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Abstract

The mathematical model for carbon capture, utilization and storage supply chains is developed for Italian
regions. This model is used to design supply chains minimizing total costs and reducing significantly carbon
dioxide emissions. Carbon dioxide can be stored or utilized to produce methane through a power to gas system,
where hydrogen is obtained by the electrolysis of water using renewable power while methane is fed to the gas
grid. The Mixed Integer Linear Program model is applied to design carbon systems developed for ten regions
with major carbon dioxide emissions, while different saline aquifers are proposed as storage sites. Results
show that the Adriatic sea is the most appropriate offshore storage site in the supply chain. This leads to a
lower net methane production cost and to the lowest level of economic incentives as compared to other cases.
The total costs of this supply chain are 7.34:10% million €/year (953 €/tonCO, captured), and 16.1 Mton/year
of methane are produced. The supply chain does not result economically favorable without substantial financial
incentives (80 €/tonCO, for carbon tax and 260 €MWh economic incentive for methane production).
Comparing supply chains that include simultaneous utilization and storage of carbon dioxide with a carbon
capture and utilization supply chain (without storage) shows that the latter is economically less favorable. In
addition to mitigation of carbon environmental impact for the whole Country, the large scale supply chain
proposed here meets 35% of Italy’s methane demand as a whole, a significant contribution to a global
economic perspective, widely discussed nowadays, which should include self-sustainment elements at regional

level.

Keywords: CCUS and CCU supply chain, mathematical model, optimization, reduction of CO, emissions.
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1. Introduction

In Europe, environmental policies led to a considerable reduction of overall greenhouse gas emissions,
compared to 1990 levels. The European Union (EU) stated that every European 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).

However, after four years of decreasing emissions (by an average of 3.1% per year during 2011-2014),
emissions in the EU increased again of 1.3% in 2015, as compared to 2014 level. Total European carbon
dioxide emissions in 2015 reached 3.5 Gt, about 50 Mt more than in 2014 (Olivier et al., 2016).

Regarding Italy, in 2016, carbon dioxide emissions were equal to 352 Mt (Gracceva et al., 2017). A larger
contribution came from power generation (29.5%) and transportation (29.3%) sectors; nonindustrial
combustion accounted for 21.6% and manufacturing and construction industries for 14.4%, while the
remaining emissions came from industrial processes (4.2%) (Romano et al., 2017).

Despite the notable progress in expanding renewable energy utilization and reducing the emission of
greenhouse gases, different national experts criticize aspects of Italy’s energy and environmental policy, which
still relies on fossil fuels (Climate Transparency, 2018). Only in last years, a National Energy Strategy was
developed with the aim to be more competitive, more sustainable and more secure, also according to the Paris
Agreement on Climate Change.

The strategic actions for Italy are as follows: further dissemination of renewable energies, promoting energy-
efficiency projects that maximize sustainability benefits with the decarbonization of energy system (in
particular decommissioning coal-fired power plants by 2025), doubling public investments allocated for
research and development of clean-energy technologies, from € 222 million in 2013 to € 444 million in 2021.
It is necessary to reduce the final energy consumption by a total of 10 Mteq, to reach a 28% share of renewables
in total energy consumption and a 55% share of renewables in electricity consumption, by 2030 (Italy’s
national energy strategy, 2017).

In this context, power to gas systems have an important role, because these can reduce carbon dioxide

emissions, satisfying the national methane demand (Parra et al., 2017).

Studies related to the applicability of a power to gas process in Italy are rare (Guandalini et al., 2017;
Colbertaldo et al., 2018). In Guandalini et al. (2017), the potential application of a power to gas system using
renewable energies is considered for the near future in Italy. In Colbertaldo et al. (2018) the role of a power
to gas system in an integrated multi-energy system (especially transport sector) is considered always in Italy.
Indeed, literature works describe mainly power to gas processes in Germany (Leonzio, 2017; Lewandowska-
Bernat and Desideri, 2017; McKenna et al., 2018; Konig et al., 2018; Varone and Ferrari, 2015) that is the
spearhead country for the development of power to gas systems. There are other national studies related to
carbon utilization for methane production in Finland (Ikdheimo, 2017), Spain (Bailera and Lisbona, 2018;

Baileraetal., 2017), France (Scamman and Newborough, 2016), Great Britain (Qadrdn et al., 2015) and Ireland
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(Vo et al., 2017). For most of these works, a technical-economic feasibility investigation of a power to gas
process is performed and described.

Moreover, power to gas projects are under development in Germany, Denmark, Switzerland, United States,
Austria, Japan, Netherlands, Sweden, Spain, Poland and Thailand (Bailera et al., 2017). An important project,
STORE&GO is started to demonstrate the power to gas technology in Switzerland, Germany and Italy (Bailera
etal., 2017).

Carbon dioxide can be captured and used to produce methane through carbon capture and utilization supply
chains (CCU) including the power to gas process in the utilization section. If carbon dioxide is also partially
stored, carbon capture utilization and storage supply chains (CCUS) are realized.

General carbon supply chains will have an important role inside the green economy, according to the
sustainability criteria, including also risk concerns (Styring et al., 2011; Awasthi et al., 2018). An interesting
review about low carbon supply chains, covering sustainability, climate change and innovation, is reported by
Shaharudin et al. (2019). These systems are investigated in economic and environmental aspects. Economic
considerations about these frameworks, suggesting cost- and revenue-sharing contracts are presented in Yu et
al. (2020): these contracts are compared in terms of the performances of profitability, emission reduction and
customer benefit. In a deeper analysis, Kang et al. (2019) find that for a sustainable system, in the low-carbon
technology development stage, only one player (the manufacturer or the retailer) should employ a low-carbon
behavior, while in the advanced low-carbon technology stage, only the retailer should employ a low-carbon
behavior. For an environmental aspect, a product carbon footprint model for all activities of sustainable supply
chains is suggested in the work of He et al. (2019a).

In this research, carbon supply chains with methane production are taken into consideration.

Our studies show that CCUS supply chains, where power to gas systems are used as utilization options, are
seldom considered, as in the following literature works about carbon supply chains. At first studies about CCS
supply chains are investigated. Among them, Hasan et al. (2012 a,b), optimize a supply chain in the United
States and find correlations for capture and compression costs as a functions of flue gas flow rate and carbon
dioxide concentration.

Kalyanarengan Ravi et al. (2017) design and optimize a CCS supply chain in The Netherlands, and find that
pressure swing adsorption (PSA) is preferred to other capture technologies due to lower costs.
Santibanez-Gonzalez (2017) present a stochastic, mixed-integer linear optimization model for a CCS supply
chain network in Brazil, considering also carbon tax. Uncertainties are taken into account also by Wu et al.
(2015). Integrated systems are considered: Akgul et al. (2014) optimize a CCS supply chain integrated to a
biomass supply chain for the United Kingdom, using a spatially-explicit, static, multi-objective, mixed integer
nonlinear programming model. On the other hand, Bakken and von Streng Velken (2008) propose a simple
linear model for Norway, aiming at the economic optimization of a power system infrastructure including
CCS. The importance of these frameworks are also analyzed: Odenberger and Johnsson (2010) discuss the

potential of CCS supply chains to decrease carbon dioxide emissions in Europe. The importance of a CCS
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system to reduce carbon dioxide emissions in China is reported in Zhu et al. (2015). Other analyses for CCS
supply chains are developed by Klokk Schreiner et al. (2010), for the North Sea regions, by Strachan et al.
(2011), Elahi et al. (2014) and by Middleton et al. (2012) for Texas.

D’Amore and Bezzo (2017) suggest a spatially explicit, time-dependent Mixed Integer Linear Programming
(MILP) model for a CCS supply chain in Europe with the aim to minimize the total cost. They find that the
costs of carbon capture, transport and storage system are in the range of 27-38 €/ton of CO,. The social
acceptance is considered for a CCS in their following work (D’ Amore et al., 2020).

Studies on CCU (carbon capture and utilization) and CCUS supply chains producing carbon-dioxide—based
valuable products are even less numerous.

Han and Lee (2012) analyze a multi-period stochastic model for carbon dioxide capture, transport, and
utilization on the eastern coast of Korea. This work is improved by Han and Lee (2013) considering also
techno-economic-, environmental- and risk analysis. Dimethyl ether is produced in the CCU supply chain
suggested by Michailos et al. (2019): the technical performance and economic viability are analyzed.

Other works are about CCUS supply chains. In Yue and You (2015), carbon dioxide through a CCUS supply
chain is used to grow algae for biofuel production. 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 a recent work, Leonzio et al. (2019a) develop a CCUS supply chain for Germany where carbon dioxide is
used to produce methanol via dry reforming. Results suggest that an amount of methanol greater than the
national demand is produced. Then Leonzio et al. (2019b) consider a CCUS supply chain for Germany where
carbon dioxide can produce urea, methanol, concrete, wheat, polyurethane, calcium carbonate, lignin. In both
these works, total costs are minimized in order to design the best supply chain. CCUS supply chain are also
used for oil recovery. A feasibility study of a CCUS with the recovery of oil is developed by Suicmez (2019)
for the Danish North Sea. A similar study for this system is also considered by Guo et al. (2020), analyzing
the investment and carbon capture process from the perspective of the whole project process, and providing a
feasible reference for practical large-scale engineering decision-making project. Another feasibility study for
a CCUS supply chain with oil recovery in Nebraska is presented by Wildgust et al. (2019).

As it is possible to deduce from this review of the literature, and as already mentioned, carbon capture
utilization and storage supply chains producing methane via a power to gas process are not previously
considered, because other products as urea, methanol, concrete, wheat, polyurethane, calcium carbonate,
lignin, algae, etc. are taken into account in the utilization section. On the other hand, Bassano et al. (2020)
suggest the integration of a small-scale, portable power to gas system in a CCS supply chain, a quite different
concept from the Country-scale CCUS supply chain proposed in this work. The current contribution is aimed
at filling a gap in the state of the art. The model, in fact, is able to find, for the whole Italy, a potential
distribution of carbon dioxide between the utilization and storage sites, in order to achieve the minimum target

for reduction of emissions, and, at same time, a considerable contribution to availability of locally produced
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methane for the grid, which is very capillary and addressed to a large variety of applications, starting from the
production of electricity, moving to various industrial sectors (big and small enterprises and installations), to

public and private means of transportation, down to house heating and cooking.

In this research, the CCUS supply chain model integrated with a power to gas system is proposed with the aim
to minimize the total costs and ensure the target of CO» reduction for Italian regions. The integration supposes
that the captured carbon dioxide is sent into a methanation reactor, where hydrogen produced by water

electrolysis using solar energy is added for the reaction.

Moreover, it is important to taken into account methane as one of the most important product obtained via

carbon dioxide hydrogenation.

Also, the production of methane is specifically selected for the Italian regions because the potential production
of methanol, investigated already in the literature, is very low there (Patricio et al., 2017). On the other hand,
Italy would have the opportunity to satisfy the national methane demand, producing methane by hydrogenation

of carbon dioxide. In addition, an existing capillary network for methane is present in Italy.

For the supply chain, ten Italian regions, those with grater carbon dioxide emissions, are selected as carbon
dioxide sources, Verbania is selected as the utilization site with a power to gas plant, while different saline
aquifers (Malossa San Bartolomeo, Pesaro sea, offshore Adriatic sea, Cornelia, offshore Marche, offshore
Calabria ionic sea, Sulcis area) are selected as potential storage sites. Due to the huge storage capacity of these

sites, seven CCUS supply chain configurations, each with a different storage site, are considered

Another innovative point is suggested and it is about the comparison of different CCUS supply chains with a

CCU supply chain to understand the importance of a storage site for the management of carbon dioxide.
1.1 Power to gas system

In a power to gas process, carbon dioxide is valorized and used to produce methane by hydrogenation
(Schlereth and Hinrichsen, 2014; Schiebahn et al., 2015). Methane is one of chemical compounds that can be
obtained by carbon dioxide, in addition to formic acid, dimethyl ether, methanol, methyl formate, ethylene
glycol, acetic acid, urea, etc. (Roh et al., 2016; Vooradi et al., 2018; Mignard and Pritchard, 2006; Leonzio et
al., 2019b; Koohestanian et al.,2018; Leonzio et al., 2017; Bassano et al., 2019).

The required hydrogen is produced by electrolysis using renewable energies as wind or solar energy (the
technical potential for wind and solar power generation in Italy is assessed in several studies (Hoefnagels,
2011).

Different sources of carbon dioxide can be taken into account: biogas and syngas (Browne et al., 2011; Urban
et al., 2009), thermal plants (Probert, 2011), air through absorption and electro-dialysis (House et al., 2011;
Allen et al., 2012) or flue gases of industrial processes, as cement production (Metz, 2005), iron and steel

production (Metz, 2005), ethylene oxide production (Othmer, 2007), etc.
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Overall, in a power to gas system, the renewable electric energy can be transformed into storable methane via
electrolysis and subsequent carbon dioxide hydrogenation through methanation, via the Sabatier reaction
(Leonzio, 2017; Ma et al., 2018). Power to gas system is a promising way to manage and store fluctuating
electricity produced by renewable energy sources, then a highly effective integration of renewables is obtained.
It can be used not only as an energy storage technology, but also as a tool for balancing electric and gas grids
(Lewandowska-Bernat and Desideri, 2017). For power to methane technology, it is estimated that the energy
efficiency from renewable energies to gas is about 30-40%, a value similar to that obtained by conventional

power plants (this should be about 40-50% by 2030) (Sauer et al., 2012).
The reaction involved in the methanation is the following (see Eq. 1) (Catarina Faria et al., 2018):
CO,+4'H, = CH, + 2'H,0 AHR = —165 kj /mol (D

It is a reversible and exothermic catalytic reaction process consisting of the combination of endothermic
reverse water gas shift (RWGS) and exothermic CO methanation (Stangeland et al., 2015). It can be
accompanied by the Boudouard reaction (see Eq. 2) (Di Felice and Micheli, 2015):

2C0 = C + CO, AHR = —173 kJ /mol 2)

Sabatier reaction is favored at a temperature in the range between 200 °C and 500 °C and relatively high
pressure (10-30 bar), where CO; conversion and CH4 selectivity can reach values close to 100%, especially in
stoichiometric conditions (Stangeland et al., 2015). A Nickel based catalyst is used for this reaction, due to its
selectivity, activity and convenient price (Kopyscinski et al., 2010). Ru, Rh and Co on various oxide supports
(TiO,, Si02, MgO, and Al>O3) can also be used (Brooks et al., 2007). The effect of pressure, H»/CO; ratio and
water concentration on methanation reaction is analyzed by Gao et al. (2012). The authors find that higher
pressure and higher H,/CO; ratio often lead to higher carbon dioxide conversion and higher methane
selectivity. The addition of water to the feed gas has slight negative effect on the carbon dioxide conversion
and methane selectivity, but not significant. Miguel et al. (2015) find that CO; conversion decreases with

temperature but increases with the H./CO; ratio.

The kinetic mechanism for carbon dioxide methanation depends on the used catalyst, also considering active
metal, support and promoters. However, two popular schemes can be considered: (i) CO intermediate pathway,
where direct carbon dioxide dissociation occurs on the surface and CO is hydrogenated stepwise to methane
and (ii)) RWGS pathway, where formate (HCOO-) is formed as intermediate by carbon dioxide adsorption on
the surface, followed by reaction with chemisorbed H (Lee et al., 2020).In the process, adiabatic fixed bed
methanation reactors are connected in series with intermediate gas cooling or the recycle of reactant gas in
order to reach high yields. In addition to this, an isothermal fluidized bed reactor can be used with the advantage
to easily remove, add and recycle catalyst during the operation (Di Felice and Micheli, 2015; Kopyscinski et
al., 2010). Generally, in addition to a catalytic reaction, a biological methanation can be also considered for

power to gas systems (Ma et al., 2018).
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The overall reaction involved in the electrolyzer is the following (see Eq. 3) (Buttler and Spliethof, 2018):
1
H,0 - H, + > 0, 3)

Water is dissociated into pure hydrogen and oxygen by means of direct current. The main water electrolysis
technologies are: Alkaline Electrolysis (AEL), Polymer Electrolyte Membrane Electrolysis (PEMEL) and
Solid Oxide Electrolysis (SOEL) according to the electrolyte that separates anode and cathode (Smolinka et
al., 2011). Among them, AEL is the most mature technology also at large scale, with the lowest investment
and maintenance cost. Hydrogen conversion efficiency is between 43-66% (Ma et al., 2018). On the other
hand, PEMEL device ensures a flexible energy storage with an hydrogen conversion efficiency of about 68-
72% and these are currently commercially available at small scale (Ma et al., 2018). SOEL electrolyzers are
still at pre-commercial scale (laboratory scale), however these would assure higher efficiencies and represent

a very promising technology for future (Laguna Bercero, 2012; Gotz et al., 2016).
2. Mathematical model of CCUS supply chain
2.1 Problem statement

Capturing CO» from right sources and storing it in right sites and in right amount is crucial for CCUS systems
to be cost effective. Therefore, CCUS design faces problems occurring at multiple temporal and spatial scales,
which pertain to different challenges and alternatives at each of these levels (Papadopoulos and Seferlis, 2017).
It is important to consider the entire supply chain and the an overall optimization, since an optimum capture
rate and cost may exist, lower than that obtained considering the optimization of each single step, about the

single element of these frameworks (Alhajaj et al., 2013).
For the developed CCUS supply chain, the following assumptions are made:

- capture plants and carbon dioxide sources are located at the same place, to avoid the transportation of

flue gas from carbon dioxide sources to capture treatment sites;

- one to one coupling of source and capture node: one source node can be connected to only one capture
node in the storage and utilization section and one capture node can receive from only one source
node, though in principle connecting multiple sources to one capture plant is possible (Kalyanarengan

Ravi et al., 2017);

- carbon dioxide is transported from sources to the storage and utilization sites always by pipeline,

chosen as the most efficient system (Ochoa Bique et al., 2018);

- methane is produced via the catalytic Sabatier reaction with complete carbon dioxide hydrogenation,

in a power to gas system, where hydrogen is produced by the electrolysis of water through PEMEL
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electrolyzer using renewable power energy (a portion of electricity from network is any case present

(Matzen and Demirel, 2016)) (Parra et al., 2017; Leonzio, 2017; Di Felice and Micheli, 2015);

for the power to gas system, the material balance, based on the stoichiometric conditions of Sabatier
reaction, is taken into account to evaluate the amount of methane that is produced from the captured

carbon dioxide sent to the utilization section;

the structure, and consequently the mathematical model, is in steady state conditions over a horizon

time of 25 year: the aim of the research is, in fact, to design the supply chain at its optimum conditions;

methane production is constant over time due to stationary conditions and it is sent to the gas grid

network;

methane produced in the utilization section can be sold at a stable price, set by market;

With these assumptions, a mathematical model is developed for the supply chain, when the following

information is provided:

carbon dioxide sources, with their respective locations, yearly carbon dioxide emissions and flue gas

compositions (Green report, 2017; Green, 2014; OECD, 2020);

capture and compression technologies, defining the used materials and costs (Nguyen and Zondervan,

2018; Kalyanarengan Ravi et al., 2017; Hasan et al., 2012a,b);

carbon dioxide transportation mode, chosen to be via pipeline, with associated costs and distances

from source sites to power to gas utilization and storage sites (Knoope et al., 2013);
power to gas plant, with its location and methane production cost (Reichert, 2012);

carbon dioxide storage sites, with their costs and capacities (Hendriks, 1994; Hasan et al., 2014);

The model so developed allows us to decide which carbon dioxide sources to use from a given set of sources

and the yearly carbon dioxide flow rate to be captured from each selected source; which technologies and

material combinations should be used for carbon dioxide capture process in each selected source; the amount

of captured carbon dioxide sent to the storage and utilization; the amount of produced methane.

The objective is to minimize total costs, including carbon dioxide capture and compression costs, carbon

dioxide transportation costs, carbon dioxide storage costs, methane production via power to gas costs (where

hydrogen is produced via water electrolysis).

2.2 CCUS supply chain model

To develop a mathematical model as a Mixed Integer Linear Programming model, sets, parameters, variables,

constraints, equations and the objective function should be defined, as in the following sections.
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2.2.1 Sets

The following sets are considered:

ie(l....... I) — carbon dioxide stationary source
jeE(,....... J) — carbon dioxide capture technology
ke(,...... K) — carbon dioxide geological storage sites and utilization site

2.2.2 Parameters

The model contains the following parameters:

CR™" — Minimum target for overall carbon dioxide reduction rate (ton/year)
CS;— Total carbon dioxide emission from each source i (ton/year)

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

XS;— Carbon dioxide composition in flue gas emission from source i (mol%)
XLi— Lowest composition processing limit for capture technology j (mol%)
XH; — Highest composition processing limit for capture technology j (mol%)
C™* — Maximum storage capacity for storage site k (ton)

2.2.3 Variables

To select a specific source, capture plant and storage site a binary variable X is introduced (1, if carbon
dioxide from source ‘i’ is captured using a technology-material combination ‘j” and is stored in storage site
‘k’; 0, otherwise). To choose the capture technology a binary variable Yi;x is used (1 if carbon dioxide is
captured from source ‘i’, with capture technology/material ‘j° and sent to the storage/utilization site ‘k’; O
otherwise). In particular, for each selected source, a capture technology that is able to reduce carbon dioxide
capture and compression costs for the specific flow gas flow rate and its carbon dioxide composition is
selected. Then, the choice of capture technology is mainly related to capture costs, flue gas flow rate and its
carbon dioxide compositions: for these two last parameters, the capture technology that ensures a low capture

cost and then the minimum total cost of system is suggested.

To determine carbon dioxide fraction that is captured from each source, continuous variables (with a value
between 0 and 1)are used: FR;; (the fraction of carbon dioxide captured from source ‘i’ using capture plant
‘j> and stored to storage site ‘k’) to define the fraction of captured carbon dioxide sent to the storage site,
MR« (the fraction of carbon dioxide captured from source ‘i’ using capture plant ‘j” and processed in methane

production site ‘k’) to define the fraction of captured carbon dioxide sent to the utilization site.

10
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2.3 Model development
2.3.1 Constraints

The following constraint for Xj;, the variable defined above, ensures that the captured carbon dioxide is not

divided in many storage sites (see Eq. 4)

Xije<1 Vi el 4)
U.REU.K)
This constraint also guarantees the one to one coupling assumption between sources and capture systems in

the storage section.

Each storage site has a maximum capacity that should be not exceeded, through the following constraint (see
Eq. 5):

max

al - V k€K (5)

CSi " FRi,j,k S TH

U.DEUD
where CS;is the total carbon dioxide emission from source ‘i, Cy™** is the maximum storage capacity of the
storage site ‘k’ (see table S1 of Supplementary data), TH is the time horizon of supply chain in year and FRj;x

1s a variable, as defined above.

To achieve the minimum target related to carbon dioxide emission reduction, the following constraint is used

(see Eq. 6):

CS;FR;jy + CS;* MR; ;) = CR™™" (6)

(i.j.k)EW]K)
where CS;is the total carbon dioxide emission from source ‘i’, FR;jx and MRy are the variables defined
above and CR™™" is the minimum target for carbon dioxide reduction, fixed at 77 Mton/year in order to allow
the reduction of emissions to 275 Mton by 2030 (Gracceva et al., 2017). Then the amount of captured carbon
dioxide (carbon dioxide flow rate) sent to the storage and utilization section should be higher than or equal to

the minimum target for emissions reduction.

For each selected source, no more than 90% of carbon dioxide is captured (the maximum carbon dioxide

recovery of a capture technology is at most 90%), then the following restriction is set (see Eq. 7)

Z FRyj;+ MR, jx <09  V(ik) € (1K) @)
JEJ

where FR;jxand MR;;x are the variables defined above, suggesting the fraction of carbon dioxide sent to the

storage and to the utilization respectively. .
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Not all the considered technologies can be used to capture carbon dioxide from all sources with a product
purity of 90% for carbon dioxide (Kalayanarengan Ravi et al., 2017). This depends on the composition of CO,

in the feed, and the following constraint is considered (see Eq. 8):

(XHj — XS;) - (XS; = XLj) - Xi je 2 0 V(@) ed) ®
(K)E(K)

where XS; is carbon dioxide composition in flue gas emission from source i (mol%), XL; is the lowest
composition processing limit for capture technology j (mol%), XH; is the highest composition processing limit
for capture technology j (mol%). This constraint about carbon dioxide purity is considered for the storage
section, while the required level of carbon dioxide purity in the utilization section is achieved in the respective

site.
Only one capture technology/material should be selected for each carbon dioxide source in the utilization and
storage section, then the following constraint is set (see Eq. 9):

Yijk<1l Vi€l 9

(.k)eU.K)

In order to convert the non linear mathematical model into a linear one, the glover linearization constrain is

applied (see Eq. 10-11):

0-Yijx <MRijr=<09-Y v (ijk) €(].K) (10)
OIXi,j,k SFRi,j,kSO-g'Xi'j,k V(l,],k) E(I,],K) (11)

where FRijx, Xijx, MRk and Yi;x were already defined, while 0.9 is used because at most 90% of carbon

dioxide is captured from each carbon dioxide source.

The national annual methane demand of 70.9 billion m*/year (46.5 Mton/year) (Alvera, 2017), is not a
constraint of practical relevance, because the overall amount of captured carbon dioxide is not enough to

produce methane at this rate.
2.3.2 Equations

Total carbon dioxide capture and compression costs (€/year) are obtained by the following relation (see Eq.
12):

CCijr =CDCyj +CIC;j + COCyj i vV (jk) e(]K) 12)

where CDC; ;) are the flue gas dehydration costs, CIC; . are the investment costs and COC; j; are the

operating costs. Generally, the saturated flue gas is dehydrated via tri-ethylene glycol absorption with a cost
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0f'9.28 € per ton of CO; (including capital and investment costs) (Kalayanarengan Ravi et al., 2017). For amine
absorption, no dehydration operation is necessary. The investment and operating costs are functions of flue
gas flow rate and carbon dioxide composition and are provided by the following correlations (Hasan et al.

2014) (see Eq. 13-14):
i m j . .
ClCijr, = anjYij+ (Brj Xcozi™ +vij) Fijk K v (k) €], K) (13)

1 m j . .
COCijx = o Yijk+ (BojXcozi"® +Voj) Fijk " v(ij k) €], K) (14)

where a; j, @, j, B1j» Bo,j> '1,j » Yo,j> U1, j» o,j> Mo,j»> My,j are fixed parameters depending on the used process
and material (See table S2 of Supplementary data), xcoz,i is carbon dioxide composition in flue gas for source
i, Fijx is flow gas flow rate in mol/s sent to storage and/or to utilization k from source i through capture
technology j. Yijx is the binary variable defined above.

For absorption with ionic liquids, different correlations (€/year) for the investment and operating costs are

used, respectively, as follows (Nguyen et al. 2018) (see Eq. 15-16):
my,j .
ClCijx = (arj Fijx +Brj Yijr) Xcozi +TVij Fijk ’ v (i,j,k) €], K) (15)

0,j

COCijx = (o Fijie +PBo Yijs) Xeori +VoiFijic v (i,j,k) € (1L),K) (16)
where a; j, @ j, By j» Bo,j» "1,j 5 o,j> Mo,j> My,j are fixed parameters (See table S2 of Supplementary data),
Xco2, 18 carbon dioxide composition in flue gas for source i, Fijx is flow gas flow rate in mol/s sent to storage
and/or to utilization k from source i through capture j, and Yi;x is the binary variable defined above.

A linear model for carbon dioxide transportation costs is used, as proposed by Knoope et al. (2013). Distance

between source and utilization/storage sites are calculated from the knowledge of respective latitude and

longitude coordinates (Distance, 2018).

Total costs (TCijx) (€/year) comprise investment costs (TICi;x) and operating costs (TOC;jx) according to

the following equation (see Eq. 17):
TCijx = CCRTIC; ;) + TOC; v(ijk) e(d],K) (17)
where CCR is the capital cost recovery and the other terms are (see Eq. 18-19):
TIC; ;) = (ar - CS;*FRyjx + Br* Xijx/Pijx) - Fr- (Dix/Pip +16) ¥V (i,j,k) € (1,],K) (18)
TOC;jx =4%" TIC; v (i,j,k) €(,],K) (19)

where o is 0.019 and B; is 0.533, Dixand P;x are the distance between source and storage site and between
source and utilization site respectively (see table S3 of Supplementary data) (Kalayanarengan Ravi et al.,
2017), Fr is a terrestrial factor, corresponding to 1.2 (Broek et al., 2010), 16 km are added to the distance, to
consider additional paths related to the process site (Dahowski et al., 2004), X;;«is the binary variable defined

13
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before, Pijxis a parameter with a value of 1 if carbon dioxide is transported to the utilization section. The

operational costs are taken as 4% of the investment costs (Kalayanarengan Ravi et al., 2017).

Carbon dioxide storage costs (SCix) (€/year) comprise the investment costs (SIC) and the operating costs

(SOC), as in the following relation (see Eq. 20):
SCr = CCR'SIC, + SOCy, Vk €K (20)

where CCR is the capital cost recovery and the investment costs are calculated as (Hendriks, 1994) (see Eq.

21):
SIC, = (m* dyey + b) - NJUI®, vk €K (21)

where m and b are parameters corresponding to 1.53 M€/km and 1.23 M€ (Ochoa Bique, 2018), dyen is the
depth of well, set equal to 1590 m, 1400 m, 1400 m, 1400 m, 1270 m, 1280 m, 1250 m, respectively for the
storage sites in Malossa San Bartolomeo, Pesaro sea, offshore Adriatic sea, Cornelia, offshore Marche,
offshore Calabria ionic sea, Sulcis area (Donda et al., 2011; Plaisant et al., 2017) and N2%!? is the number
of wells which need to be built (Hasan et al., 2014) (see Eq. 22):

Nbuild  _ Zije)) CSi* FRijk
well [ IC

Vk €K (22)

as a function of stored carbon dioxide and of maximum injection capacity per well (IC) that is reported for
each storage site: for Malossa San Bartolomeo, Pesaro sea, offshore Adriatic sea, Cornelia, offshore Marche,
offshore Calabria ionic sea, Sulcis area, this parameter is respectively equal to 0.3 MtonCO»/year, 0.5 Mton
COy/year, 1 Mton COy/year, 0.5 Mton CO»/year, 1 Mton CO»/year, 1 Mton CO,/year, 0.2 Mton CO»/year
(Moia et al., 2012). The operating costs are 4% of the investment costs (Kalayanarengan Ravi et al., 2017) (see

Eq. 23):

SOC, = 4% (m " dyey + b) - NpUI?, vk €K (23)

The methane production cost in a power to gas process considering the overall system (methane reactors,
ancillary equipment and electrolyzer system for hydrogen production) is set to 300 €/ MWh (Reichert, 2012;
Leonzio, 2017; Hassan et al., 2019; Ma et al., 2018). This high cost is due to the high cost of electricity, that
in Italy is about 130 € MWh (Clean Energy Wire, 2018).

In fact, Reichert (2012) shows in his work a sensitivity analysis for methane production cost and for an
electricity cost of the same order of the Italian value, the considered methane production cost is suggested. Ma
et al. (2018) report that the methane generation cost produced through a power to gas is between 13.5 and 17

€/kWh in 2014, based on the electric price of 5 €/kWh. When the cost of electricity in Italy is taken into
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account, the value of 364 €/ MWh is obtained for the methane production cost. This last value is comparable

with that reported by Reichert (2012).

Reichert (2012) shows also that the production cost of 1 MWh of hydrogen via electrolysis is 209 €.
Considering that to produce 1 MWh of methane, 1.19 MWh of hydrogen are required, the corresponding cost
for hydrogen is 250 €. Then, 83% of methane production cost has to be related to the hydrogen cost. Of course,
a lower hydrogen production cost can be achieved if the electrolyzer is operating only during off-pick hours
and days, assuming a plant storage section for hydrogen that ensures continuous operation of the methanation

reactor.

2.3.3 Objective function

The objective function of the supply chain considering the minimization of total costs is given as (see Eq. 24):

@ = Z (CCi,j,k + CTi,j,k + CH4Pk + SCk) (24)
(L,j.k)

where CC; j . are carbon capture and compression costs, CT; j i are carbon dioxide transportation costs, SC, are

carbon dioxide storage costs, CH,P;, are methane production costs. In the optimized system, total costs are
minimized with the constraint to safeguard the reduction of carbon dioxide emissions required by the climate
change issue. The model allows the design of the supply chain at the minimum cost and ensuring the minimum

target for emission reduction (Klemes et al., 2013; Leonzio, 2017).

A general scheme for the CCUS supply chain model is shown in Figure 1.
(see Figure 1)

2.4 Case study

The trend of carbon dioxide emissions in Italy is shown in Figure 2.

(see Figure2)
Even if carbon dioxide emissions in 2016 were lower compared to 1990, in absolute terms (352 Mton CO; in
2016 against 439 Mton CO;in 1990), per capita (6 ton/year in 2016 against 7.4 in 1990), and in relation to the
results of economic activities (0.171 ton CO2/kUSD in 2016 against to 0.243 ton CO»/kUSD in 1990), a carbon

dioxide reduction trend could not be found since 2014 (Green report, 2017; OECD, 2020).

In fact, since 2014 carbon dioxide emissions have increased, and in 2015 carbon dioxide emissions increased
by 8.6% compared to 2014. Actually, the national target for carbon dioxide emission in 2030 is 275 Mton
COy/year (Gracceva et al., 2017).

Ten Italian regions, those with higher carbon dioxide emissions, are selected as sources for the supply chain,
as shown in Table 1 and Figure 3a. The regions with higher emissions are: Puglia (68.64 million tons CO,/year,

corresponding to 19.5% of overall Italian carbon dioxide emissions), Lombardy (46.8 million tons CO»/year,
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13.3%), Sicily (41.53 million tons CO»/year, 11.8%), Lazio (28.16 million tons CO,/year, 8%), Sardinia (26.4
million tons CO»/year, 7.5%), Veneto (22.5 million tons CO»/year, 6.4%), Emilia Romagna (21.82 million tons
COy/year, 6.2%), Piedmont (19.71 million tons CO»/year, 5.6%), Liguria (17.6 million tons CO,/year, 5%),
Tuscany (16.9 million tons CO»/year, 4.8%) (Green, 2014). These emissions represent about 90% of overall
national emissions.

For the selected sources, carbon dioxide content in flue gas is set between 4 mol% and 25 mol% (Zhang et
al., 2018). In particular for Puglia it is set to 17 mol%, while for Lombardia, Sicily, Lazio, Sardinia, Veneto,
Emilia Romagna, Piedmont, Liguria, Tuscany it is set respectively to 18 mol%, 4 mol%, 14 mol%, 13 mol%,

21 mol%, 13 mol%, 18 mol%, 15 mol%, 11 mol % (Zhang et al., 2018).
(Table 1)
(Figure 3)

The nodes for the network are located at the capital cities of each region (selected as carbon dioxide source):
Bari, Milan, Palermo, Rome, Cagliari, Venice, Bologna, Turin, Genoa, Florence, respectively for Puglia,

Lombardy, Sicily, Lazio, Sardinia, Veneto, Emilia Romagna, Piedmont, Liguria, Tuscany.

Seven carbon dioxide storage sites are selected for carbon supply chains: Malossa San Bartolomeo, Pesaro
sea, offshore Adriatic sea, Cornelia, offshore Marche, offshore Calabria ionic sea, Sulcis area are the storage
sites, as shown in Figure3b (Moia et al., 2012). These areas contain geological reservoirs mineralized by sea
water and are called saline aquifers. These are characterized by conditions of temperature and pressure
favorable to store carbon dioxide above the critical point, therefore with the characteristics of a fluid at high
density. Carbon dioxide storage in saline aquifers is considered as a suitable technology (Burnol et al., 2015;
Javaheri and Jessen, 2001; Yang et al., 2013), probably because it provides the largest potential storage volume

(Bachu, 2000).

Generally, the estimation of storage capacity in saline aquifers is very complex due to different physical and
chemical trapping mechanisms, solubility, residual and mineral trapping that simultaneously occur at different

rates and timescales (Bradshaw et al., 2007). The values defined above for each storage site are assumed.

Verbania is chosen as the utilization site, replacing an existing biogas plant, producing 27540 m*/day of biogas
form livestock effluents (cattle and swine) (Renewable Energy, 2012). Then, the utilization section is chosen
in a site where methane could be already produced with a traditional system (the upgrading of biogas).
Substantial solar energy is expected to be the most available renewable energy source in the coming future for
Italy and many photovoltaic systems are already installed in these regions ( Colbertaldo et al., 2018; ENI,
2019).

Only one utilization site is taken into account in this research, because it is supposed with unlimited production
capacity. Indeed, a multiplicity of power to gas systems would be needed to satisfy the national demand,
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requiring a more complex supply chain. In this analysis, the considered production center symbolizes all
possible power to gas systems in Italy and provides a first estimate of carbon dioxide distribution between the
utilization and storage section. Moreover, only one utilization site is considered because few biogas plants,

seen as potential locations of a power tog as system, are present in Italy.

In fact, Lombardy, Emilia Romagna, Veneto and Piedmont are the most important regions hosting biogas
plants in Italy. The oldest plant is in Rome at the Malagrotta landfill and is in operation since the mid-90s. It
is capable of treating about 200 m*h of biogas (collected from the urban waste landfill). The upgraded bio-
methane is not injected into the grid and is used as biofuel in vehicles. Other plants are demonstration plants
and no one is connected to the gas grid. (Maggioni and Pieroni, 2016). Finally, an important industrial plant

producing bio-methane from organic wastes is located in Montello (Montello, 2018).
In Figure 3b, the utilization site chosen for the supply chain is shown on the map of Italy.
Overall, the outcomes of such large grids also lead to “centralized” strategies.

Absorption using monoethanolamine (MEA) at 40wt% or the ionic liquid (IL) 1-butyl-3-methylimidazolium
acetate ([bmim][Ac]), adsorption using zeolite 13X, selective membrane using fixed-site-carrier (FSC)
polyvinyl amine (PVAm) are carbon dioxide capture technologies available in the design of the supply chain
(Wang et al., 2011; Nguyen and Zondervan, 2018). Advanced Interactive Multidimensional Modeling System
(AIMMS) software is used to model the supply chains analyzed in this study, through a MILP model.

Results and discussion

The CCUS supply chains taken into account have 7 different storage sites, with a high storage capacity, keeping
the same carbon dioxide sources and utilization site. Then, 7 different CCUS supply chains are considered, in

addition to one CCU system.

Each CCUS supply chain contains 10 sources, 5 technologies for carbon dioxide capture and compression, 1
storage site and 1 utilization site. On the other hand, for the CCU supply chain, no storage sites are present of
course. CPLEX 12.7.1 is the solver that is selected to solve the MILP models. The computer processor is 2.5
GHz while the memory is 4 GB.

The MILP model of CCUS supply chains is made of 711 variables (50 integer variables) and 684 constraints.
The solution is found in some seconds and with a maximum of 100 iterations. For the CCU supply chain, the
MILP model is composed by 460 variables (50 integer variables) and 482 constraints. The problem is solved
in 1.69 s with 142 iterations.

Results of CCUS and CCU supply chains are shown in Table 2, indicating for each considered carbon supply

chain, the selected carbon dioxide sources, the chosen capture technology for each source and the amount of
17
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carbon dioxide that is stored or used (also shown in Figure 4). It is possible to see that changing carbon dioxide
storage site changes the selected carbon capture technology inside the supply chain and then the topogy. In
fact, different storage sites have different characteristics influencing the terms inside the objective function

and then the results.

The topology of these supply chains is also summarized in FigureS5.

(see Table 2)

(see Figure 4)

(see Figure 5)

Overall, from the results it is evident that MEA absorption is the most convenient technology for carbon
dioxide capture from flue gas, at relatively low concentrations. Membrane capture system is also preferred in
some cases, followed, in three cases, by ionic liquid absorption. Membrane and ionic liquid absorption are
generally better utilized for higher carbon dioxide content (Hasan et al., 2012; Nguyen and Zondervan, 2018).
Vacuum swing adsorption (VSA) is never selected and used in the supply chains, as also reported in
Kalyanarengan Ravi et al. (2017) and Zhang et al. (2018). In only one case PSA is chosen as capture
technology.

However, in addition to these considerations it is important to keep in mind also the flow rate and the costs as

discussed below.

In particular, when Malossa San Bartolomeo is used as storage site, carbon dioxide from Lombardy region is
sent to storage using MEA absorption, while Puglia, Emilia Romagna and Piedmont are carbon dioxide sources
related to the utilization section, using for the first source a membrane system and MEA absorption for the
others. Here membrane system is chosen due to a higher carbon dioxide flow rate than that in other sources

treated with MEA absorption.

In the CCUS supply chain with Pesaro as storage site, MEA absorption is also used in the connection to the
utilization section, in particular for Emilia Romagna and Piedmont carbon dioxide sources. An additional
carbon dioxide source in the utilization section is Puglia, using a membrane system. For the storage section,
this CCUS supply chain considers Lombardy as carbon dioxide source using IL absorption. Also in this case,
a membrane system is selected for the highest carbon dioxide flow rate, while IL absorption for the lowest

carbon dioxide flow rate.

In the alternative CCUS supply chain with Adriatic sea as storage site, MEA absorption is used for all selected
carbon dioxide sources. Here, Puglia, Emilia Romagna and Piedmont are the selected carbon dioxide sources

for the utilization section, while Lombardy is the selected carbon dioxide source for the storage section.
18
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This same condition is present in the CCUS supply chain with Cornelia as storage site. However, Puglia,
Emilia Romagna, Piedmont are the selected carbon dioxide sources for the utilization section, while Emilia

Romagna is the selected carbon dioxide source for the storage section.

In these two cases, MEA absorption is selected because it can allow to reach the lowest total cost of the supply

chain.

Also, in the CCUS supply chain with Offshore Calabria Ionic Sea as storage site, MEA absorption is the
preferred capture technology. In fact, all carbon dioxide sources related to the utilization (Puglia, Emilia
Romagna, Piedmont) use MEA absorption as capture technology. In the storage section, Liguria uses IL

absorption to capture carbon dioxide, due to the lowest flue gas flow rate.

The second preferred capture technology, membrane system, is used for the CCUS supply chains with Offshore
Marche and Area Sulcis as storage sites. In the second case, membrane system is used for all carbon dioxide
sources related to the utilization section (Puglia, Emilia Romagna, Piedmont), while PSA, with the lowest flue
gas flow rate and relative low carbon dioxide composition, is used for the storage section. In the first case,
membrane is also used for two carbon dioxide sources in the utilization section (Puglia and Emilia Romagna)
(with a higher flue gas flow rate), while PSA and IL absorption (due to the lowest flue gas flow rate) are

selected for the other carbon dioxide sources.

On the other hand, in the CCU supply chain, as shown in Table 2, the chosen carbon dioxide sources are
Lombardy, Emilia Romagna and Piedmont that use, respectively, MEA absorption, membrane (due to the

lowest costs) and IL absorption (due to the lowest flue gas flow rate) as capture systems.
In all considered cases, the minimum target for the reduction of carbon dioxide emissions is achieved.

In addition to the topology, an economic analysis is shown in Table 3 and in Figure 6. Here costs, methane
yields, revenues, set carbon tax and economic incentives, net methane production costs are presented for each

considered supply chain.
(see Table 3)
(see Figure 6)

With Malossa San Bartolomeo used as storage site inside the supply chain, the optimized total costs of supply
chain are as follows: the total costs are 1.017-10° million €/year (301.64 € MWh or 1321 €/ton CO, captured)
carbon capture and compression costs of 3.586-10% million €/year, methane production costs of 1.011:10°
million €/year, carbon dioxide transportation costs of 1.520 million €/year and 193 million €/year are the CO»

storage costs.
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When Pesaro sea is used as storage site in the supply chain, the optimized total costs of supply chain are
1.109-10° million €/year (301.90 €/MWh or 1440 €/ton CO, captured). In particular, carbon dioxide
compression and capture costs are 508.30 million €/year, carbon dioxide transportation costs are equal to 1.520
million €/year, carbon dioxide storage costs are 67.30 million €/year while methane production cost through

power to gas process is 1.103-10° million €/year.

For the Adriatic sea storage site, the optimized total costs of the supply chain are 7.340-10* million €/year
(304.62 €/MWh or 953 €/ton CO;, captured). Carbon dioxide compression and capture costs are 9.994-10?
million €/year, carbon dioxide transportation costs are 1.52 million €/year, carbon dioxide storage costs are

115 million €/year while methane production costs are 7.230-10* million €/year.

For the CCUS supply chain with Cornelia as storage site, the total costs are 1.132:10° million €/year (300.77
€/MWh or 1470 €/ton CO, captured), carbon dioxide storage costs and methane production costs are
respectively 56.11 million €/year and 1.129-10° million €/year. CO, compression and capture costs are 202.70

million €/year while CO; transportation costs are 1.52 million €/year.

When Offshore Marche is used as storage site, the total costs are 1.007-10° million €/year (302.65 € MWh or
1308 €/ton CO; captured), while carbon dioxide storage costs and methane production costs are respectively
52.80 million €/year and 9.98°10* million €/year. CO, transportation costs are 1.52 million €/year while CO,

capture and compression costs are 858 million €/year.

For the CCUS supply chain with Offshore Calabria Ionic Sea as storage site, the total costs are 1.215-10°
million €/year (304.89 €/ MWh or 1577 €/ton CO; captured). CO, compression and capture costs are 1.96:10°
million €/year, CO, transportation costs are 1.52 million €/year, CO; storage costs are 13.26 million €/year

while methane production costs are 1.195-10° million €/year.

The total costs of CCUS supply chain with Area Sulcis as storage site are of 1.251-10° million €/year (299.96
€/MWh or 1627 €/ton CO; captured), including carbon capture and compression costs (33.34 million €/year),
methane production costs (1.250:10° million €/year), carbon storage costs (9.80 million €/year) and carbon

transportation costs (1.52 million €/year).

The analysis of costs for the CCU supply chain follows: total costs are 1.288-10° million €/year (306.43 €/ MWh
or 1671 €/ton CO; captured), carbon dioxide compression and capture costs are 2.750-10° million €/year,
carbon dioxide transportation costs are 1.52 million €/year, methane production costs are 1.260-10° million

€/year, while 28 Mton/year of methane are produced. The supply chain has the highest costs.

We can see that the total costs of supply chain with a power to gas system in the utilization section is in the
range of 953 €/tonCO; captured and 1671 €/ton CO, captured. This high value is due to the high methane
production cost that is in the range of 7.23-10*€/year and 1.26°10° €/year.
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In fact, as also shown in Figure 5, from the above analysis is evident that the main item in the global cost is
the methane production cost with the power to gas process that includes also the hydrogen production by means
of electrolyzers. Here, the most significant contribution is the electrolysis process (Graf et al., 2014; Miiller-

Syring et al., 2013; Hassan et al., 2019).

To support these results, Gotz et al. (2016) write that the power to gas process might play an important role in
the future energy system, however, technical and economic barriers have to be overcome before it can become

commercially successful. This determines a significant effect on the total cost of supply chains.

The relatively high cost of carbon dioxide capture is also reported by Steeneveldt et al. (2006), Leonzio et al.
(2019) and Kalayanarengan Ravi et al. (2017).

The amount of methane that is produced for all considered supply chains is around 20 Mton/year. In particular,
the highest amount of methane is produced in the CCU supply chain (28 Mton/year) followed by the CCUS
supply chain with Area Sulcis as storage site (27.8 Mton/year), while the lowest amount of methane is produced
in the CCUS supply chain with Adriatic sea as storage site (16.1 Mton/year). The different amount of produced
methane depends on the storage capacity: if a lower storage capacity is present, a higher amount of methane is
produced with the aim to achieve the same target of carbon dioxide reduction. This is related to an economic
aspect of the framework. In fact, this is because carbon dioxide storage has a lower cost than methane
production, then in order to minimize the total costs of the considered framework the storage is preferred and
only when the storage capacity is filled, carbon dioxide is utilized. In this way, a trade-off between utilization

and storage is achieved, suggesting an optimal distribution of carbon dioxide between storage and utilization.

For all analyzed cases, considering that methane can be sold at a price of 25 €/ MWh (Eurostat, 2018) revenues

are calculated, as reported in Table 3. Revenues are between 1.13-10° and 1.04-10* million€/year.

However, in order to have a positive profit, economic incentives and carbon tax should be considered. The
benefit on emissions reduction by using carbon policies is reported in Li et al. (2020), while the importance of
these on the equilibrium profit is suggested by He et al. (2019b). Then, for the considered supply chains, the

costs for ton of capture carbon dioxide should decrease with these considerations.

Economic incentives, in fact, should be obtained according to the Directive 2013/12/5 by feeding methane into
the gas network and according to the Directive 6/12/2012 for the production of hydrogen in electrolyzers using
renewable power. A carbon tax equal to 80 €/tonCO; should be considered, even if not yet established in Italy
(In Italy, actually, carbon tax is not present, however the average value of carbon tax present in Europe is
considered for this study (Effective Carbon Price, 2018)).

With this level of carbon tax, for each analyzed case, the value of economic incentives is found in order to

have a positive profit. The calculation is done in the following way. A new value for total costs of a supply
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chain is obtained subtracting to the optimized total costs carbon tax and economic incentives, while the profit
margin is obtained as the new total cost less revenues. At a fixed value of carbon tax, then economic incentives
are progressively changed in calculations until a positive profit is obtained.

Generally, economic incentives should be in the range of 260 €/ MWh and 270 €/ MWh of methane. .

In these conditions, it is possible to conclude that the required incentives represent a high fraction of the total
costs, (for example these are 86% of total costs for the CCUS supply chain with Malossa San Bartolomeo as
storage site), then the power to gas system still remains not convenient as a chemical storage of energy (Di
Costanzo, 2017). A substantial development of technologies involved in the power to gas system and the
increase of exploitation of renewable energy resources are needed to make this system interesting for the issue

of energy storage.

Considering economic incentives and carbon tax, net methane production costs are calculated and estimated

to be in the range 15.2 €/ MWh and 24.6 €/ MWh.

The comparison of different cases shown in Table 3 shows that the CCUS supply chain with offshore Adriatic
sea as storage site ensures to have a net methane production cost lower than the selling price, with the lowest
value of economic incentives, compared to the other cases. In fact, in this case the estimated net methane
production cost is 19.1 €/ MWh while economic incentives are 260 €/ MWh. Considering economic incentives
and carbon tax, the net total costs of supply chain is, instead, of 59.69 €/ton captured CO-, a value comparable

with those reported in literature (Zhang et al., 2018).

For the best CCUS supply chain, considering the data reported by Matzen and Demirel (2016), 7.09:10°
GlJ/year of renewable energies, through photovoltaic systems, are required by the electrolyzer producing 7.41
Mton/year of hydrogen. About 54 electrolyzers with a capacity of 10 MW should be considered for this carbon
supply chain (Dolman and Madden, 2015).

In the CCUS supply chain with Sulcis area as storage site, even if a lower net production cost is obtained (15.2

€/MWh), however, higher economic incentives (270 €/ MWh) are required.

Regarding the CCU supply chain, this is clearly not a good economic choice: even if economic incentives of

260 €/MWh are considered, this system is not profitable.

Actually, the methane production in Italy is 6 billion m*/year (3.9 Mton/year) (Global Energy Statistical
Yearbook, 2018), while the methane demand is 46.5 Mton/year. To satisfy this demand, Italy should import
the remaining methane (about 43 Mton/year ). Using the supply chain with offshore Adriatic sea as storage
site, producing 16.1 Mton/year of methane (about 35% of national demand), it is possible to reduce the import
of methane to 26.9 Mton/year. This finding is particularly important in the present, difficult times when it is

universally recognized that the “global” perspective needs to be re-designed with the introduction of important
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elements of self-sustainment in the economic development of each Country, avoiding the wild relocation of
all activities and assets, specifically those of strategic importance in specific circumstances.The results
obtained suggest that carbon dioxide storage is very important to have the most economically profitable supply
chain with the established reduction of emissions. CCS technology alone has the potential to reduce greenhouse
gas emission by 20% by 2050 (Todd, 2011). Actually, plain CCU has not sense. Carbon dioxide is captured
for environmental problems, and to assure a significant reduction of emissions it is necessary to store it because
the annual amount of carbon dioxide emitted in the atmosphere is simply much larger than the demand of
carbon dioxide-based products. In CCU systems, carbon dioxide demand is limited by the amount of chemicals
that have to be produced, i.e. carbon dioxide sources at smaller scales should be used (IEA and UNIDO, 2011).
Carbon dioxide utilization should not be considered as an alternative technology to carbon capture and storage,
but as a complementary technology realizing the overall technology of CCUS inside the circular economy

(Bringezu et al., 2014).

According to the COP21 Paris agreement, CCU systems should be considered further to reduce emissions and
to achieve the fixed targets in addition to storage systems. As reported by Ericson et al. (2015) and Mikkelsen
et al. (2010), CCU is a technology used to improve the development of CCS through CCUS systems.

Carbon dioxide utilization itself does not allow the direct reduction of emissions, but only reduces the used
fossil raw resources (Naims, 2016). It is worth to underline that carbon dioxide incorporated in each product
will ultimately be emitted again into the atmosphere, then, according to the lifetime of each product, carbon
dioxide might just as well be stored for days or weeks to years or even decades (Styring et al., 2011; von der
Assen et al., 2013). For these reasons, a CCU supply chain does not allow the primary strategic ambition to
contribute significantly to mitigating climate change but rather needs to be considered as a component in a
larger mitigation strategy (Bruhn et al., 2016). Cuéllar-Franca and Azapagic (2015), Sternberg and Bardow
(2015), von der Assen and Bardow (2014) demonstrate that CCU systems have not necessarily a positive effect
on the environment but are more related to political strategies of resources utilization, reducing the used
amount of fossil raw materials or process energies. Then it is important also the storage that is recognized as

an emission reduction instrument.

Several actions have to be developed to promote the CCUS supply chain: capture technologies need to be
improved until they become commercially competitive, best options for CO, transportation networks need to
be ascertained, storage sites have to be identified, industrial processes that use CO; as feedstock need to be
deployed, and the general public should know and recognize the "CCUS chain" as an alternative to CO>

emissions mitigation (Perez Fortes et al., 2014).

4. Conclusions
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In this research work, a power to gas system, producing methane, is integrated in different CCUS supply chains
and in a CCU supply chain for Italy. The different CCUS supply chains have different storage sites (saline
aquifer with a fixed storage capacity). These systems are designed and optimized minimizing the total costs
and achieving the target for emission reduction that Italy should achieve by 2030. In literature, no power to
gas systems are integrated in a carbon capture utilization and storage supply chain, then the novelty of this
research is clear, moreover an interesting comparison between a CCUS and a CCU supply chain is suggested.
The analysis of the optimized topology shows that, in each CCUS supply chain, financial incentives (related
to carbon tax and the production of methane from renewable energy) are required for the economic feasibility.
A comparison of the considered frameworks, shows that by using offshore Adriatic sea storage site, net
methane production cost is lower, with the lowest required economic incentives, then it is the best economic
solution. For this system, total costs are 7.34:10* million €/year without economic incentives, and 16.1
Mton/year of methane are produced, so that net methane production cost is 19 €/ MWh when a proper level of
incentives is considered (80 €/ton for carbon tax and 260 €/ MWh of methane for economic incentives). In this
way, Italy can reduce the import of methane substantially.

Another important result obtained by the economic analysis is that, due to the cost of the electrolysis process
to get hydrogen needed by carbon dioxide hydrogenation, methane production costs are higher than carbon
capture and compression costs, which are often mentioned as the major economic barrier to establish a carbon
supply chain.

The results obtained show that, a CCU supply chain system is not a good solution, due to an even higher net
methane production cost, although a higher methane production is ensured. Then, it is important to have a
storage site inside the supply chain. In fact, carbon capture and storage aims at climate change mitigation,
according to the environmental policy, while carbon capture and utilization aims to reduce fossil resources
consumption by reusing the emitted carbon dioxide and shifting industrial processes toward renewables.

The option of carbon dioxide utilization alone is not sufficient to achieve national and international climate
change mitigation; the support of carbon storage is required.

Future works should consider the development of a stochastic model for the best CCUS supply chain with the

aim to evaluate the influence of uncertainty on its design.
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Nomenclature

Index

1 Carbon dioxide source

j Carbon dioxide capture technology

k Carbon dioxide geological storage sites and methane production site
Parameter

b parameter in SIC (M€)

C™ maximum storage capacity for storage site k (ton)

CR™" minimum target for overall carbon dioxide reduction (ton/year)
CS;total carbon dioxide emissions from source i (ton/year)

Dix distance between carbon source and storage site (km)

Pix distance between carbon source and utilization site (km)

dwei depth of well (km)

F; total feed flue gas flow rate from source i (mol/s)

Fi;« total flue gas flow rate that from source ‘i’, through capture technology ‘j° sent to utilization/storage

section ‘k’ (mol/s)

F; terrestrial factor

m parameter in SIC (M€/km)

myj parameter in CIC

mo, parameter in COC

nj parameter in CIC

no,j parameter in COC

Xcoz carbon dioxide molar fraction

XS carbon dioxide composition in the flue gas emission from source i (mol%)
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827

828

829
830
831
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833

XL;lowest composition processing limit for capture plant j (mol%)

XH; highest composition processing limit for capture plant j (mol%)

Variables

X,k 1 if carbon dioxide from source ‘i’, is captured using capture technology ‘j” and stored in storage site ‘k’,

0 otherwise

Yi,x 1 if carbon dioxide is captured from source ‘i’ with capture technology ‘j’ and sent to storage/utilization

site ‘k’, 0 otherwise

FR;jx fraction of the carbon dioxide captured from source ‘i’ using capture technology ‘j” and sent to the

storage site ‘k’

MR fraction of the carbon dioxide captured from source ‘i’ using capture technology ‘j° and sent to

utilization site ‘k’

Abbreviations

AEL, Alkaline Electrolysis

AIMMS Advanced Interactive Multidimensional Modeling Systems
CCR capital cost recovery

CCUS Carbon Capture Utilization and Storage

CCU Carbon Capture and Utilization

CCS Carbon Capture and Storage

CC carbon dioxide capture and compression costs (€/year)

CDC flue gas dehydration costs (€/year)

CH4P,, CH4P methane production costs (€/year)

CIC investment carbon dioxide capture and compression costs (€/year)
COC operating carbon dioxide capture and compression costs (€/year)
EU European Union

IC Maximum injection capacity
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864
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IL ionic liquid
MEA Monoethanolamine
MILP Mixed Integer Linear Programming

Npulld number of wells

PEMEL Polymer Electrolyte Membrane Electrolysis
PSA Pressure Swing Adsorption

SC carbon dioxide storage costs (€/year)

SIC investment carbon dioxide storage costs (€)
SOEL Solid Oxide Electrolysis

SOC operating carbon dioxide storage costs (€/year)
VSA Vacuum swing adsorption

TC total carbon dioxide transportation costs (€/year)
TH Time Horizon

TIC investment carbon dioxide transportation costs (€)

TOC operating carbon dioxide transportation costs (€/year)

Greek letters

orj parameter in CIC
ao,j parameter in COC
o parameter in TIC
Brj parameter in CIC
Boj parameter in COC
Biparameter in TIC
v1j parameter in CIC

Yo, parameter in COC
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1260 Table 1

1261 Data about carbon dioxide sources

CO» source CO; emissions  CO» content in flue gas Flue gas

? (Mton/year) (mol%) (mol/s)

1 Puglia 68.6 17 2.91-10°

2 Lombardy 46.8 18 1.87-10°

3 Sicily 41.5 4 7.48:10°

4 Lazio 28.2 14 1.45:10°

5 Sardinia 26.4 13 1.46°10°

6 Veneto 22.5 21 7.72:10°

7 Emilia Romagna 21.8 13 1.21-10°

8 Piedmont 19.7 18 7.89-10*

9 Liguria 17.6 15 8.45-10*

10 Tuscany 16.8 11 1.11-10°
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277

1278



Table 2

Topology of CCUS and CCU supply chains (*)

Yearly rate of CO:z captured

Storage site Destination of captured CO: - Regions of Capture Capture technology (Mton/year)
1=Membrane 1=14.4
Utilization 1,7,8 7=MEA absorption 7=19.6
Malossa san Bartolomeo (a) 8=MEA absorption 8=17.7
Storage 2 2=MEA absorption 2=153
1=Membrane 1=30
To utilization 1,7,8 7=MEA absorption 7=19.6
Pesaro sea (b) 8=MEA absorption 8=17.7
To storage 2 2=IL Absorption 2=9.6
1=MEA absorption 1=6.82
o To utilization 1,7,8 7=MEA absorption 7=19.6
Adriatic sea (c) 8=MEA absorption 8=17.7
To storage 2 2=MEA absorption 2=32.8
1=MEA absorption 1=39.6
) To utilization 1,7,8 7=MEA absorption 7=11.6
Cornelia (d) 8=MEA absorption 8=17.7
To storage 7 7=MEA absorption 7=8
1=Membrane 1=39.6
To utilization 1,7,8 7=Membrane 7=3.64
Offshore Marche (e) 8=PSA 8=17.7
To storage 7 7=IL absorption 7=16
1=MEA absorption 1=35.6
) ) To utilization 1,7,8 7=MEA absorption 7=19.6
Offshore Calabria lonic (f) 8=MEA absorption 8=17.7
To storage 9 9=IL absorption 9=4
1=Membrane 1=39
) To utilization 1,7,8 7=Membrane 7=19.6
Area sulcis (g) 8=Membrane 8=17.7
To storage 5 5=PSA 5=0.6
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(h)-

To utilization

2,78

2=MEA absorption
7=Membrane
8=IL absorption

2=39.6
7=16.9
8=17.7

(* For the number see Table 1)

To storage
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Table 3

Economic results of analyzed carbon supply chains

Storage site Cost categories Methane Yield Revenue Catl:;on Economic incentives net Methane production
*) (milion€/year) (Mton/year) (milion€/year) (€/ton) (€/MWh) costs (E/MWh)

CO:z capture and compression 358.6
COgz storage 193

a CO: transportation 1.52 225 87600 80 260 234
Methane production 101127
Total costs © 101700
CO2 capture and compression 508.3
COz storage 67.3

b CO;, transportation 1.52 245 95600 80 260 24.6
Methane production 110300
Total costs® 110900
CO:2 capture and compression 999.4
COgz storage 115

¢ CO: transportation 1.52 16.1 62700 80 260 19.1
Methane production 72300
Total costs® 73400
CO2 capture and compression 202.7
CO:z storage 56.11

d CO; transportation 1.52 25.1 97900 80 260 24.4
Methane production 112900
Total costs® 113200
COz capture and compression 858

e CO» storage 52.8 222 86500 80 260 24.1

1.52

COz transportation
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Methane production 99800

Total costs® 100700
COz capture and compression 1960
COz storage 13.26
f CO: transportation 1.52 26.5 108000 80 270 19.4
Methane production 119500
Total costs® 121500
CO:2 capture and compression 33.34
CO:z storage 9.8
& COg transportation 1.52 27.8 10400 80 270 152
Methane production 125000
Total costs® 125100
CO:2 capture and compression 2750
COz storage -
h COgz transportation 1.52 28 113000 80 270 21.8
Methane production 126000
Total costs® 128800

(* for storage site see Table 2; © the total costs are not considering carbon tax and economic incentives, then a higher value than revenue is obtained)
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Figure 2 Trend of carbon dioxide emissions in Italy (OECD, 2020)
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Figure 3 a) The ten Italian regions (highlighted) chosen as carbon dioxide emission sources; b) Storage and
Utilization sites
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Figure 4 Amount of CO; captured from each source and sent to utilization and/or storage: a) CCUS supply
chain with Malossa San Bartolomeo as storage site; b) CCUS supply chain with Pesaro sea as storage site; c)
CCUS supply chain with Offshore Adriatic sea as storage site; d) CCUS supply chain with Cornelia as storage
site; €) CCUS supply chain with Offshore Marche as storage site; f) CCUS supply chain with Offshore Calabria
Ionic storage site; g) CCUS with Area Sulcis as storage site; h) CCU supply chain.
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Figure5 Results of carbon supply chain network: a) CCUS supply chain with Malossa San Bartolomeo as
storage site; b) CCUS supply chain with Pesaro sea as storage site; ¢) CCUS supply chain with Offshore
Adriatic sea as storage site; d) CCUS supply chain with Cornelia as storage site; ¢) CCUS supply chain with
Offshore Marche as storage site; f) CCUS supply chain with Offshore Calabria Ionic storage site; g) CCUS
with Area Sulcis as storage site; h) CCU supply chain. (Legend: a CO; source; * storage site; © utilization
site, — =+ CO; transportation from source to utilization, — CO- transportation from source to storage).
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Figure 6 Cost analysis of: a) CCUS supply chain with Malossa San Bartolomeo as storage site; b) CCUS
supply chain with Pesaro sea as storage site; ¢) CCUS supply chain with Offshore Adriatic sea as storage
site; d) CCUS supply chain with Cornelia as storage site; €) CCUS supply chain with Offshore Marche as
storage site; f) CCUS supply chain with Offshore Calabria Ionic storage site; g) CCUS with Area Sulcis as

storage site; h) CCU supply chain.
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