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Abstract 30 

The mathematical model for carbon capture, utilization and storage supply chains is developed for Italian 31 

regions. This model is used to design supply chains minimizing  total costs and reducing significantly carbon 32 

dioxide emissions. Carbon dioxide can be stored or utilized to produce methane through a power to gas system, 33 

where hydrogen is obtained by the electrolysis of water using renewable power while methane is fed to the gas 34 

grid. The Mixed Integer Linear Program model is applied to design carbon systems developed for ten regions 35 

with major carbon dioxide emissions, while different saline aquifers are proposed as storage sites.  Results 36 

show that the Adriatic sea is the most appropriate offshore storage site in the supply chain. This leads to a 37 

lower net methane production cost and to the lowest level of economic incentives as compared to other cases.  38 

The total costs of this supply chain are 7.34·104 million €/year (953 €/tonCO2 captured), and 16.1 Mton/year 39 

of methane are produced. The supply chain does not result economically favorable without substantial financial 40 

incentives (80 €/tonCO2 for carbon tax and 260 €/MWh economic incentive for methane production).  41 

Comparing supply chains that include simultaneous utilization and storage of carbon dioxide with a carbon 42 

capture and utilization supply chain (without storage) shows that the latter is economically less favorable. In 43 

addition to mitigation of carbon environmental impact for the whole Country, the large scale supply chain 44 

proposed here meets 35% of Italy’s methane demand as a whole, a significant contribution to a global 45 

economic perspective, widely discussed nowadays, which should include self-sustainment elements at regional 46 

level. 47 

 48 
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1. Introduction 54 

In Europe, environmental policies led to a considerable reduction of overall greenhouse gas emissions, 55 

compared to  1990 levels. The European Union (EU) stated that every European country should have carbon 56 

dioxide emission reductions of 40% by 2030, 60% by 2040 and 80% by 2050 in comparison to the 1990 57 

baseline (European Commission, 2011). 58 

However, after four years of decreasing emissions (by an average of 3.1% per year during 2011–2014), 59 

emissions in the EU increased again of 1.3% in 2015, as compared to 2014 level. Total European carbon 60 

dioxide emissions in 2015 reached 3.5 Gt, about 50 Mt more than in 2014 (Olivier et al., 2016).  61 

Regarding Italy, in 2016, carbon dioxide emissions were equal to 352 Mt (Gracceva et al., 2017). A  larger 62 

contribution came from power generation (29.5%) and transportation (29.3%) sectors; nonindustrial 63 

combustion accounted for 21.6% and manufacturing and construction industries for 14.4%, while the 64 

remaining emissions came from industrial processes (4.2%) (Romano et al., 2017). 65 

Despite the notable progress in expanding renewable energy utilization and reducing the emission of 66 

greenhouse gases, different national experts criticize aspects of Italy’s energy and environmental policy, which 67 

still relies on fossil fuels (Climate Transparency, 2018). Only in  last years, a National Energy Strategy was 68 

developed with the aim to be more competitive, more sustainable and more secure, also according to the Paris 69 

Agreement on Climate Change.  70 

The strategic actions for Italy are as follows: further dissemination of renewable energies, promoting energy-71 

efficiency projects that maximize sustainability benefits with the decarbonization of  energy system (in 72 

particular decommissioning coal-fired power plants by 2025), doubling public investments allocated for 73 

research and development of clean-energy technologies, from € 222 million in 2013 to € 444 million in 2021.   74 

It is necessary to reduce the final energy consumption by a total of 10 Mteq, to reach a 28% share of renewables 75 

in total energy consumption and a 55% share of renewables in electricity consumption, by 2030 (Italy’s 76 

national energy strategy, 2017). 77 

In this context, power to gas systems have an important role, because these can reduce carbon dioxide 78 

emissions, satisfying the national methane demand (Parra et al., 2017).   79 

Studies related to the applicability of a power to gas process in Italy are rare (Guandalini et al., 2017; 80 

Colbertaldo et al., 2018). In Guandalini et al. (2017), the potential application of a power to gas system using 81 

renewable energies is considered for the near future in Italy. In Colbertaldo et al. (2018)  the role of a power 82 

to gas system in an integrated multi-energy system (especially transport sector) is considered always in Italy.  83 

Indeed, literature works describe mainly power to gas processes in Germany (Leonzio, 2017; Lewandowska-84 

Bernat and Desideri, 2017; McKenna et al., 2018; Konig et al., 2018; Varone and Ferrari, 2015) that is the 85 

spearhead country for the development of power to gas systems. There are other national studies related to 86 

carbon utilization for methane production in Finland (Ikäheimo, 2017), Spain (Bailera and Lisbona, 2018; 87 

Bailera et al., 2017), France (Scamman and Newborough, 2016), Great Britain (Qadrdn et al., 2015) and Ireland 88 
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(Vo et al., 2017). For most of these works, a technical-economic feasibility investigation of a power to gas 89 

process is performed and described.  90 

Moreover, power to gas projects are under development in Germany, Denmark, Switzerland, United States, 91 

Austria, Japan, Netherlands, Sweden, Spain, Poland and Thailand (Bailera et al., 2017). An important project, 92 

STORE&GO is started to demonstrate the power to gas technology in Switzerland, Germany and Italy (Bailera 93 

et al., 2017). 94 

Carbon dioxide can be captured and used to produce methane through carbon capture and utilization supply 95 

chains (CCU) including the power to gas process in the utilization section. If carbon dioxide is also partially 96 

stored, carbon capture utilization and storage supply chains (CCUS) are realized.  97 

General carbon supply chains will have an important role inside the green economy, according to the 98 

sustainability criteria, including also risk concerns (Styring et al., 2011; Awasthi et al., 2018). An interesting 99 

review about low carbon supply chains, covering sustainability, climate change and innovation, is reported by 100 

Shaharudin et al. (2019). These systems are investigated in economic and environmental aspects. Economic 101 

considerations about these frameworks, suggesting cost- and revenue-sharing contracts are presented in Yu et 102 

al. (2020): these contracts are compared in terms of the performances of profitability, emission reduction and 103 

customer benefit. In a deeper analysis, Kang et al. (2019) find that for a sustainable system, in the low-carbon 104 

technology development stage, only one player (the manufacturer or the retailer) should employ a low-carbon 105 

behavior, while in the advanced low-carbon technology stage, only the retailer should employ a low-carbon 106 

behavior. For an environmental aspect, a product carbon footprint model for all activities of sustainable supply 107 

chains is suggested in the work of He et al. (2019a).  108 

In this research, carbon supply chains with methane production are taken into consideration.  109 

Our studies show that CCUS supply chains, where power to gas systems are used as  utilization options, are 110 

seldom considered, as in the following literature works about carbon supply chains.  At first studies about CCS 111 

supply chains are investigated. Among them, Hasan et al. (2012 a,b), optimize a supply chain in the United 112 

States and find correlations for capture and compression costs as a functions of flue gas flow rate and carbon 113 

dioxide concentration.  114 

Kalyanarengan Ravi et al. (2017) design and optimize a CCS supply chain in The Netherlands, and find that 115 

pressure swing adsorption (PSA) is preferred to other capture technologies due to lower costs.  116 

Santibanez-Gonzalez (2017) present a stochastic, mixed-integer linear optimization model for a CCS supply 117 

chain network in Brazil, considering also  carbon tax. Uncertainties are taken into account also by Wu et al. 118 

(2015). Integrated systems are considered: Akgul et al. (2014) optimize a CCS supply chain integrated to a 119 

biomass supply chain for the United Kingdom, using a spatially-explicit, static, multi-objective, mixed integer 120 

nonlinear programming model. On the other hand, Bakken and von Streng Velken (2008) propose a simple 121 

linear model for Norway, aiming at the economic optimization of a power system infrastructure including 122 

CCS. The importance of these frameworks are also analyzed: Odenberger and Johnsson (2010) discuss the 123 

potential of CCS supply chains to decrease carbon dioxide emissions in Europe. The importance of a CCS 124 
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system to reduce carbon dioxide emissions in China is reported in Zhu et al. (2015). Other analyses for CCS 125 

supply chains are developed by Klokk Schreiner et al. (2010), for the North Sea regions, by Strachan et al. 126 

(2011), Elahi et al. (2014) and by Middleton et al. (2012) for Texas.  127 

 D’Amore and Bezzo (2017) suggest a spatially explicit, time-dependent Mixed Integer Linear Programming 128 

(MILP) model for a CCS supply chain in Europe with the aim to minimize the total cost. They find that the 129 

costs of carbon capture, transport and storage system are in the range of 27–38 €/ton of CO2. The social 130 

acceptance is considered for a CCS in their following work (D’Amore et al., 2020).  131 

Studies on CCU (carbon capture and utilization) and CCUS supply chains producing carbon-dioxide–based  132 

valuable products are even less numerous.  133 

Han and Lee (2012) analyze a multi-period stochastic model for carbon dioxide capture, transport, and 134 

utilization on the eastern coast of Korea. This work is improved by Han and Lee (2013) considering also 135 

techno-economic-, environmental- and risk analysis. Dimethyl ether is produced in the CCU supply chain 136 

suggested by Michailos et al. (2019): the technical performance and economic viability are analyzed.  137 

Other works are about CCUS supply chains. In Yue and You (2015), carbon dioxide through a CCUS supply 138 

chain is used to grow algae for biofuel production. Ochoa Bique et al. (2018) integrate a carbon dioxide and a 139 

hydrogen supply chain in Germany in order to produce methanol in a sustainable way via hydrogenation. 140 

Results show that this solution is feasible only when the electricity for the electrolyzer is delivered for free. 141 

In a recent work, Leonzio et al. (2019a) develop a CCUS supply chain for Germany where carbon dioxide is 142 

used to produce methanol via dry reforming. Results suggest that an amount of methanol greater than the 143 

national demand is produced. Then Leonzio et al. (2019b) consider a CCUS supply chain for Germany where 144 

carbon dioxide can produce urea, methanol, concrete, wheat, polyurethane, calcium carbonate, lignin. In both 145 

these works,  total costs are minimized in order to design the best supply chain. CCUS supply chain are also 146 

used for oil recovery. A feasibility study of a CCUS with the recovery of oil is developed by Suicmez (2019) 147 

for the Danish North Sea. A similar study for this system is also considered by Guo et al. (2020), analyzing 148 

the investment and carbon capture process from the perspective of the whole project process, and providing a 149 

feasible reference for practical large-scale engineering decision-making project. Another feasibility study for 150 

a CCUS supply chain with oil recovery in Nebraska is presented by Wildgust et al. (2019).  151 

As it is possible to deduce from this review of the literature, and as already mentioned, carbon capture 152 

utilization and storage supply chains producing methane via a power to gas process are not previously 153 

considered, because other products as urea, methanol, concrete, wheat, polyurethane, calcium carbonate, 154 

lignin, algae, etc. are taken into account in the utilization section. On the other hand, Bassano et al. (2020) 155 

suggest the integration of a small-scale, portable power to gas system in a CCS supply chain, a quite different 156 

concept from the Country-scale CCUS supply chain proposed in this work.  The current contribution is aimed 157 

at filling a gap in the state of the art. The model, in fact, is able to find, for the whole Italy, a potential 158 

distribution of carbon dioxide between the utilization and storage sites, in order to achieve the minimum target 159 

for reduction of emissions, and, at same time, a considerable contribution to availability of locally produced 160 
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methane for the grid, which is very capillary and addressed to a large variety of applications, starting from the 161 

production of electricity, moving to various industrial sectors (big and small enterprises and installations), to 162 

public and private means of transportation, down to house heating and cooking.  163 

In this research, the CCUS supply chain model integrated with a power to gas system is proposed with the aim 164 

to minimize the total costs and ensure the target of CO2 reduction for Italian regions. The integration supposes 165 

that the captured carbon dioxide is sent into a methanation reactor, where hydrogen produced by water 166 

electrolysis using solar energy is added for the reaction.  167 

Moreover, it is important to taken into account methane as one of the most important product obtained via 168 

carbon dioxide hydrogenation. 169 

Also, the production of methane is  specifically selected for the Italian regions because the potential production 170 

of methanol, investigated already in the literature, is very low there (Patricio et al., 2017). On the other hand, 171 

Italy would have the opportunity to satisfy the national methane demand, producing methane by hydrogenation 172 

of carbon dioxide. In addition, an existing capillary network for methane is present in Italy.  173 

For the supply chain, ten Italian regions, those with grater carbon dioxide emissions, are selected as carbon 174 

dioxide sources, Verbania is selected as the utilization site with a power to gas plant, while different saline 175 

aquifers (Malossa San Bartolomeo, Pesaro sea, offshore Adriatic sea, Cornelia, offshore Marche, offshore 176 

Calabria ionic sea, Sulcis area) are selected as potential storage sites. Due to the huge storage capacity of these 177 

sites, seven CCUS supply chain configurations, each with a different storage site, are considered  178 

Another innovative point is suggested and it is about the comparison of different CCUS supply chains with a 179 

CCU supply chain to understand the importance of a storage site for the management of carbon dioxide.  180 

1.1 Power to gas system 181 

In a power to gas process, carbon dioxide is valorized and used to produce methane by hydrogenation 182 

(Schlereth and Hinrichsen, 2014; Schiebahn et al., 2015). Methane is one of  chemical compounds that can be 183 

obtained by carbon dioxide, in addition to formic acid, dimethyl ether, methanol, methyl formate, ethylene 184 

glycol, acetic acid, urea, etc. (Roh et al., 2016; Vooradi et al., 2018; Mignard and Pritchard, 2006; Leonzio et 185 

al., 2019b; Koohestanian et al.,2018; Leonzio et al., 2017; Bassano et al., 2019).  186 

The required hydrogen is produced by electrolysis using renewable energies as wind or solar energy (the 187 

technical potential for wind and solar power generation in Italy is assessed in several studies (Hoefnagels, 188 

2011).  189 

Different sources of carbon dioxide can be taken into account: biogas and syngas (Browne et al., 2011; Urban 190 

et al., 2009), thermal plants (Probert, 2011), air through absorption and electro-dialysis (House et al., 2011; 191 

Allen et al., 2012) or flue gases of industrial processes, as cement production (Metz, 2005), iron and steel 192 

production (Metz, 2005), ethylene oxide production (Othmer, 2007), etc.  193 
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Overall, in a power to gas system, the renewable electric energy can be transformed into  storable methane via 194 

electrolysis and subsequent carbon dioxide hydrogenation through methanation, via the Sabatier reaction 195 

(Leonzio, 2017; Ma et al., 2018). Power to gas system is a promising way to manage and store fluctuating 196 

electricity produced by renewable energy sources, then a highly effective integration of renewables is obtained. 197 

It can be used not only as an energy storage technology, but also as a tool for balancing electric and gas grids 198 

(Lewandowska-Bernat and Desideri, 2017). For power to methane technology, it is estimated that the energy 199 

efficiency from renewable energies to gas is about 30-40%, a value similar to that obtained by conventional 200 

power plants (this should be about 40-50% by 2030) (Sauer et al., 2012).  201 

The reaction involved in the methanation is the following (see Eq. 1) (Catarina Faria et al., 2018): 202 

𝐶𝑂2 + 4·𝐻2 =  𝐶𝐻4 + 2·𝐻2𝑂                  ∆𝐻𝑅 = −165 𝑘𝐽/𝑚𝑜𝑙                                                   (1) 203 

It is a reversible and exothermic catalytic reaction process consisting of the combination of endothermic 204 

reverse water gas shift (RWGS) and exothermic CO methanation (Stangeland et al., 2015). It can be 205 

accompanied by the Boudouard reaction (see Eq. 2) (Di Felice and Micheli, 2015): 206 

2𝐶𝑂 = 𝐶 + 𝐶𝑂2                    ∆𝐻𝑅 = −173 𝑘𝐽/𝑚𝑜𝑙                           (2) 207 

Sabatier reaction is favored at a temperature in the range between 200 °C and 500 °C and relatively high 208 

pressure (10-30 bar), where CO2 conversion and CH4 selectivity can reach values close to 100%, especially in 209 

stoichiometric conditions (Stangeland et al., 2015). A Nickel based catalyst is used for this reaction, due to its 210 

selectivity, activity and convenient price (Kopyscinski et al., 2010). Ru, Rh and Co on various oxide supports 211 

(TiO2, SiO2, MgO, and Al2O3) can also be used (Brooks et al., 2007). The effect of pressure, H2/CO2 ratio and 212 

water concentration on methanation reaction is analyzed by Gao et al. (2012). The authors find that higher 213 

pressure and higher H2/CO2 ratio often lead to higher carbon dioxide conversion and higher methane 214 

selectivity. The addition of water to the feed gas has slight negative effect on the carbon dioxide conversion 215 

and methane selectivity, but not significant. Miguel et al. (2015) find that CO2 conversion decreases with 216 

temperature but increases with the H2/CO2 ratio. 217 

The kinetic mechanism for carbon dioxide methanation depends on the used catalyst, also considering active 218 

metal, support and promoters. However, two popular schemes can be considered: (i) CO intermediate pathway, 219 

where direct carbon dioxide dissociation occurs on the surface and CO is hydrogenated stepwise to methane 220 

and (ii) RWGS pathway, where formate (HCOO−) is formed as intermediate by carbon dioxide adsorption on 221 

the surface, followed by reaction with chemisorbed H (Lee et al., 2020).In the process, adiabatic fixed bed 222 

methanation reactors are connected in series with intermediate gas cooling or the recycle of reactant gas in 223 

order to reach high yields. In addition to this, an isothermal fluidized bed reactor can be used with the advantage 224 

to easily remove, add and recycle catalyst during the operation (Di Felice and Micheli, 2015; Kopyscinski et 225 

al., 2010). Generally, in addition to a  catalytic reaction, a biological methanation can be also considered for 226 

power to gas systems (Ma et al., 2018). 227 
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The overall reaction involved in the electrolyzer is the following (see Eq. 3) (Buttler and Spliethof, 2018): 228 

𝐻2𝑂 → 𝐻2 +  
1

2
 𝑂2                                                                                      (3) 229 

Water is dissociated into pure hydrogen and oxygen by means of direct current. The main water electrolysis 230 

technologies are: Alkaline Electrolysis (AEL), Polymer Electrolyte Membrane Electrolysis (PEMEL) and 231 

Solid Oxide Electrolysis (SOEL) according to the electrolyte that separates anode and cathode (Smolinka et 232 

al., 2011). Among them, AEL is the most mature technology also at large scale, with the lowest investment 233 

and maintenance cost. Hydrogen conversion efficiency is between 43-66% (Ma et al., 2018). On the other 234 

hand, PEMEL device ensures a flexible energy storage with an hydrogen conversion efficiency of about 68-235 

72% and these are currently commercially available at small scale (Ma et al., 2018). SOEL electrolyzers are 236 

still at pre-commercial scale (laboratory scale), however these would assure higher efficiencies and represent 237 

a very promising technology for  future (Laguna Bercero, 2012; Gotz et al., 2016).  238 

2. Mathematical model of  CCUS supply chain 239 

2.1 Problem statement 240 

Capturing CO2 from  right sources and storing it in  right sites and in  right amount is crucial for CCUS systems 241 

to be cost effective. Therefore, CCUS design faces problems occurring at multiple temporal and spatial scales, 242 

which pertain to different challenges and alternatives at each of these levels (Papadopoulos and Seferlis, 2017). 243 

It is important to consider the entire supply chain and the an overall optimization, since an optimum capture 244 

rate and cost may exist, lower than that obtained considering the optimization of each single step, about the 245 

single element of these frameworks (Alhajaj et al., 2013).  246 

For the developed CCUS supply chain, the following assumptions are made:  247 

- capture plants and carbon dioxide sources are located at the same place, to avoid the transportation of 248 

flue gas from carbon dioxide sources to capture treatment sites; 249 

- one to one coupling of source and capture node: one source node can be connected to only one capture 250 

node in the storage and utilization section and one capture node can receive from only one source 251 

node, though in principle connecting multiple sources to one capture plant is possible (Kalyanarengan 252 

Ravi et al., 2017); 253 

- carbon dioxide is transported from  sources to the storage and utilization sites always by pipeline, 254 

chosen as the most efficient system (Ochoa Bique et al., 2018); 255 

- methane is produced via the catalytic Sabatier reaction with complete carbon dioxide hydrogenation, 256 

in a power to gas system, where hydrogen is produced by the electrolysis of water through PEMEL 257 
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electrolyzer using renewable power energy (a portion of electricity from network is any case present 258 

(Matzen and Demirel, 2016)) (Parra et al., 2017; Leonzio, 2017; Di Felice and Micheli, 2015); 259 

- for the power to gas system, the material balance, based on the stoichiometric conditions of Sabatier 260 

reaction, is taken into account to evaluate the amount of methane that is produced from the captured 261 

carbon dioxide sent to the utilization section; 262 

- the structure, and consequently the mathematical model, is in steady state conditions over a horizon 263 

time of 25 year: the aim of the research is, in fact, to design the supply chain at its optimum conditions;  264 

- methane production is constant over time due to  stationary conditions and it is sent to the gas grid 265 

network;  266 

- methane produced in the utilization section can be sold at a stable price, set by market; 267 

With these assumptions, a mathematical model is developed for the supply chain, when the following 268 

information is provided:  269 

-  carbon dioxide sources, with their respective locations, yearly carbon dioxide emissions and flue gas 270 

compositions (Green report, 2017; Green, 2014; OECD, 2020); 271 

- capture and compression technologies, defining the used materials and costs (Nguyen and Zondervan, 272 

2018; Kalyanarengan Ravi et al., 2017; Hasan et al., 2012a,b); 273 

- carbon dioxide transportation mode, chosen to be via pipeline, with associated costs and distances 274 

from source sites  to power to gas utilization and storage sites (Knoope et al., 2013); 275 

-  power to gas plant, with its location and methane production cost (Reichert, 2012);  276 

-  carbon dioxide storage sites, with their costs and capacities (Hendriks, 1994; Hasan et al., 2014); 277 

The model so developed allows us to decide which carbon dioxide sources to use from a given set of sources 278 

and the yearly carbon dioxide flow rate to be captured from each selected source; which technologies and 279 

material combinations should be used for carbon dioxide capture process in each selected source; the amount 280 

of captured carbon dioxide sent to the storage and utilization; the amount of produced methane.   281 

The objective is to minimize  total costs, including carbon dioxide capture and compression costs, carbon 282 

dioxide transportation costs, carbon dioxide storage costs, methane production via power to gas costs (where 283 

hydrogen is produced via water electrolysis).  284 

2.2 CCUS supply chain model 285 

To develop a mathematical model as a Mixed Integer Linear Programming model, sets, parameters, variables, 286 

constraints, equations and the objective function should be defined, as in the following sections.  287 
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2.2.1 Sets 288 

The following sets are considered:  289 

i ∈ (1…….I) – carbon dioxide stationary source 290 

j ∈ (1,…….J) – carbon dioxide capture technology 291 

k ∈ (1,……K) – carbon dioxide geological storage sites and utilization site  292 

2.2.2 Parameters 293 

The model contains the following parameters: 294 

CRmin – Minimum target for overall carbon dioxide reduction rate (ton/year) 295 

CSi – Total carbon dioxide emission from each source i (ton/year) 296 

Fi – Total feed flue gas flow rate from each source i (mol/s) 297 

XSi – Carbon dioxide composition in  flue gas emission from source i (mol%) 298 

XLi – Lowest composition processing limit for  capture technology j (mol%) 299 

XHi – Highest composition processing limit for  capture technology j (mol%) 300 

Ck
max – Maximum storage capacity for  storage site k (ton) 301 

2.2.3 Variables 302 

To select a specific source, capture plant and storage site a binary variable Xi,j,k is introduced (1, if carbon 303 

dioxide from source ‘i’ is captured using a technology-material combination ‘j’ and is stored in storage site 304 

‘k’; 0, otherwise). To choose the capture technology a binary variable Yi,j,k is used (1 if carbon dioxide is 305 

captured from source ‘i’, with capture technology/material ‘j’ and sent to the storage/utilization site ‘k’; 0 306 

otherwise). In particular, for each selected source, a capture technology that is able to reduce carbon dioxide 307 

capture and compression costs for the specific flow gas flow rate and its carbon dioxide composition is 308 

selected. Then, the choice of capture technology is mainly related to capture costs, flue gas flow rate and its 309 

carbon dioxide compositions: for these two last parameters, the capture technology that ensures a low capture 310 

cost and then the minimum total cost of system is suggested.  311 

To determine carbon dioxide fraction that is captured from each source, continuous variables (with a value 312 

between 0 and 1)are used: FRi,j,k (the fraction of carbon dioxide captured from source ‘i’ using capture plant 313 

‘j’ and stored to  storage site ‘k’) to define the fraction of captured carbon dioxide sent to the storage site, 314 

MRi,j,k (the fraction of carbon dioxide captured from source ‘i’ using capture plant ‘j’ and processed in  methane 315 

production site ‘k’) to define the fraction of captured carbon dioxide sent to the utilization site.  316 
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2.3 Model development 317 

2.3.1 Constraints 318 

The following constraint for Xi,j,k, the variable defined above, ensures that the captured carbon dioxide is not 319 

divided in many storage sites (see Eq. 4)  320 

∑ 𝑋𝑖,𝑗,𝑘 ≤ 1

(𝑗,𝑘)∈(𝐽,𝐾)

            ∀ 𝑖 ∈ 𝐼                                                                       (4) 321 

This constraint also guarantees the one to one coupling assumption between sources and capture systems in 322 

the storage section.  323 

Each storage site has a maximum capacity that should be not exceeded, through the following constraint (see 324 

Eq. 5): 325 

∑ 𝐶𝑆𝑖 ∙ 𝐹𝑅𝑖,𝑗,𝑘 ≤
𝐶𝑘

𝑚𝑎𝑥

𝑇𝐻
(𝑗,𝑖)∈(𝐽,𝐼)

            ∀     𝑘 ∈ 𝐾                                             (5) 326 

where CSi is the total carbon dioxide emission from source ‘i’, Ck
max is the maximum storage capacity of the 327 

storage site ‘k’ (see table S1 of Supplementary data), TH is the time horizon of supply chain in year and FRi,j,k 328 

is a variable, as defined above.  329 

To achieve the minimum target related to carbon dioxide emission reduction, the following constraint is used 330 

(see Eq. 6): 331 

∑ 𝐶𝑆𝑖 ∙ 𝐹𝑅𝑖,𝑗,𝑘 + 𝐶𝑆𝑖 ∙ 𝑀𝑅𝑖,𝑗,𝑘 ≥ 𝐶𝑅𝑚𝑖𝑛

(𝑖,𝑗,𝑘)∈(𝐼,𝐽,𝐾)

                                              (6) 332 

where CSi is the total carbon dioxide emission from source ‘i’, FRi,j,k and MRi,j,k are the  variables defined 333 

above  and CRmin is the minimum target for carbon dioxide reduction, fixed at 77 Mton/year in order to allow 334 

the reduction of emissions to 275 Mton by 2030 (Gracceva et al., 2017). Then the amount of captured carbon 335 

dioxide (carbon dioxide flow rate) sent to the storage and utilization section should be higher than or equal to 336 

the minimum target for emissions reduction.  337 

For each selected source, no more than 90% of carbon dioxide is captured (the maximum carbon dioxide 338 

recovery of a capture technology is at most 90%), then the following restriction is set (see Eq. 7)  339 

∑ 𝐹𝑅𝑖,𝑗,𝑘 + 𝑀𝑅𝑖,𝑗,𝑘 ≤ 0.9

𝑗 ∈ 𝐽

           ∀ (𝑖, 𝑘)  ∈ (𝐼, 𝐾)                      (7) 340 

where FRi,j,k and MRi,j,k are the  variables defined above, suggesting the fraction of carbon dioxide sent to the 341 

storage and to the utilization respectively.  .  342 
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Not all the considered technologies can be used to capture carbon dioxide from all sources  with a product 343 

purity of 90% for carbon dioxide  (Kalayanarengan Ravi et al., 2017). This depends on the composition of CO2 344 

in the feed, and the following constraint is considered (see Eq. 8):   345 

∑ (𝑋𝐻𝑗 − 𝑋𝑆𝑖) ∙ (𝑋𝑆𝑖 − 𝑋𝐿𝑗) ∙ 𝑋𝑖,𝑗,𝑘 ≥ 0

(𝑘)∈(𝐾)

                     ∀ (𝑖, 𝑗)  ∈ (𝐼, 𝐽)                 (8) 346 

where XSi is  carbon dioxide composition in flue gas emission from source i (mol%), XLj is the lowest 347 

composition processing limit for capture technology j (mol%), XHj is the highest composition processing limit 348 

for capture technology j (mol%). This constraint about carbon dioxide purity is considered for the storage 349 

section, while the required level of carbon dioxide purity in the utilization section is achieved in the respective 350 

site.  351 

Only one capture technology/material should be selected for each carbon dioxide source in the utilization and 352 

storage section, then the following constraint is set (see Eq. 9): 353 

∑ 𝑌𝑖,𝑗,𝑘

(𝑗,𝑘)∈(𝐽,𝐾)

≤ 1     ∀  𝑖 ∈ 𝐼                                                                         (9) 354 

In order to convert the non linear mathematical model into a linear one, the glover linearization constrain is 355 

applied (see Eq. 10-11):   356 

0 ∙ 𝑌𝑖,𝑗,𝑘  ≤ 𝑀𝑅𝑖,𝑗,𝑘 ≤ 0.9 ∙ 𝑌𝑖,𝑗,𝑘                       ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                               (10) 357 

0 ∙ 𝑋𝑖,𝑗,𝑘  ≤ 𝐹𝑅𝑖,𝑗,𝑘 ≤ 0.9 ∙ 𝑋𝑖,𝑗,𝑘                       ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                               (11) 358 

where FRi,j,k, Xi,j,k, MRi,j,k and Yi,j,k were already defined, while 0.9 is used because at most 90% of carbon 359 

dioxide is captured from each carbon dioxide source.  360 

The national annual methane demand of 70.9 billion m3/year (46.5 Mton/year) (Alverà, 2017), is not a 361 

constraint of practical relevance, because the overall amount of captured carbon dioxide is not enough to 362 

produce methane at this rate.  363 

2.3.2 Equations 364 

Total carbon dioxide capture and compression costs (€/year) are obtained by the following relation (see Eq. 365 

12): 366 

𝐶𝐶𝑖,𝑗,𝑘 = 𝐶𝐷𝐶𝑖,𝑗,𝑘 + 𝐶𝐼𝐶𝑖,𝑗,𝑘 + 𝐶𝑂𝐶𝑖,𝑗,𝑘           ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                       (12) 367 

where 𝐶𝐷𝐶𝑖,𝑗,𝑘 are the flue gas dehydration costs, 𝐶𝐼𝐶𝑖,𝑗,𝑘 are the investment costs and 𝐶𝑂𝐶𝑖,𝑗,𝑘 are the 368 

operating costs. Generally, the saturated flue gas is dehydrated via tri-ethylene glycol absorption with a cost 369 
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of 9.28 € per ton of CO2 (including capital and investment costs) (Kalayanarengan Ravi et al., 2017). For amine 370 

absorption, no dehydration operation is necessary. The investment and operating costs  are functions of flue 371 

gas  flow rate and carbon dioxide composition and are provided by the following correlations (Hasan et al. 372 

2014) (see Eq. 13-14): 373 

𝐶𝐼𝐶𝑖,𝑗,𝑘, =  𝛼𝐼,𝑗 ∙ 𝑌𝑖,𝑗,𝑘 + (𝛽𝐼,𝑗 ∙ 𝑥𝑐𝑜2,𝑖
𝑛𝐼,𝑗 + 𝛾𝐼,𝑗) ∙ 𝐹𝑖,𝑗,𝑘

𝑚𝐼,𝑗
              ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)           (13) 374 

𝐶𝑂𝐶𝑖,𝑗,𝑘 =  𝛼𝑜,𝑗 ∙ 𝑌𝑖,𝑗,𝑘 + (𝛽𝑜,𝑗 ∙ 𝑥𝑐𝑜2,𝑖
𝑛𝑜,𝑗 + 𝛾𝑜,𝑗) ∙ 𝐹𝑖,𝑗,𝑘

𝑚𝐼,𝑗
             ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)      (14) 375 

where 𝛼𝐼,𝑗, 𝛼𝑜,𝑗, 𝛽𝐼,𝑗, 𝛽𝑜,𝑗, ᵞ𝐼,𝑗 , ᵞ𝑜,𝑗, 𝑛𝐼,𝑗, 𝑛𝑜,𝑗, 𝑚𝑜,𝑗, 𝑚𝐼,𝑗 are fixed parameters depending on the used process 376 

and material  (See table S2 of Supplementary data), xCO2,i is  carbon dioxide composition in flue gas for source 377 

i, Fi,j,k is  flow gas flow rate in mol/s sent to storage and/or to utilization k from source i through capture 378 

technology j. Yi,j,k  is the binary variable defined above.    379 

For absorption with ionic liquids, different correlations (€/year) for the investment and operating costs are 380 

used, respectively, as follows (Nguyen et al. 2018) (see Eq. 15-16): 381 

𝐶𝐼𝐶𝑖,𝑗,𝑘 = (𝛼𝐼,𝑗 ∙ 𝐹𝑖,𝑗,𝑘 + 𝛽𝐼,𝑗 ∙ 𝑌𝑖,𝑗,𝑘) ∙ 𝑥𝑐𝑜2,𝑖 + 𝛾𝐼,𝑗 ∙ 𝐹𝑖,𝑗,𝑘

𝑚𝐼,𝑗
           ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)    (15) 382 

𝐶𝑂𝐶𝑖,𝑗,𝑘 =  (𝛼𝑜,𝑗 ∙ 𝐹𝑖,𝑗,𝑘 + 𝛽𝑜 ∙ 𝑌𝑖,𝑗,𝑘) ∙ 𝑥𝑐𝑜2,𝑖 + 𝛾𝑜,𝑗𝐹𝑖,𝑗,𝑘

𝑚𝑂,𝑗
                    ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)  (16) 383 

where 𝛼𝐼,𝑗, 𝛼𝑜,𝑗, 𝛽𝐼,𝑗, 𝛽𝑜,𝑗, ᵞ𝐼,𝑗 , ᵞ𝑜,𝑗, 𝑚𝑜,𝑗, 𝑚𝐼,𝑗 are fixed parameters (See table S2 of Supplementary data), 384 

xCO2,i is carbon dioxide composition in flue gas for source i, Fi,j,k is flow gas flow rate in mol/s sent to storage 385 

and/or to utilization k from source i through capture j, and Yi,j,k  is the binary variable defined above.  386 

A linear model for  carbon dioxide transportation costs is used, as proposed by  Knoope et al. (2013). Distance 387 

between  source and utilization/storage sites are calculated from the knowledge of respective latitude and 388 

longitude coordinates (Distance, 2018).  389 

Total costs (TCi,j,k) (€/year) comprise investment costs (TICi,j,k)  and operating costs (TOCi,j,k)  according to 390 

the following equation (see Eq. 17):  391 

𝑇𝐶𝑖,𝑗,𝑘 = 𝐶𝐶𝑅·𝑇𝐼𝐶𝑖,𝑗,𝑘 + 𝑇𝑂𝐶𝑖,𝑗,𝑘                                 ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)      (17) 392 

where CCR is the capital cost recovery and the other  terms are (see Eq. 18-19): 393 

𝑇𝐼𝐶𝑖,𝑗,𝑘 = (𝛼𝑡 ∙ 𝐶𝑆𝑖 ∙ 𝐹𝑅𝑖,𝑗,𝑘 + 𝛽𝑡 ∙ 𝑋𝑖,𝑗,𝑘/𝑃𝑖,𝑗,𝑘) ∙ 𝐹𝑇 ∙ (𝐷𝑖,𝑘/𝑃𝑖,𝑘 + 16)       ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)   (18) 394 

𝑇𝑂𝐶𝑖,𝑗,𝑘 = 4% ∙ 𝑇𝐼𝐶𝑖,𝑗,𝑘                   ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                       (19) 395 

where αt is 0.019 and βt  is 0.533, Di,k and Pi,k are the distance between  source and storage site and between 396 

source and utilization site respectively (see table S3 of Supplementary data) (Kalayanarengan Ravi et al., 397 

2017), FT is a terrestrial factor, corresponding to 1.2  (Broek et al., 2010), 16 km are added to the distance, to 398 

consider additional paths related to the process site (Dahowski et al., 2004), Xi,j,k is the binary variable defined 399 
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before, Pi,j,k is a parameter with a value of 1 if carbon dioxide is transported to the utilization section. The 400 

operational costs are taken as 4% of the investment costs (Kalayanarengan Ravi et al., 2017).  401 

 402 

Carbon dioxide storage costs (SCk)  (€/year) comprise the investment costs (SIC) and the operating costs 403 

(SOC), as in the following relation (see Eq. 20): 404 

𝑆𝐶𝑘 = 𝐶𝐶𝑅·𝑆𝐼𝐶𝑘 + 𝑆𝑂𝐶𝑘                             ∀ 𝑘 ∈ 𝐾                    (20) 405 

where CCR is the capital cost recovery and the investment costs are calculated as (Hendriks, 1994) (see Eq. 406 

21):  407 

𝑆𝐼𝐶𝑘 = (𝑚 ∙ 𝑑𝑤𝑒𝑙𝑙 + 𝑏) ∙ 𝑁𝑤𝑒𝑙𝑙
𝑏𝑢𝑖𝑙𝑑

𝑘
                            ∀ 𝑘 ∈ 𝐾                  (21) 408 

where m and b are parameters corresponding to 1.53 M€/km and 1.23 M€ (Ochoa Bique, 2018), dwell is the 409 

depth of well, set equal to 1590 m, 1400 m, 1400 m, 1400 m, 1270 m, 1280 m, 1250 m, respectively for the 410 

storage sites in Malossa San Bartolomeo, Pesaro sea, offshore Adriatic sea, Cornelia, offshore Marche, 411 

offshore Calabria ionic sea, Sulcis area   (Donda et al., 2011; Plaisant et al., 2017)   and 𝑁𝑤𝑒𝑙𝑙
𝑏𝑢𝑖𝑙𝑑 is the number 412 

of wells which need to be built (Hasan et al., 2014) (see Eq. 22):  413 

𝑁𝑤𝑒𝑙𝑙
𝑏𝑢𝑖𝑙𝑑

𝑘
=  

∑ 𝐶𝑆𝑖 ∙ 𝐹𝑅𝑖,𝑗,𝑘(𝑖,𝑗)∈(𝐼,𝐽)

𝐼𝐶
                                ∀ 𝑘 ∈ 𝐾                            (22) 414 

as a function of stored carbon dioxide and of maximum injection capacity per well (IC) that is reported for 415 

each storage site:  for Malossa San Bartolomeo, Pesaro sea, offshore Adriatic sea, Cornelia, offshore Marche, 416 

offshore Calabria ionic sea, Sulcis area, this parameter is respectively equal to 0.3 MtonCO2/year, 0.5 Mton 417 

CO2/year, 1 Mton CO2/year, 0.5 Mton CO2/year, 1 Mton CO2/year, 1 Mton CO2/year, 0.2 Mton CO2/year 418 

(Moia et al., 2012). The operating costs are 4% of the investment costs (Kalayanarengan Ravi et al., 2017) (see 419 

Eq. 23):  420 

𝑆𝑂𝐶𝑘 = 4% ∙ (𝑚 ∙ 𝑑𝑤𝑒𝑙𝑙 + 𝑏) ∙ 𝑁𝑤𝑒𝑙𝑙
𝑏𝑢𝑖𝑙𝑑

𝑘
                       ∀ 𝑘 ∈ 𝐾                                (23) 421 

The methane production cost in a power to gas process considering the overall system (methane reactors, 422 

ancillary equipment and electrolyzer system for hydrogen production) is set to 300 €/MWh (Reichert, 2012; 423 

Leonzio, 2017; Hassan et al., 2019; Ma et al., 2018). This high cost is due to the high cost of electricity, that 424 

in Italy is about 130 €/MWh (Clean Energy Wire, 2018).  425 

In fact, Reichert (2012) shows in his work a sensitivity analysis for methane production cost and for an 426 

electricity cost of the same order of the Italian value, the considered methane production cost is suggested. Ma 427 

et al. (2018) report that the methane generation cost produced through a power to gas  is between 13.5 and 17 428 

€/kWh in 2014, based on the electric price of 5 €/kWh. When the cost of electricity in Italy is taken into 429 
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account, the value of 364 €/MWh is obtained for the methane production cost. This last value is comparable 430 

with that reported by Reichert (2012). 431 

Reichert (2012) shows also that the production cost of 1 MWh of hydrogen via electrolysis is 209 €. 432 

Considering that to produce 1 MWh of methane, 1.19 MWh of hydrogen are required, the corresponding cost 433 

for hydrogen is 250 €. Then, 83% of methane production cost has to be related to the hydrogen cost.  Of course, 434 

a lower hydrogen production cost can be achieved if the electrolyzer is operating only during off-pick hours 435 

and days, assuming a plant storage section for hydrogen that ensures continuous operation of the methanation 436 

reactor.   437 

2.3.3 Objective function 438 

The objective function of the supply chain considering the minimization of  total costs is given as (see Eq. 24): 439 

∅ =  ∑ (𝐶𝐶𝑖,𝑗,𝑘 + 𝐶𝑇𝑖,𝑗,𝑘 + 𝐶𝐻4𝑃𝑘 + 𝑆𝐶𝑘)

(𝑖,𝑗,𝑘)

                                                             (24) 440 

where 𝐶𝐶𝑖,𝑗,𝑘 are carbon capture and compression costs, 𝐶𝑇𝑖,𝑗,𝑘 are carbon dioxide transportation costs, 𝑆𝐶𝑘 are 441 

carbon dioxide storage costs, 𝐶𝐻4𝑃𝑘 are methane production costs. In the optimized system, total costs are 442 

minimized with the constraint to safeguard the reduction of carbon dioxide emissions required by the climate 443 

change issue. The model allows the design of the supply chain at the minimum cost and ensuring the minimum 444 

target for emission reduction (Klemes et al., 2013; Leonzio, 2017).  445 

A general scheme for the CCUS supply chain model is shown in Figure 1. 446 

(see Figure 1) 447 

2.4 Case study 448 

The trend of carbon dioxide emissions in Italy is shown in Figure 2.  449 

(see Figure2) 450 

Even if carbon dioxide emissions in 2016 were lower compared to 1990, in absolute terms (352 Mton CO2 in 451 

2016 against 439 Mton CO2 in 1990), per capita (6 ton/year in 2016 against 7.4 in 1990), and in relation to the 452 

results of economic activities (0.171 ton CO2/kUSD in 2016 against to 0.243 ton CO2/kUSD in 1990), a carbon 453 

dioxide reduction trend could not be found since 2014 (Green report, 2017; OECD, 2020). 454 

 In fact, since 2014 carbon dioxide emissions have increased, and in 2015 carbon dioxide emissions increased 455 

by 8.6% compared to 2014. Actually, the national target for carbon dioxide emission in 2030 is 275 Mton 456 

CO2/year (Gracceva et al., 2017).  457 

Ten Italian regions, those with higher carbon dioxide emissions, are selected as sources for the supply chain, 458 

as shown in Table 1 and Figure 3a. The regions with higher emissions are: Puglia (68.64 million tons CO2/year, 459 

corresponding to 19.5% of overall Italian carbon dioxide emissions), Lombardy (46.8 million tons CO2/year, 460 
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13.3%), Sicily (41.53 million tons CO2/year, 11.8%), Lazio (28.16 million tons CO2/year, 8%), Sardinia (26.4 461 

million tons CO2/year, 7.5%), Veneto (22.5 million tons CO2/year, 6.4%), Emilia Romagna (21.82 million tons 462 

CO2/year, 6.2%), Piedmont (19.71 million tons CO2/year, 5.6%), Liguria (17.6 million tons CO2/year, 5%), 463 

Tuscany (16.9 million tons CO2/year, 4.8%) (Green, 2014). These emissions represent about 90% of overall 464 

national emissions.  465 

For the selected sources, carbon dioxide content in  flue gas is set between 4 mol% and 25 mol% (Zhang et 466 

al., 2018). In particular for Puglia it is set to 17 mol%, while for Lombardia, Sicily, Lazio, Sardinia, Veneto, 467 

Emilia Romagna, Piedmont, Liguria, Tuscany it is set respectively to 18 mol%, 4 mol%, 14 mol%, 13 mol%, 468 

21 mol%, 13 mol%, 18 mol%, 15 mol%, 11 mol % (Zhang et al., 2018).   469 

(Table 1) 470 

(Figure 3) 471 

The nodes for the network are located at the capital cities of each region (selected as carbon dioxide source): 472 

Bari, Milan, Palermo, Rome, Cagliari, Venice, Bologna, Turin, Genoa, Florence, respectively for Puglia, 473 

Lombardy, Sicily, Lazio, Sardinia, Veneto, Emilia Romagna, Piedmont, Liguria, Tuscany. 474 

Seven carbon dioxide storage sites are selected for  carbon supply chains: Malossa San Bartolomeo, Pesaro 475 

sea, offshore Adriatic sea, Cornelia, offshore Marche, offshore Calabria ionic sea, Sulcis area are the storage 476 

sites, as shown in Figure3b (Moia et al., 2012). These areas contain geological reservoirs mineralized by sea 477 

water and are called saline aquifers. These are characterized by conditions of temperature and pressure 478 

favorable to store carbon dioxide above the critical point, therefore with the characteristics of a fluid at high 479 

density. Carbon dioxide storage in saline aquifers is considered as a suitable technology (Burnol et al., 2015; 480 

Javaheri and Jessen, 2001; Yang et al., 2013), probably because it provides the largest potential storage volume 481 

(Bachu, 2000).  482 

Generally, the estimation of storage capacity in saline aquifers is very complex due to different physical and 483 

chemical trapping mechanisms, solubility, residual and mineral trapping that simultaneously occur at different 484 

rates and timescales (Bradshaw et al., 2007). The values defined above for each storage site are assumed.  485 

Verbania is chosen as the utilization site, replacing an existing biogas plant, producing 27540 m3/day of biogas 486 

form livestock effluents (cattle and swine) (Renewable Energy, 2012). Then, the utilization section is chosen 487 

in a site where methane could be already produced with a traditional system (the upgrading of biogas). 488 

Substantial solar energy is expected to be the most available renewable energy source in the coming future for 489 

Italy and many photovoltaic systems are already installed in these regions  ( Colbertaldo et al., 2018; ENI, 490 

2019).  491 

Only one utilization site is taken into account in this research, because it is supposed with unlimited production 492 

capacity. Indeed, a multiplicity of power to gas systems would be needed to satisfy the national demand, 493 
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requiring a more complex supply chain. In this analysis, the considered production center symbolizes all 494 

possible power to gas systems in Italy and provides a first estimate of carbon dioxide distribution between the 495 

utilization and storage section. Moreover, only one utilization site is considered because few biogas plants, 496 

seen as potential locations of a power tog as system, are present in Italy.  497 

In fact, Lombardy, Emilia Romagna, Veneto and Piedmont  are the most important regions hosting biogas 498 

plants in Italy.  The oldest plant is in Rome at the Malagrotta landfill and is in operation since the mid-90s. It 499 

is capable of treating about 200 m3/h of biogas (collected from the urban waste landfill). The upgraded bio-500 

methane is not injected into the grid and is used as biofuel in vehicles. Other plants are demonstration plants 501 

and no one is connected to the gas grid. (Maggioni and Pieroni, 2016). Finally, an important industrial plant 502 

producing bio-methane from organic wastes is located in Montello (Montello, 2018).   503 

In Figure 3b, the utilization site chosen for the supply chain is shown on the map of Italy.  504 

Overall, the outcomes of such large grids also lead to “centralized” strategies. 505 

Absorption using monoethanolamine (MEA) at 40wt% or the ionic liquid (IL) 1-butyl-3-methylimidazolium 506 

acetate ([bmim][Ac]), adsorption using zeolite 13X, selective membrane using fixed-site-carrier (FSC) 507 

polyvinyl amine (PVAm) are carbon dioxide capture technologies available in the design of the supply chain 508 

(Wang et al., 2011; Nguyen and Zondervan, 2018). Advanced Interactive Multidimensional Modeling System 509 

(AIMMS) software is used to model the supply chains analyzed in this study, through a MILP model.  510 

Results and discussion 511 

The CCUS supply chains taken into account have 7 different storage sites, with a high storage capacity, keeping 512 

the same carbon dioxide sources and utilization site. Then, 7 different CCUS supply chains are considered, in 513 

addition to one CCU system.  514 

Each CCUS supply chain contains 10 sources, 5 technologies for carbon dioxide capture and compression, 1 515 

storage site and 1 utilization site. On the other hand, for the CCU supply chain, no storage sites are present of 516 

course. CPLEX 12.7.1 is the solver that is selected to solve the MILP models. The computer processor is 2.5 517 

GHz while the memory is 4 GB.  518 

The MILP model of CCUS supply chains is made of 711 variables (50 integer variables) and 684 constraints. 519 

The solution is found in some seconds and with a maximum of 100 iterations. For the CCU supply chain, the 520 

MILP model is composed by 460 variables (50 integer variables) and 482 constraints. The problem is solved 521 

in 1.69 s with 142 iterations.  522 

Results of CCUS and CCU supply chains are shown in Table 2, indicating for each considered carbon supply 523 

chain, the selected carbon dioxide sources, the chosen capture technology for each source and the amount of 524 
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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 525 

storage site changes the selected carbon capture technology inside the supply chain and then the topogy. In 526 

fact,  different storage sites have different characteristics influencing the terms inside the objective function 527 

and then the results.  528 

The topology of these supply chains is also summarized in Figure5.  529 

(see Table 2) 530 

(see Figure 4) 531 

(see Figure 5) 532 

Overall, from the results it is evident that MEA absorption is the most convenient technology for carbon 533 

dioxide capture from flue gas, at relatively low concentrations. Membrane capture system is also preferred in 534 

some cases, followed, in three cases, by ionic liquid absorption. Membrane and ionic liquid absorption are 535 

generally better utilized for higher carbon dioxide content (Hasan et al., 2012; Nguyen and Zondervan, 2018).  536 

Vacuum swing adsorption (VSA) is never selected and used in the supply chains, as also reported in 537 

Kalyanarengan Ravi et al. (2017) and Zhang et al. (2018). In only one case PSA is chosen as capture 538 

technology.  539 

However, in addition to these considerations it is important to keep in mind also the flow rate and the costs as 540 

discussed below.  541 

In particular, when Malossa San Bartolomeo is used as storage site, carbon dioxide from Lombardy region is 542 

sent to storage using MEA absorption, while Puglia, Emilia Romagna and Piedmont are carbon dioxide sources 543 

related to the utilization section, using for the first source a membrane system and MEA absorption for the 544 

others. Here membrane system is chosen due to a higher carbon dioxide flow rate than that in other sources 545 

treated with MEA absorption.  546 

In the CCUS supply chain with Pesaro as storage site, MEA absorption is also used in the connection to the 547 

utilization section, in particular for Emilia Romagna and Piedmont carbon dioxide sources. An additional 548 

carbon dioxide source in the utilization section is Puglia, using a membrane system. For the storage section, 549 

this CCUS supply chain considers Lombardy as carbon dioxide source using IL absorption. Also in this case, 550 

a membrane system is selected for the highest carbon dioxide flow rate, while IL absorption for the lowest 551 

carbon dioxide flow rate.  552 

In the alternative CCUS supply chain with Adriatic sea as storage site, MEA absorption is used for all selected 553 

carbon dioxide sources. Here, Puglia, Emilia Romagna and Piedmont are the selected carbon dioxide sources 554 

for the utilization section, while Lombardy is the selected carbon dioxide source for the storage section.  555 
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This same condition is present in the CCUS supply chain with Cornelia as storage site. However, Puglia, 556 

Emilia Romagna, Piedmont are the selected carbon dioxide sources for the utilization section, while Emilia 557 

Romagna is the selected carbon dioxide source for the storage section.  558 

In these two cases, MEA absorption is selected because it can allow to reach the lowest total cost of the supply 559 

chain.  560 

Also, in the CCUS supply chain with Offshore Calabria Ionic Sea as storage site, MEA absorption is the 561 

preferred capture technology. In fact, all carbon dioxide sources related to the utilization (Puglia, Emilia 562 

Romagna, Piedmont) use MEA absorption as capture technology. In the storage section, Liguria uses IL 563 

absorption to capture carbon dioxide, due to the lowest flue gas flow rate.  564 

The second preferred capture technology, membrane system, is used for the CCUS supply chains with Offshore 565 

Marche and Area Sulcis as storage sites. In the second case, membrane system is used for all carbon dioxide 566 

sources related to the utilization section (Puglia, Emilia Romagna, Piedmont), while PSA, with the lowest flue 567 

gas flow rate and relative low carbon dioxide composition, is used for the storage section. In the first case, 568 

membrane is also used for two carbon dioxide sources in the utilization section (Puglia and Emilia Romagna) 569 

(with a higher flue gas flow rate), while PSA and IL absorption (due to the lowest flue gas flow rate) are 570 

selected for the other carbon dioxide sources.  571 

On the other hand, in the CCU supply chain, as shown in Table 2, the chosen carbon dioxide sources are 572 

Lombardy, Emilia Romagna and Piedmont that use, respectively, MEA absorption, membrane (due to the 573 

lowest costs) and IL absorption (due to the lowest flue gas flow rate) as capture systems.  574 

In all considered cases, the minimum target for the reduction of carbon dioxide emissions is achieved.   575 

In addition to the topology, an economic analysis is shown in Table 3 and in Figure 6. Here costs, methane 576 

yields, revenues, set carbon tax and economic incentives, net methane production costs are presented for each 577 

considered supply chain.  578 

(see Table 3) 579 

(see Figure 6) 580 

With Malossa San Bartolomeo used as storage site inside the supply chain, the optimized total costs of supply 581 

chain are as follows: the total costs are 1.017·105  million €/year (301.64 €/MWh or 1321 €/ton CO2 captured) 582 

carbon capture and compression costs of 3.586·102 million €/year, methane production costs of 1.011·105 583 

million €/year, carbon dioxide transportation costs of 1.520 million €/year and 193 million €/year are the CO2 584 

storage costs.  585 
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When Pesaro sea is used as storage site in the supply chain, the optimized total costs of supply chain are 586 

1.109·105 million €/year (301.90 €/MWh or 1440 €/ton CO2 captured). In particular, carbon dioxide 587 

compression and capture costs are 508.30 million €/year, carbon dioxide transportation costs are equal to 1.520 588 

million €/year, carbon dioxide storage costs are 67.30 million €/year while methane production cost through 589 

power to gas process is 1.103·105 million €/year.  590 

For the Adriatic sea storage site, the optimized total costs of the supply chain are 7.340·104 million €/year 591 

(304.62 €/MWh or 953 €/ton CO2 captured). Carbon dioxide compression and capture costs are 9.994·102 592 

million €/year, carbon dioxide transportation costs are 1.52 million €/year, carbon dioxide storage costs are 593 

115 million €/year while methane production costs are 7.230·104 million €/year.  594 

For the CCUS supply chain with Cornelia as storage site, the total costs are 1.132·105 million €/year (300.77 595 

€/MWh or 1470 €/ton CO2 captured), carbon dioxide storage costs and methane production costs are 596 

respectively  56.11 million €/year and 1.129·105 million €/year. CO2 compression and capture costs are 202.70 597 

million €/year while CO2 transportation costs are 1.52 million €/year.  598 

When Offshore Marche is used as storage site, the total costs are 1.007·105 million €/year (302.65 €/MWh or 599 

1308 €/ton CO2 captured), while carbon dioxide storage costs and methane production costs are respectively 600 

52.80 million €/year and  9.98·104 million €/year. CO2 transportation costs are 1.52 million €/year while CO2 601 

capture and compression costs are 858 million €/year. 602 

For the CCUS supply chain with Offshore Calabria Ionic Sea as storage site, the total costs are 1.215·105 603 

million €/year (304.89 €/MWh or 1577 €/ton CO2 captured). CO2 compression and capture costs are 1.96·103 604 

million €/year, CO2 transportation costs are 1.52 million €/year, CO2 storage costs are 13.26 million €/year 605 

while methane production costs are 1.195·105 million €/year. 606 

The total costs of CCUS supply chain with Area Sulcis as storage site are of 1.251·105 million €/year (299.96 607 

€/MWh or 1627 €/ton CO2 captured), including carbon capture and compression costs (33.34 million €/year), 608 

methane production costs (1.250·105 million €/year), carbon storage costs (9.80 million €/year) and carbon 609 

transportation costs (1.52 million €/year). 610 

The analysis of costs for the CCU supply chain follows: total costs are 1.288·105 million €/year (306.43 €/MWh 611 

or 1671 €/ton CO2 captured), carbon dioxide compression and capture costs are 2.750·103 million €/year, 612 

carbon dioxide transportation costs are 1.52 million €/year, methane production costs are 1.260·105 million 613 

€/year, while 28 Mton/year of methane are produced. The supply chain has the highest costs.  614 

We can see that the total costs of supply chain with a power to gas system in the utilization section is in the 615 

range of 953 €/tonCO2 captured and 1671 €/ton CO2 captured. This high value is due to the high methane 616 

production cost that is in the range of 7.23·104 €/year and 1.26·105 €/year.   617 
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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 618 

the methane production cost with the power to gas process that includes also the hydrogen production by means 619 

of electrolyzers. Here, the most significant contribution is the electrolysis process (Graf et al., 2014; Müller-620 

Syring et al., 2013; Hassan et al., 2019).  621 

To support these results, Gotz et al. (2016) write that the power to gas process might play an important role in 622 

the future energy system, however, technical and economic barriers have to be overcome before it can become 623 

commercially successful. This determines a significant effect on the total cost of supply chains.  624 

The  relatively high cost of carbon dioxide capture is also reported by Steeneveldt et al. (2006), Leonzio et al. 625 

(2019) and Kalayanarengan Ravi et al. (2017).  626 

The amount of methane that is produced for all considered supply chains is around 20 Mton/year. In particular, 627 

the highest amount of methane is produced in the CCU supply chain (28 Mton/year) followed by the CCUS 628 

supply chain with Area Sulcis as storage site (27.8 Mton/year), while the lowest amount of methane is produced 629 

in the CCUS supply chain with Adriatic sea as storage site (16.1 Mton/year). The different amount of produced 630 

methane depends on the storage capacity: if a lower storage capacity is present, a higher amount of methane is 631 

produced with the aim to achieve the same target of carbon dioxide reduction. This is related to an economic 632 

aspect of the framework. In fact, this is because carbon dioxide storage has a lower cost than methane 633 

production, then in order to minimize the total costs of the considered framework the storage is preferred and 634 

only when the storage capacity is filled, carbon dioxide is utilized. In this way, a trade-off between utilization 635 

and storage is achieved, suggesting an optimal distribution of carbon dioxide between storage and utilization.  636 

For all analyzed cases, considering that methane can be sold at a price of 25 €/MWh (Eurostat, 2018) revenues 637 

are calculated, as reported in Table 3. Revenues are between 1.13·105 and 1.04·104 million€/year.  638 

However, in order to have a positive profit, economic incentives and carbon tax should be considered. The 639 

benefit on emissions reduction by using carbon policies is reported in Li et al. (2020), while the importance of 640 

these on the equilibrium profit is suggested by He et al. (2019b). Then, for the considered supply chains, the 641 

costs for ton of capture carbon dioxide should decrease with these considerations. 642 

Economic incentives, in fact, should be obtained according to the Directive 2013/12/5 by feeding methane into 643 

the gas network and according to the Directive 6/12/2012 for the production of hydrogen in electrolyzers using 644 

renewable power. A carbon tax equal to 80 €/tonCO2  should be considered, even if not yet established in Italy  645 

 (In Italy, actually, carbon tax is not present, however the average value of carbon tax present in Europe is 646 

considered for this study (Effective Carbon Price, 2018)).  647 

With this level of carbon tax, for each analyzed case, the value of economic incentives is found in order to 648 

have a positive profit. The calculation is done in the following way. A new value for  total costs of a supply 649 
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chain is obtained subtracting to the optimized total costs carbon tax and economic incentives, while the profit 650 

margin is obtained as the new total cost less revenues. At a fixed value of carbon tax, then economic incentives 651 

are progressively changed in calculations until a positive profit is obtained. 652 

Generally, economic incentives should be in the range of 260 €/MWh and 270 €/MWh of methane. .  653 

In these conditions, it is possible to conclude that the required incentives represent a high fraction of  the total 654 

costs, (for example these are 86% of total costs for the CCUS supply chain with Malossa San Bartolomeo as 655 

storage site), then the power to gas system still remains not convenient as a chemical storage of energy (Di 656 

Costanzo, 2017). A substantial development of  technologies involved in the power to gas system and the 657 

increase of exploitation of renewable energy resources are needed to make this system interesting for the issue 658 

of energy storage. 659 

Considering economic incentives and carbon tax, net methane production costs are calculated and estimated 660 

to be in the range 15.2 €/MWh and 24.6 €/MWh. 661 

The comparison of different cases shown in Table 3 shows that the CCUS supply chain with offshore Adriatic 662 

sea as storage site ensures to have a net methane production cost lower than the selling price, with the lowest 663 

value of economic incentives, compared to the other cases.  In fact, in this case the estimated net methane 664 

production cost is 19.1 €/MWh while economic incentives are 260 €/MWh. Considering economic incentives 665 

and carbon tax, the net total costs of supply chain is, instead, of 59.69 €/ton captured CO2, a value comparable 666 

with those reported in literature (Zhang et al., 2018). 667 

For the best CCUS supply chain, considering the data reported by Matzen and Demirel (2016), 7.09·105 668 

GJ/year of renewable energies, through photovoltaic systems, are required by the electrolyzer producing 7.41 669 

Mton/year of hydrogen. About 54 electrolyzers with a capacity of 10 MW should be considered for this carbon 670 

supply chain (Dolman and Madden, 2015).  671 

In the CCUS supply chain with Sulcis area as storage site, even if a lower net production cost is obtained (15.2 672 

€/MWh), however, higher economic incentives (270 €/MWh) are required.  673 

Regarding the CCU supply chain, this is clearly not a good economic choice: even if economic incentives of 674 

260 €/MWh are considered, this system is not profitable.  675 

Actually, the methane production in Italy is 6 billion m3/year  (3.9 Mton/year) (Global Energy Statistical 676 

Yearbook, 2018), while the methane demand is 46.5 Mton/year. To satisfy this demand, Italy should import 677 

the remaining methane (about 43 Mton/year ). Using the supply chain with offshore Adriatic sea as storage 678 

site, producing 16.1 Mton/year of methane (about 35% of national demand), it is possible to reduce the import 679 

of methane to 26.9 Mton/year. This finding is particularly important in the present, difficult times when it is 680 

universally recognized that the “global” perspective needs to be re-designed with the introduction of important 681 
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elements of self-sustainment in the economic development of each Country, avoiding the wild relocation of 682 

all activities and assets, specifically those of strategic importance in specific circumstances.The results 683 

obtained suggest that carbon dioxide  storage is very important to have the most economically profitable supply 684 

chain with the established reduction of emissions. CCS technology alone has the potential to reduce greenhouse 685 

gas emission by 20% by 2050 (Todd, 2011). Actually, plain CCU has not sense. Carbon dioxide is captured 686 

for environmental problems, and to assure a significant reduction of emissions it is necessary to store it because 687 

the annual amount of carbon dioxide emitted in the atmosphere is simply much larger than the demand of 688 

carbon dioxide-based products. In CCU systems, carbon dioxide demand is limited by the amount of chemicals 689 

that have to be produced, i.e. carbon dioxide sources at smaller scales should be used (IEA and UNIDO, 2011). 690 

Carbon dioxide utilization should not be considered as an alternative technology to carbon capture and storage, 691 

but as a complementary technology realizing the overall technology of CCUS inside the circular economy 692 

(Bringezu et al., 2014).  693 

According to the COP21 Paris agreement, CCU systems should be considered further to reduce  emissions and 694 

to achieve the fixed targets in addition to storage systems. As reported by Ericson et al. (2015) and Mikkelsen 695 

et al. (2010), CCU is a technology used to improve the development of CCS through CCUS systems.   696 

Carbon dioxide utilization itself does not allow the direct reduction of emissions, but only reduces the used 697 

fossil raw resources (Naims, 2016). It is worth to underline that carbon dioxide incorporated in each product 698 

will ultimately be emitted again into the atmosphere, then, according to the lifetime of each product,  carbon 699 

dioxide might just as well be stored for days or weeks to years or even decades (Styring et al., 2011; von der 700 

Assen et al., 2013). For these reasons, a CCU supply chain does not allow the primary strategic ambition to 701 

contribute significantly to mitigating climate change but rather needs to be considered as a component in a 702 

larger mitigation strategy (Bruhn et al., 2016). Cuéllar-Franca and Azapagic (2015), Sternberg and Bardow 703 

(2015), von der Assen and Bardow (2014) demonstrate that CCU systems have not necessarily a positive effect 704 

on the environment but are more related to political strategies of resources utilization, reducing the used 705 

amount of fossil raw materials or process energies. Then it is important also the storage that is recognized as 706 

an emission reduction instrument.  707 

Several actions have to be developed to promote the CCUS supply chain: capture technologies need to be 708 

improved until they become commercially competitive, best options for CO2 transportation networks need to 709 

be ascertained, storage sites have to be identified, industrial processes that use CO2 as feedstock need to be 710 

deployed, and the general public should know and recognize the "CCUS chain" as an alternative to CO2 711 

emissions mitigation (Perez Fortes et al., 2014).  712 

4. Conclusions 713 
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In this research work, a power to gas system, producing methane, is integrated in different CCUS supply chains 714 

and in a CCU supply chain for Italy. The different CCUS supply chains have different storage sites (saline 715 

aquifer with a fixed storage capacity). These systems are designed and optimized minimizing the total costs 716 

and achieving the target for emission reduction that Italy should achieve by 2030. In literature, no power to 717 

gas systems are integrated in a carbon capture utilization and storage supply chain, then the novelty of this 718 

research is clear, moreover an interesting comparison between a CCUS and a CCU supply chain is suggested. 719 

The analysis of the optimized topology shows that,  in each CCUS supply chain, financial incentives (related 720 

to carbon tax and the production of methane from renewable energy) are required for the economic feasibility. 721 

A comparison of the considered frameworks, shows that by using offshore Adriatic sea storage site, net 722 

methane production cost is lower, with the lowest required economic incentives, then it is the best economic 723 

solution. For this system, total costs are 7.34·104 million €/year without economic incentives, and 16.1 724 

Mton/year of methane are produced, so that net methane production cost is 19 €/MWh when a proper level of 725 

incentives is considered (80 €/ton for carbon tax and 260 €/MWh of methane for economic incentives). In this 726 

way, Italy can reduce the import of methane substantially.   727 

Another important result obtained by the economic analysis is that, due to the cost of the electrolysis process 728 

to get hydrogen needed by carbon dioxide hydrogenation, methane production costs are higher than carbon 729 

capture and compression costs, which are often mentioned as the major economic barrier to establish a carbon 730 

supply chain.  731 

The results obtained show that, a CCU supply chain system is not a good solution, due to an even higher net 732 

methane production cost, although a higher methane production is ensured. Then, it is important to have a 733 

storage site inside the supply chain. In fact, carbon capture and storage aims at climate change mitigation, 734 

according to the environmental policy, while carbon capture and utilization aims to reduce fossil resources 735 

consumption by reusing the emitted carbon dioxide and shifting industrial processes toward renewables.  736 

The option of carbon dioxide utilization alone is not sufficient to achieve national and international climate 737 

change mitigation; the support of carbon storage is required.  738 

Future works should consider the development of a stochastic model for the best CCUS supply chain with the 739 

aim to evaluate the influence of  uncertainty on its design.  740 
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Nomenclature 785 

Index 786 

i Carbon dioxide source 787 

j Carbon dioxide capture technology 788 

k Carbon dioxide geological storage sites and methane production site 789 

Parameter 790 

b parameter in SIC (M€) 791 

Ck
max  maximum storage capacity for storage site k (ton) 792 

CRmin minimum target for overall carbon dioxide reduction (ton/year) 793 

CSi total carbon dioxide emissions from source i (ton/year) 794 

Di,k distance between carbon source and storage site (km) 795 

Pi,k distance between carbon source and utilization site (km) 796 

dwell depth of well (km) 797 

Fi  total feed flue gas flow rate from  source i (mol/s) 798 

Fi,j,k total flue gas flow rate that from source ‘i’, through capture technology ‘j’  sent to utilization/storage 799 

section ‘k’ (mol/s) 800 

Ft terrestrial factor 801 

m parameter in SIC (M€/km) 802 

mI,j parameter in CIC  803 

mO,j parameter in COC 804 

nI,j parameter in CIC  805 

nO,j parameter in COC 806 

xCO2 carbon dioxide molar fraction  807 

XSi carbon dioxide composition in the flue gas emission from source i (mol%) 808 
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XLi lowest composition processing limit for  capture plant j (mol%) 809 

XHi highest composition processing limit for  capture plant j (mol%) 810 

Variables 811 

Xi,j,k  1 if carbon dioxide from source ‘i’, is captured using capture technology ‘j’ and stored in  storage site ‘k’, 812 

0 otherwise 813 

Yi,j,k 1 if carbon dioxide is captured from source ‘i’ with capture technology ‘j’ and sent to  storage/utilization 814 

site ‘k’, 0 otherwise 815 

FRi,j,k fraction of the carbon dioxide captured from source ‘i’ using  capture technology ‘j’ and sent to the 816 

storage site ‘k’ 817 

MRi,j,k fraction of the carbon dioxide captured from source ‘i’ using capture technology ‘j’ and sent to 818 

utilization  site ‘k’ 819 

Abbreviations 820 

AEL, Alkaline Electrolysis  821 

AIMMS Advanced Interactive Multidimensional Modeling Systems 822 

CCR capital cost recovery 823 

CCUS Carbon Capture Utilization and Storage 824 

CCU Carbon Capture and Utilization 825 

CCS Carbon Capture and Storage 826 

CC carbon dioxide capture and compression costs (€/year)  827 

 CDC flue gas dehydration costs (€/year) 828 

𝐶𝐻4𝑃𝑘  CH4P methane production costs (€/year) 829 

CIC investment carbon dioxide capture and compression costs (€/year)  830 

COC operating carbon dioxide capture and compression costs (€/year) 831 

EU European Union 832 

IC Maximum injection capacity  833 
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IL ionic liquid 834 

MEA Monoethanolamine 835 

MILP Mixed Integer Linear Programming 836 

𝑁𝑤𝑒𝑙𝑙
𝑏𝑢𝑖𝑙𝑑 number of wells  837 

PEMEL Polymer Electrolyte Membrane Electrolysis  838 

PSA Pressure Swing Adsorption 839 

 SC carbon dioxide storage costs (€/year) 840 

 SIC investment carbon dioxide storage costs (€) 841 

SOEL Solid Oxide Electrolysis  842 

SOC operating carbon dioxide storage costs (€/year) 843 

VSA Vacuum swing adsorption 844 

   TC total carbon dioxide transportation costs (€/year) 845 

TH Time Horizon 846 

   TIC investment carbon dioxide transportation costs (€) 847 

  TOC operating carbon dioxide transportation costs (€/year) 848 

 849 

Greek letters 850 

αI,j parameter in CIC  851 

αO,j parameter in COC 852 

αt parameter in TIC 853 

βI,j parameter in CIC  854 

βO,j parameter in COC 855 

βt parameter in TIC 856 

γI,j parameter in CIC  857 

γO,j parameter in COC 858 

 859 

 860 

 861 

 862 

 863 

 864 

 865 
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Table 1  1260 

Data about carbon dioxide sources  1261 

CO2 source 
CO2 emissions 

(Mton/year) 

CO2 content in flue gas 

(mol%) 

Flue gas 

(mol/s) 

1 Puglia 68.6 17 2.91·105 

2 Lombardy 46.8 18 1.87·105 

3 Sicily 41.5 4 7.48·105 

4 Lazio 28.2 14 1.45·105 

5 Sardinia 26.4 13 1.46·105 

6 Veneto 22.5 21 7.72·106 

7 Emilia Romagna 21.8 13 1.21·105 

8 Piedmont 19.7 18 7.89·104 

9 Liguria 17.6 15 8.45·104 

10 Tuscany 16.8 11 1.11·105 
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Table 2 

Topology of CCUS and CCU supply chains (*) 

Storage site Destination of captured CO2 - Regions of Capture Capture technology 
Yearly rate of CO2 captured  

(Mton/year) 

Malossa san Bartolomeo (a) 
Utilization 1, 7, 8 

1=Membrane 

7=MEA absorption 

8=MEA absorption 

1=14.4 

7=19.6 

8=17.7 

Storage 2  2=MEA absorption 2=15.3 

Pesaro sea (b) 
To utilization 1,7,8  

1=Membrane 

7=MEA absorption 

8=MEA absorption 

1=30 

7=19.6 

8=17.7 

To storage 2  2=IL Absorption 2=9.6 

Adriatic sea (c) 
To utilization 1,7,8  

1=MEA absorption 

7=MEA absorption 

8=MEA absorption 

1=6.82 

7=19.6 

8=17.7 

To storage 2  2=MEA absorption 2=32.8 

Cornelia (d) 
To utilization 1,7,8  

1=MEA absorption 

7=MEA absorption 

8=MEA absorption 

1=39.6 

7=11.6 

8=17.7 

To storage 7 7=MEA absorption 7=8 

Offshore Marche (e) 
To utilization 1,7,8 

1=Membrane 

7=Membrane 

8=PSA 

1=39.6 

7=3.64 

8=17.7 

To storage 7 7=IL absorption 7=16 

Offshore Calabria Ionic (f) 
To utilization 1,7,8 

1=MEA absorption 

7=MEA absorption 

8=MEA absorption 

1=35.6 

7=19.6 

8=17.7 

To storage 9 9=IL absorption 9=4 

Area sulcis (g) 
To utilization 1,7,8 

1=Membrane 

7=Membrane 

8=Membrane 

1=39 

7=19.6 

8=17.7 

To storage 5 5=PSA 5=0.6 
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(h)- 
To utilization 2,7,8 

2=MEA absorption 

7=Membrane 

8=IL absorption 

2=39.6 

7=16.9 

8=17.7 

To storage - - - 

(* For the number see Table 1) 
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Table 3 

Economic results of analyzed carbon supply chains  

Storage site 

(*)  

Cost categories  

(milion€/year) 

Methane Yield  

(Mton/year) 

Revenue 

(milion€/year) 

Carbon 

tax 

(€/ton) 

Economic incentives  

(€/MWh) 

net Methane production 

costs (€/MWh) 

a 

CO2 capture and compression 358.6  

22.5 87600 80 260 23.4 

CO2 storage 193 

CO2 transportation 1.52 

Methane production 101127  

Total costs ° 101700   

b 

CO2 capture and compression 508.3 

24.5 95600 80 260 24.6 

CO2 storage 67.3 

CO2 transportation 1.52 

Methane production 110300  

Total costs° 110900  

c 

CO2 capture and compression 999.4  

16.1 62700 80 260 19.1 

CO2 storage 115 

CO2 transportation 1.52 

Methane production 72300  

Total costs°  73400  

d 

CO2 capture and compression 202.7 

25.1 97900 80 260 24.4 

CO2 storage 56.11 

CO2 transportation 1.52 

Methane production 112900  

Total costs° 113200  

e 

CO2 capture and compression 
858 

22.2 86500 80 260 24.1 
CO2 storage 52.8 

CO2 transportation 1.52 
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Methane production 99800  

Total costs° 100700  

f 

CO2 capture and compression 
1960   

26.5 108000 80 270 19.4 

CO2 storage 13.26 

CO2 transportation 1.52 

Methane production 119500  

Total costs° 121500  

g 

CO2 capture and compression 33.34 

27.8 10400  80 270 15.2 

CO2 storage 9.8 

CO2 transportation 1.52 

Methane production 125000  

Total costs° 125100  

h 

CO2 capture and compression 2750  

28 113000 80 270 21.8 

CO2 storage - 

CO2 transportation 1.52 

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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Figure1 Structure of the MILP supply chain model  
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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 CO2 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; e) 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; c) CCUS supply chain with Offshore 

Adriatic sea as storage site; d) CCUS supply chain with Cornelia as storage site; e) 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:      CO2 source; * storage site; ° utilization 

site,            CO2 transportation from source to utilization,          CO2 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; c) CCUS supply chain with Offshore Adriatic sea as storage 

site; d) CCUS supply chain with Cornelia as storage site; e) 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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