitive costs, potentially high effi-
ciency, and high retrofittability. As refineries have multiple CO3
emission points, based on d’Amore et al. (2021a) the following
subdivision is proposed, in which the same capture technology
(MEA-based post-combustion capture) is designed for progressively
increasing steps of captured COs: step; = kr;: COy generated by
methane reformer (SMR) (IEAGHG, 2017); step = kra: step; and the
additional CO, emissions from energy generation on power plant
(SMR+PP) (NETL, 2015); steps = krs: implies the use of stepz and the
capture of additional CO, emissions from other sources in the re-
finery (SMR+PP+Others) (van Straelen et al., 2010);

o k = {ks; 33} = the three capture steps referred to CO, capture from
steel mills, assumed through MEA-based post-combustion capture as

— 800} ¢<3Casea {100 &
> S~
S v,
“z" 700 7]
el Q
) o
2 600F .g
] [
S U
O 500t --
g ]
2 o

400 | n

Total Risk - TR [ruptures/y]

Fig. 3. Pareto front: Scenario I.1 (@ = 20 % carbon reduction target): obtained
through epsilon constraint method. Case a, Case b, Case c representing the three
trade-off solutions (between the two objective functions: total cost TC [M€/y]
and total seismic risk TR [ruptures/y]), to be discussed in detail.

Scenarios [, II: results: Specific total cost (TC [€/t]), specific capture cost (TCC [€/t]), specific transport cost (TTC [€/t]), specific sequestration cost (TSC [€/t]), total
seismic risk (TR [ruptures/y]), total pipeline system length (Tot. Length [km]). Specific costs refer to tonnes [t] of sequestered CO,.

Scenario Case a Economic results Risk results
TC TCC TTC TSC TR Tot. Length
[%] [€/t] [€/t] [€/t] [€/t] [rup./y] [km]
L1 a 20 98.3 82.4 8.7 7.2 0.23 390
b 60.8 52.2 1.4 7.2 1.10 213
c 59.5 48.3 4.0 7.2 4.14 786
1.2 a 50 85.2 70.8 7.2 7.2 1.76 788
b 73.0 59.5 6.3 7.2 5.61 1402
c 67.4 52.0 8.2 7.2 16.35 2921
1.3 a 80 93.5 72.2 14.1 7.2 11.17 2347
b 87.4 72.1 8.1 7.2 12.23 2594
c 84.5 70.5 6.8 7.2 16.48 2979
1 a 80 122.0 72.1 31.9 18.0 17.03 3296
c 103.0 70.5 14.5 18.0 25.50 4003
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Fig. 4. Results for Scenario 1.1: (a) Bars represent the cost breakdown: capture cost TCC [%], transport cost TTC [%], sequestration cost TSC [%] (right y-axis); the
total cost TC [€/t] is represented by the thick solid line (left y-axis); (b) The plots show the percentage of CO captured from each sector, and the contribution of each
sector to total CO, avoided through all technologies to reach the pre-set target of a« = 20 % for the three Pareto optimal solutions (Case a, Case b, Case c); for example,
the plot concerning Case ¢ shows that the contributions to the avoided CO, target (green fluxes to the a = 20 % arc) mainly derive from the steel industry and the
cement one, and only in minor part from refineries. The CO, emissions per industrial sector are represented by the three arcs (the yearly CO emissions per sector are
shown [Mt/y]). The percentages of captured CO, from each sector account only for the directly captured CO, coming from the respective sector, and not also for the

additional CO, emissions due to the capture plant.

in the case of refineries. In a steel mill, there are multiple COy
emission points, namely from the blast furnace, coke ovens, power
plant, sinter plant, lime kiln, stoves, coke ovens and sinter plant: step;
= ksz: absorption capture from power plant stack; stepz = ksz: implies
the use of step; and additional CO2 emissions from blast furnace
stoves and coke oven flue gas are captured through absorption; steps
= ksz: implies the use of step; and additional COy emissions from
sinter plant are captured through absorption (Ho et al., 2013).

The rationale behind the selection of specific CO; capture technology
for each industry (cement, refinery and steel) and the techno-
economical parameters in the capture problem have been discussed in
the work by d’Amore et al. (2021a). The key parameters are here
summarised:

- the CO, avoidance costs CCAy ,, [€/t] of capture technology k used in
the emitting node n (including both a fixed component fixg“* [%]
and a variable component varfCA [%]);

- the capture efficiency of a technology k: i [%];

- the rate of additional CO, emissions of a capture plant k due to
capture energy requirements (e.g., the energy required to generate
low pressure steam to fulfil the MEA heat requirement): pi [-]: px = 1
if no additional emissions are generated by a technology k, px = 1.2
otherwise;

- the reference-case yearly captured flowrate INgx [t/y] (i.e., CO2
emissions without capture) needed to scale costs over a technology k.

The infrastructure costs, as described in d’Amore and Bezzo (2017),
considler OPEX and annualised CAPEX costs accordingly.
Techno-economical parameters for the capture problem are summarised
in the Supplementary Material.

3.1.2. Transport options

In this study, it is assumed that the captured COs is transported from
sources (emitting nodes) to sinks (sequestration sites) by means of
pipelines, either onshore or offshore. The matrix of distances between
two nodes LDy, is calculated using the spherical law of cosines,
assuming a spherical Earth (d’Amore and Bezzo, 2017). Since in the
discretisation approach for seismic risk, the square grid is of size of 50
km, the transportation arcs are constrained to be less than or equal to 55
km, using the seismic nodes in the transport grid.

Pipeline transport is discretised into the model through a set p = {p;,
D2 D3, P4}, containing 4 different ranges of CO, flowrates that can be
transported. For each component of the set p, a range [Q,Ti", Q] [t/y]
is defined. The Unitary Transportation Cost UTC, [€/km/t] corre-
sponding to the admissible flowrate ranges are calculated by Rubin et al.
(2015) and updated through CEPCI 2018 and are presented in the
Supplementary Material. The unitary transportation cost for offshore
pipeline transportation is derived from onshore UTC, through a
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Fig. 5. Scenario I.1: CCS SCs configuration for (a) Case a: safest infrastructure, (b) Case b: trade-off configuration, (c) Case c: cheapest infrastructure.

multiplicative factor Q [= 1.75] (d’Amore et al., 2021a). Transportation
arcs are considered to be offshore if they fall in the discretised offshore
areas defined by a subset offshorey,.

In addition, pipeline construction costs vary significantly depending
on the terrains the pipelines need to be installed into, e.g. protected
areas (national or state parks), populated places, and mountain land-
scape. To deal with this problem, a cost factor 7, is considered in the
transport problem to account for the increase in construction costs when
pipelines are installed in a “difficult” landscape (Table 1). A multipli-
cative factor f > is used to account for cost factors in a transport arc n-n’:

1 . . .
Jon = 7 <Z‘ri,n + ZT,-_],,! ) i = type of obstacle in node n, Vn,n (€D)]

The cost factors for the protected areas (national parks and popu-
lated areas) are retrieved from the study of Herzog and Javedan (2009),
while for different altitudes, according to their degree of elevation, the

work of Kim et al. (2018) is used. The population density in each local
administrative unit is calculated based on the number of inhabitants
residing per square kilometre (ISTAT, 2022a, 2022b). Only national and
regional parks with an area over 25000 [ha] are selected; data are
retrieved from Italian Government (2010). For each node, the elevation
is referred to the coordinates of that same node.

3.1.3. Sequestration sites

The choice of the sequestration sites is based on the study by Donda
et al. (2011) that assessed the geographical location and storage ca-
pacity of 14 deep saline aquifers at the Italian level, offering a detailed
description of the selected sequestration sites and also assessing the
seismic profile of the area occupied by the selected deep saline aquifers.
The study was based on the EU GeoCapacity Project (2009). In Donda
etal. (2011), the effective storage capacity of the 14 deep saline aquifers
ranges between 2950 [Mt] and 11800 [Mt], calculated on the basis of
the storage efficiency that ranges from 1 % to 4 %, respectively. In this
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study, the overall effective storage capacity is 5896 [Mt], of which 3034
[Mt] is the capacity of the offshore basins, calculated with a storage
efficiency of 2 % (a value suggested in the EU GeoCapacity Project
(2009)). Taking into account the overall emissions of the model (i.e.
34.3 [Mt/y]), the 14 saline aquifers would be available for 172 years,
while for the scenario in which only offshore sequestration is allowed,
the three offshore saline aquifers can provide the storage of overall COy

Case b
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emissions of 89 years. A summary of the effective storage capacity of
each saline aquifer is presented in the Supplementary. A key economical
parameter is the unitary sequestration cost USC [= 7.2 €/t] retrieved
from Rubin et al. (2015) and updated to year 2018 through CEPCI
(2018); parameter ® [= 2.5] accounts for the increased cost in instal-
lation and operation of offshore sequestration (ZEP, 2011).

3.1.4. Seismic risk characterisation
This study is based on a previous assessment of the fragility of gas
and oil networks made by Gehl et al. (2014), which can also be used for
the CCS pipeline network due to similarity in pipeline transport. In the
mentioned study, the vulnerability to the buried pipelines is quantified
in terms of repair rates, i.e. number of repairs per km, according to the
formulation proposed by ALA (2001). Repair rates are computed as a
function of the peak ground velocity and of a parameter K; that accounts
for the fragility of the material being used and for pipe diameter. A value
of K; = 0.6 is chosen here, assuming carbon steel as the construction
material (IPCC, 2005), and by classifying the pipeline diameter as
“small” (4-12 [inch]) (ALA, 2001).
The seismicity-related parameters over the entire Italian peninsula, i.
e. the spectral accelerations, are obtained through a dataset containing
the coordinates of polling points computed by the Istituto Nazionale di
Geofisica e Vulcanologia-INGV (Stucchi et al., 2011). The maximum
expected spectral acceleration in 50 years with a 10 % exceedance
probability is evaluated in 16852 points. The Italian peninsula is dis-
cretised into 166 seismic nodes, which represent the centre points
(seismic nodes) of the 50 km squares in the grid; the spectral accelera-
tion Sa, [g] of a seismic node is averaged over all polling points
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Fig. 7. Results for Scenario 1.2: (a) Cost breakdown: TCC [%] capture cost, TTC [%] transport cost, TSC [%] sequestration cost (right y-axis), over total cost TC [€/t]
(thick solid line, left y-axis); (b) Percentage of CO, captured from each sector, and the contribution of each sector to total CO, avoided through all technologies to
reach the pre-set target of a = 50 % for the three Pareto optimal solutions (Case a, Case b, Case c).
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comprised in the 50 km square around the centre point.
The repair rate RR,,’ is defined for every couple of nodes n and n’,
and calculated as follows:

RR,,; = 0.002416-K,-LD, ;- max{PGV,; PGV, } Vn,n )

where PGV, is the peak ground velocity computed from the spectral
acceleration data according to the formulation proposed by Allen et al.
(2007):

PGV, = (386.4-S,,)/(27-1.65) 3)

Egs. (2) and (3) are empirical functions retrieved from the cited
literature, where a more comprehensive description of the equations and
their meaning is given. 0.002416 is a scaling factor (ALA, 2001); 386.4:
is derived from the conversion factor between acceleration in gravity
units (g) and velocity in centimetres per second (m/s) (Allen et al.,
2007). These empirical functions are all based on empirical data

37 Bl 740 - 2600

collected from post-earthquake observations. The other nodes in set n (i.
e. the nodes that do not belong to subset {e1-166} of seismic nodes) are
assigned a value of S,, (and of PGV,) equal to that of the seismic node at
the centre of the grid square they lie within.

3.2. Modelling framework

The proposed MILP modelling framework is a multi-objective
mathematical program that aims at simultaneously minimising the
Total Cost TC [€/y] of the CCS scheme and the Total Seismic Risk TR
[ruptures/y] of the pipeline network installation:

objective = min{TC; TR} 4

Total Cost is obtained by the contribution of the costs associated with
the three stages of the CCS system, namely Total Capture Cost TCC
[€/y], Total Transportation Cost TTC [€/y], and Total Sequestration Cost
TSC [€/y]:
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()

TCC is computed on the basis of the annual captured CO, flowrate
IN » [t/y] through technology k in the emitting node n, representing the
CO,, inlet to the transport stage, and CCAy ,, [€/t] the node-specific CO,
avoidance cost through technology k:

TC =TCC+TIC +TSC

International Journal of Greenhouse Gas Control 129 (2023) 103993

TCC =Y " (INi,+CCAy,) Q)
k.

TTC is calculated based on the transported CO; flowrate Qgnn’
through pipeline from node n to n’, the distance between nodes LD,
[km], UTC, the unitary cost factor tailored on set p, the offshore
transport cost UTC? ’Zx,h"’e defined as a matrix that takes the value of the
multiplicative factor for offshore pipelines Q [= 1.75] if the pipeline
segment falls offshore, 1 otherwise, method described in the Supple-
mentary Material, and the cost factor associated with the encountered
obstacles f,

ITC = Z (Qp,n,ﬁ 'LDn,n' . UTCP . UTCZT’IWW fnn) (7)

i

TSC is given by the annual sequestered quantity of CO; OUT, [t/y], i.
e. the CO; outlet from pipelines, the unitary sequestration cost USC, and
the additional costs for offshore storage USCY¥*" defined as a matrix
that takes the value of ® [= 2.5] if located offshore, 1 otherwise:

TSC =Y _(OUT,-USC-USC™"") ®

TR is evaluated by summing up the RR,, [ruptures/y] concerning
the pipelines in the transport network. 4, is a binary variable that
takes the value of 1 if a pipeline of size p is installed between nodes n and
n’, 0 otherwise:

TR = (4. RR, )
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Fig. 11. Scenario 1.3: CCS SCs configuration for (a) Case a: safest infrastructure, (b) Case b: trade-off configuration, (c) Case c: cheapest infrastructure.

All model equations are reported in the Supplementary Material.

3.3. Analysed scenarios

The multi-objective MILP model for CCS SC from the Italian industry
was solved using the GAMS software (v. 38.3.0) with CPLEX solver. A
pre-set carbon reduction target « is defined in the optimisation problem,
considering the direct emissions from all sectors. Three Scenarios are
defined and discussed.

Scenario I is formulated to determine the best CCS SC configuration
in terms of both economic and seismic performance, allowing the model
to sequester the captured CO in both onshore or offshore geological
formations in Italy. Based on different carbon reduction targets, three
sub-scenarios are defined, namely Scenario I.1: @ = 20 %, Scenario L.2: a
=50 %, and Scenario I.3 @ = 80 %. Scenario @ = 80 % represents a target
close to the current technological limit for CO5 capture.

Scenario II constrains the optimisation problem to offshore

11

sequestration. Only the carbon reduction target a = 80 % is considered.
This investigation considers the fact that the public acceptance of CCS
technologies improves when COj is stored offshore (Mabon et al., 2015).

The methodology used to explore the Pareto front of optimal solu-
tions between the conflicting objectives of economic optimum and
seismic risk optimum is the e-constraint method (Haimes, 1971). This
Pareto front is determined for Scenario I only; for Scenario II, the results
of the two objective functions are analysed separately. Total sequestered
CO; is composed by the CO, flowrate that needs to be captured to reach
the target a from all industrial sectors, plus the additional CO5 emissions
due to the capture plant (introduced into the modelling framework
through parameter pi). The different scenarios are summarised in
Table 2.

4. Results

The optimisation was performed on a DELL Precision 7560 laptop
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technologies to reach the pre-set target of o = 80 % for the two ideal Pareto optimal solutions (Case a, Case c).

with Intel(R) Core (TM) i7-11850H @ 2.50GHz 2.50 GHz and 64 GB
RAM. Specifically, the MILP mathematical model was implemented in
GAMS 38.3.0 and solved through CPLEX. The computation time varies
from 20 s (in the case of 20 % target) up to 315 ks (in the case of 50 or 80
% target).

4.1. Scenario I: on shore and off shore sequestration

Scenario I aims at investigating the best configuration of a CCS SC in
terms of both economic and seismic risk performance when varying the
carbon reduction target from a value of @ = 20 % (Scenario 1.1), a = 50
% (Scenario 1.2), until @ = 80 % (Scenario 1.3). In all cases, the model has
the option of choosing onshore or offshore sequestration in the Italian
saline aquifers. For each Scenario (I.1, 1.2, 1.3), three Pareto optimal
solutions were discussed, namely:

- Case a: the optimal solution in terms of seismic risk, representing the
safest infrastructure;

- Case b: a trade-off solution between the two objective functions;

- Case c: the optimal solution in terms of economic performance,
representing the least expensive infrastructure.

4.1.1. Scenario I.1: a = 20 %

The economic and risk-related results are summarised in Table 3, and
the Pareto front for Scenario 1.1 (¢ = 20 %) is presented in Fig. 3. Case a
exhibits a total cost of 810 M€/y, corresponding to 98.3 €/t of CO,, and
is characterised by the safest infrastructure with a value of the total risk
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of 0.23 ruptures/y. The total pipeline length is 390 km. Case c represents
the cheapest infrastructure, with a total cost of 410 M€/y (-49 % w.r.t.
Case a), corresponding to 59.5 €/t of CO9, and is characterised by the
highest value of the total risk (TR = 4.14, i.e. 18 times higher than Case
a). The total pipeline length is 786 km. Case b, among the set of all Pareto
optimal solutions, is proposed as a reasonable trade-off between the two
conflicting objectives, entailing a total cost of 475 M€/y, corresponding
to 60.8 €/t of CO, and a total risk of 1.10 ruptures/y.

The cost breakdown of Scenario 1.1, presented in Fig. 4(a), is inten-
ded to show the contribution of the three stages of a CCS infrastructure
to the total cost, and, consistently with literature findings, it reveals that
the capture stage contributes the most to the total cost, with a value of
about 80 % in all the three cases. The transport stage contributes to
about 10 % of the total cost in Case a, while in Cases b and c, it con-
tributes to about 2 to 6 % due to the shorter total length of the pipeline
system and, most importantly, because all transport pipelines are
onshore. The sequestration stage weighs for about 7 % in Case a and
around 12 % in Cases b and c.

The diagrams of Fig. 4(b) represent the percentages of captured CO,
from the three different sectors (i.e. cement sector — representing 33 % of
the total annual CO, emissions from Italian industry considered in the
model, refinery sector — 47 % of the total annual CO;, emissions, and
steel sector — 20 % of the total yearly CO, emissions), and the contri-
bution of each sector to the CO, avoided in order to meet the carbon
reduction target of « = 20 %. By analysing Fig. 4(b) and the CCS SC
configuration presented in Fig. 5(a), some considerations can be drawn
about Case a. It can be noticed that the captured CO, comes only from
the refinery sector, 100 % of total CO, avoided. This makes sense in
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Fig. 13. Scenario II: CCS SCs configuration for (a) Case a: safest infrastructure, (b) Case c: cheapest infrastructure.

terms of seismic risk performance because Case a avoids smaller and
distributed emission points (typically cement plants) in order to reduce
onshore pipelines, and conversely favours large emission sites (typically
refineries or steel plants) where capture is exploited to technological
limits. Besides, the non-seismicity area in the south of Italy, i.e. the area
between Sardinia and Sicilia, and the low-seismicity profile of Northern
Italy are used as much as possible. For the Italian situation, this implies
capturing COy from refineries at full-scale (krs). The second major
contribution to an increased total cost is due to the fact that the CO,
captured at the refinery in Sardinia needs to be transported through
offshore pipelines (transport cost is equal to 8.7 €/t).

Case c exhibits the best performance in terms of the total cost, but the
worst performance in terms of seismic risk. By analysing Figs. 4(b) and 5
(c), it can be observed that the captured CO, comes mainly from cement
plants and the steel sector, representing 71.6 % and 26.7 %, respectively,
of total avoided CO,, while the contribution of the refinery sector is only
1.8 %. In terms of economic performance, the pipeline network avoids
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protected areas and does not contain offshore transport. By doing so, the
model chooses also options in areas with higher seismicity.

Case b shows a reasonable balance between total cost and total risk.
This Case takes advantage of the low-seismic area of Southern Italy and
installs a capture plant at the steel mill and refinery located there;
however, a first-stage capture plant kr; (i.e. the cheaper capture option)
is chosen for the refinery. This case avoids high seismic activity areas as
well as protected areas.

4.1.2. Scenario 1.2: o = 50 %

In Fig. 6, Case a represents the safest CCS SC configuration (TR =
1.76 ruptures/y), with the highest cost (TC = 1682 M€/y with a specific
total cost of 82.5 €/t), whereas Case c is the cheapest infrastructure (TC
= 1250 M€/y with a specific total cost of 67.4 €/t), with the most
vulnerable pipeline network in terms of seismic risk (TR = 16.35 rup-
tures/y). The total pipeline length is 788 km in Case a and 2921 km in
Case c. Case b, i.e. the trade-off Pareto optimal solution, shows a
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reasonable balance between the two objectives: a total cost of TC =
1404 M€/y (-16.5 % w.r.t. Case a) corresponding to a specific total cost
of 73 €/t, and a total risk of TR = 5.61 ruptures/y (3 times lower w.r.t.
Case ¢).

The cost breakdown of Scenario 1.2 presented in Fig. 7(a) shows
similar contributions as in Scenario I.1. The cost of the capture stage is
about 80 % of the total cost in all three Cases, while the cost of transport
varies from 8.5 % (Case a) to 12.2 % (Case c) of total cost; finally, the cost
of sequestration contributes to about 8 % (Case a) up to almost 11 %
(Case c).

By observing Figs. 7(b) and 8(a), it can be noticed that in Case a, CO»
is captured from areas with low seismic activity (Northern Italy or
Puglia) or no seismicity at all (Sardinia). Besides, CO> comes mainly
from the refineries (4 out of 7 refineries included in the model, each with
a full-scale capture plant: krs) with a share of 50 % of total CO5 avoided,
followed by CO4 from the steel sector, representing 26 % of total CO,
avoided through all other technologies (a full-scale capture plant is
installed at the steel mill in Puglia). CO; captured from cement plants
contributes to about 24 % of total CO, avoided (8 out of 23 cement
plants are selected as capture nodes).

The shift in the main sources of CO; is clear when analysing Case c.
Fig. 7(b) shows that the main source of CO, comes from the cement
industry (all 23 cement plants are used to capture CO,), representing 59
% of the total CO4 avoided, while the shares of CO3 coming from the
refinery sector (all 7 refineries have a first step capture plant kr;) drops
to 10 % of total CO, avoided. The noticeably higher seismic risk of the
transport network of Case c is mainly due to the fact that the cement
plants are distributed all across the Italian peninsula, also in areas with
high seismic activity.

As regards Case b of Scenario 1.2, from Fig. 7(b) it can be observed
that the percentage of CO5 emissions captured through the different
technologies is more balanced: 43 %, 31 % and 26 % of the total avoided
CO2 comes from cement plants, refinery sector and steel sector,
respectively.

4.1.3. Scenario I1.3: o = 80 %

Fig. 9 shows the Pareto Curve for Scenario 1.3. Case a, the safest
infrastructure (TR = 11.17 ruptures/y), gives the highest total cost (TC
= 2903 M€/y, corresponding to a specific total cost of 93.5 €/1); the total
pipeline length is 2347 km. Case c, the cheapest infrastructure (TC =
2612 M€/y, and a specific total cost of 84.5 €/t), gives the highest value
for the total risk (TR = 16.48 ruptures/y); the total pipeline length is
2979 km. The trade-off configuration Case b entails a total cost TC =
2724 M€/y (the specific total cost is 87.4 €/t) and a total risk TR = 12.23
ruptures/y.

The cost breakdown is presented in Fig. 10(a), showing again that the
main contribution is due to the cost of the capture stage. In this scenario,
the capture cost does not vary significantly when comparing Case a with
Case c: this makes sense since the capture infrastructure is run at (nearly)
full capacity. However, the transport cost has a larger contribution in
case a compared to the other cases. In fact, the difference between cases a
and b mostly depends on the configuration of the transport infrastruc-
ture (apart from a small change in the selection of the cement plants). As
presented in Fig. 10(b), the contribution of the steel sector to the total
CO4 avoided is constant throughout the three cases, using full-scale
capture plants krs for both steel mills considered in the model. The
only difference that can be observed is related to the percentages of CO5
avoided from cement plants and refineries. Similar to previous sce-
narios, Case a installs full-size capture plants in all 7 refineries, capturing
all the possible CO; from this sector, while it chooses to capture COy
from 21 cement plants out of 23. In Case c, all possible CO5 coming from
the cement industry is captured, while in the case of refineries, around
75.8 % of the CO, emissions is captured, using both second step krz, and
full-size capture plants krs. This also explains the much higher total
pipeline length in Case c, since cement plants are more distributed.

The three CCS SC configurations are presented in Fig. 11(a,b,c). Case
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a finds the fastest transport route from a capture node to a sequestration
node, avoiding long distances, and focuses on Northern Italy and Sar-
dinia, as well as on the refinery and steel mill in Puglia. On the other
hand, Case c captures all CO, from cement plants, regardless of location.
Also, the transport network of Case c avoids all protected areas, such as
national parks, high population density areas, and higher altitudes. Case
b chooses to capture CO; from 20 out of 23 cement plants in areas with
lower seismicity, and on the other hand, chooses transport arcs that are
not located in high elevation areas or high population density areas to
decrease transport costs.

4.2. Scenario II: considering only off shore sequestration — a = 80 %

Scenario II simulates the situation where only offshore sequestration
in the Italian saline aquifers is allowed for a target of @ = 80 %. At the
Italian level, three offshore deep saline aquifers are identified. Only the
seismic risk and economic optima (Cases a and c) will be discussed. Case
a, the safest infrastructure with a total risk TR = 17.03 ruptures/y, en-
tails a total cost TC = 3801 M€/y (corresponding to a specific total cost
of 122 €/t); Case c, the cheapest infrastructure with a total cost TC =
3182 M¢€/y (-16.3 % w.r.t. Case a corresponding to a specific total cost of
103 €/t), exhibits the highest value of the total risk TR = 25.50 ruptures/
y (1.5 times higher w.r.t. Case a).

The cost breakdown for Scenario II is presented in Fig. 12(a).
Differently from Scenario 1.3, now the contribution of transport and
sequestration becomes more relevant. While the value of the total cap-
ture cost (TCC) in all three cases of Scenario II is comparable to the
values presented in Scenario 1.3, the values for total transport cost (TTC)
and total sequestration cost (TSC) show a significant difference. In this
situation, total capture cost (TCC) contributes to the total costs with 59
% in Case a, and 68 % in Case c. In terms of total transport cost (TTC), a
significant difference is observed when analysing the two cases: TTC
contributes to the total cost (TC) with 26.1 % in Case a, and 14.1 % in
Case c. The higher contribution of transport cost in Case a can be
explained by looking at the CCS SC configuration in Fig. 13(a): the
pipeline network is preferably installed in low seismicity areas (North-
ern Italy), where the pipeline network crosses different obstacles that
increase the total transport cost, i.e. high elevation areas, high popula-
tion density areas and national parks, and in Sardinia, where it trans-
ports high CO, flowrates via offshore pipelines.

A significant increase is observed in the shares of total sequestration
cost (TSC), which contribute to the total cost with 14.8 %, and 17.5 % in
Case a and Case c, respectively. This is also an expected result due to
increased sequestration costs in offshore sites.

Fig. 13(b), related to Scenario II, shows very similar results as the
ones presented in Scenario 1.3. The sectorial contribution to the total
CO4 avoided shifts from capturing all CO5 from refineries in the more
expensive Case a, to capturing all CO, from cement plants in Case c,
while the percentage of CO, coming from the steel sector remaining
unchanged, capturing all CO; from this sector.

5. Discussion

While our study on the optimal design of carbon capture and
sequestration infrastructure in Italy offers valuable insights into the total
cost and seismic risk considerations, it is important to acknowledge
some simplifications and limitations.

First of all, pipeline trajectories are represented in a simplified way,
assuming a straight-line pipeline installation between adjacent nodes,
overlooking the complexities in pipeline routing. This is sufficient for a
broad-scale analysis as the one carried out in this work; clearly it is not
enough to design the network layout and to estimate detailed costs in the
infrastructure deployment. Similarly, this study does not take into
consideration site-specific data, which may be related to specific tech-
nologies and/or geographical constraints, and it assumes equal costs for
plants in different locations. Also, this is a static study, which does not
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consider the operational dynamics of processes, capture plants, and
transport operations. Incorporating such dynamics would make the
problem computationally intractable. However, notice that the inclusion
of dynamic behaviours in the model would not significantly affect the
main outcomes, which are associated to the optimal design of a full-scale
infrastructure based on nominal levels of emissions, rather than on the
operation of such systems under load variations.

A simplification is related to the exclusion of ships as transportation
mode, too. We decided to consider only pipelines in this study for two
reasons: (i) ship transport would not provide any additional insights into
the seismic risk formulation as it is performed offshore; and (ii) given the
geographic scale and the transported quantities of CO3 in this study, ship
transport would likely be more expensive than transport via pipelines as
discussed in previous studies (IEAGHG, 2020).

This work focuses on seismic risk, representing one critical compo-
nent of all credible risk scenarios affecting pipelines. The rupture of the
pipeline can give rise to a loss of containment of carbon dioxide with
subsequent impact on the population and the environment. This study
does not investigate the evolution of the loss of containment since the
adopted grid resolution does not allow for substantial assessment,
requiring a more detailed insight into local conditions. Furthermore,
other sources of societal risks (e.g. pipeline leakages) are not taken into
account.

Another limitation is concerned with the definition of suitable
sequestration sites. Geological storage sites in the Mediterranean area
exhibit an early-stage degree of investigation, making other locations (e.
g., the North Sea as in the Northern Lights project) more realistic can-
didates for CO, geological confinement. At the same time, transporting
the CO2 from Italy to the North Sea would require the setting up of a
complex offshore infrastructure (probably based on ships), which would
lead to a substantial increase in costs, compared to exploiting those
basins located nearby the Peninsula, which can be reached via short
offshore pipelines. In this sense, our work focusses on these less studied
(and unexploited, yet) geological basins to provide a long-term
perspective on how a CCS infrastructure in this area may look like
while acknowledging the presence of seismic risk.

Finally, it is important to note that the study does not consider the
political aspects nor delve into the policy implications of implementing a
CCS infrastructure. The focus of the study is primarily on the economic
and seismic risk aspects of designing such an infrastructure. While policy
considerations play a significant role in the real-world implementation
of CCS, they are beyond the scope of our study.

6. Conclusions

This study proposes a nation-wide, multi-objective, mixed integer
linear programming optimisation framework for the optimal design of
carbon capture and sequestration chains in terms of total cost and
seismic risk, to assess the trade-off between these two conflicting
objective functions and the effects on the design of such a large-scale
infrastructure.

It emerges that by increasing the carbon reduction target (i.e., the
ratio between the target CO5 captured and the total one produced by the
industrial plants considered in the model), the cost advantage of con-
figurations based on economic optimisation over the safest ones de-
creases. For instance, for a 20 % reduction target, the safest design is 65
% more expensive than the one with the lowest cost (98.3 vs. 59.5 €/t),
whereas, for an 80 % reduction target, this spread lowers to about 11 %
(93.5 vs. 84.5 €/t). This depends on the fact that an ambitious CO,
reduction target requires: i) to abate CO, emissions also in plants where
capture costs are higher, and ii) to deploy an extensive and complex
transport infrastructure. As a consequence, the safest design is compa-
rable to its corresponding best economic network in terms of overall
costs. On the other hand, cost-optimal solutions always determine a
significant increase in seismic risk (between 1.5 and 18 times). It was
also verified that the choice of limiting CO, sequestration to offshore
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basins determines an increase in the specific total cost, which is mainly
driven by the transport and sequestration stages that account altogether
to over 30 % (up to over 40 %) of total costs, compared to less than 20 %
when also onshore capacities are included as a sequestration option.
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