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Abstract 

 

The major contribution to global warming and climate change is due to increasing emissions of greenhouse 

gases by fossil fuels utilization. To be more precise, globally, 32.5 Gt of emissions were registered in 2017, 

while carbon dioxide concentration in the atmosphere achieved a value of 404 ppm. Urgent actions are 

needed to face this environmental problem. In this context, carbon capture utilization and storage supply 

chains have been recognized as a critical measure to reduce emissions and mitigate the anthropogenic 

impact on the Earth. In Europe, Germany, Italy and the UK are the Countries with higher carbon dioxide 

emissions. Then, carbon capture utilization and storage supply chains are here designed and discussed for 

these European Countries. Moreover, it is interesting to analyze and study in depth the most important 

utilization route of carbon dioxide that can be considered inside a carbon supply chain, as reported in the 

literature: the hydrogenation of carbon dioxide to methanol production. These topics are investigated in this 

Thesis at the level of mathematical and numerical modeling, using different computational tools as 

AIMMS, MATLAB® and Aspen Plus®. The development of a mixed integer linear programming model 

(deterministic and stochastic) is thus achieved to design carbon supply chains, including its life cycle 

assessment analysis, and the development of a 1-D and 2-D model for a methanol reactor with the separation 

of methanol and water by condensation after the recycle of unconverted gases, following its equilibrium 

study.  

After a brief introduction, Chapter II is focused on the study regarding the hydrogenation of carbon dioxide 

to methanol. An equilibrium analysis of three different reactor configurations (once-through reactor, reactor 

with the recycle of unconverted gases after the separation of methanol and water by condensation; reactor 

equipped with membrane permeable to water) is developed in Aspen Plus®. It is found that despite the 

thermodynamic and kinetic limitations, the reaction is technically feasible. Also, the best efficiency in terms 

of yield and conversion is obtained with the second configuration mentioned above. Then, for this system 

a 1-D and 2-D model are developed in MATLAB®: a sensitivity analysis shows the effect of some 

parameters on the system behavior, while a comparison between a structured and non-structured reactor is 

considered through the 2-D model, demonstrating the better efficiency of the first case.  

The following Chapters are about the analysis of carbon capture utilization and storage supply chains.  

In Chapter III, the mixed integer linear programming model for the carbon supply chain is described and 

applied to Germany. Here, carbon dioxide is stored and used to produce methanol via methane dry 

reforming. Three different cases are considered, according to the hydrogen production route required to 

correct feed composition: hydrogen by external reforming, hydrogen by external water electrolysis utilizing 

renewable power sources, hydrogen by internal steam reforming. By the minimization of total costs, results 

show that the second case is the best option, because a higher amount of carbon dioxide is consumed to 

produce the same amount of methanol (then the lowest value of global potential is obtained). Also, the 

supply chain has the lowest global cost, even though higher economic incentives are required to get the 

defined methane production cost. However, the suggested framework produces 203 Mton/year of methanol, 



 

II 
 

then Germany would have a predominant role inside the world methanol market, in coming years. Carbon 

tax and economic incentives are required to have a profitable system according to an economic point of 

view ensuring a methanol production cost of 340 €/ton. 

In order to overcome the problem of methanol overproduction found in the previous Chapter, in Chapter 

IV, the same mathematical model is proposed for Germany, however in the utilization section different 

products are assumed: beside methanol, concrete by curing, wheat, lignin for polyethylene, calcium 

carbonate, urea, polyurethane and concrete by red mud. The framework is designed and optimized 

minimizing total costs that are equal to 97.9 billion €/year; the net present value is 675 billion€, while the 

payback period is 2.71 years: the economic profitability is ensured only by imposing a carbon tax. A Monte 

Carlo simulation is carried out to evaluate the uncertainty regarding the selling price of carbon-dioxide-

based products and their national demand. 

In Chapter V, the mathematical model of carbon capture utilization and storage supply chain is applied to 

Italian regions: carbon dioxide is stored and used to produce methane through a power to gas system. Here, 

different frameworks with different storage sites for the carbon capture utilization supply chain are 

compared and designed through the minimization of total costs. It is found that carbon tax and economic 

incentives are required to have profitable solutions. Among them, the system with offshore Adriatic sea as 

storage site is the best option, due to the lowest supply chain cost (7.34·104 million €/year) and the lowest 

level of economic incentives (80 €/tonCO2 for carbon tax and 260 €/MWh for methane production). Then, 

it is also found that a carbon capture and utilization supply chain (i.e. without storage) is economically less 

favorable and a storage site is important in the management of carbon dioxide.  

In Chapter VI, the mathematical model for carbon capture utilization and storage supply chain is applied to 

the UK. Three different frameworks are considered with different storage sites, as Bunter Sandstone, 

Scottish off-shore and Ormskirk Sandstone. Carbon dioxide can be used to produce calcium carbonate, 

concrete, tomatoes, polyurethane, methanol and methane. Total costs are minimized to design and optimize 

these carbon supply chains, while reducing significantly carbon dioxide emissions. Results show that the 

system with Bunter Sandstone as storage site is the most economically profitable solution, due to the highest 

value of net present value (0.554 trillion€) and lowest value of payback period (2.85 years). Only carbon 

tax is needed to have a profitable solution from an economic point of view. Total costs are 1.04 

billion€/year.  

The previous supply chains are designed through the minimization of the objective function expressing 

total costs. However, in order to have a description of a more realistic system, carbon tax remission, 

revenues and economic incentives are subtracted in the objective function to be minimized, as considered 

in Chapter VII. These new terms are taken into account at three different levels, according to their values 

on the market, then a scenario analysis is developed for the carbon capture utilization and storage supply 

chains of Germany, Italy and the UK. Results show that carbon tax influences only the total value of the 

objective function, while economic incentives and revenues have a significant effect also on the topology 

of the supply chain. 
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The supply chains developed on large scale require a lot of energy for their operation, then additional 

emissions are produced. It is necessary to develop a life cycle assessment analysis to verify that the 

proposed frameworks achieve the target set by the environmental policy for reduction of carbon dioxide 

emissions. In Chapter VIII, a life cycle assessment analysis is carried out for the best supply chains of Italy, 

Germany and the UK. Results show that these Countries will be able to achieve the carbon dioxide reduction 

target fixed by the environmental policy, by putting into operation the carbon supply chain designed for 

each Country. A sensitivity analysis is also carried out increasing the amount of carbon dioxide sent to the 

utilization section and reducing that sent to the storage section, keeping constant the overall amount of 

captured carbon dioxide. For the supply chains of Germany and the UK, a higher environmental impact is 

produced at a higher utilization rate of carbon dioxide. An opposite effect is produced for the supply chain 

of Italy, using a power to gas system. This last is the most attractive and mature process that contributes to 

reduce the environmental impact, although the high costs especially in the hydrogen production section.  

In addition to economic aspects, also the environmental aspect is important to design a carbon supply chain. 

For this reason, in Chapter IX, the best framework of Italy, Germany and the UK are reformulated as a 

multi-objective problem, minimizing total costs and maximizing the amount of captured carbon dioxide, 

simultaneously. The augmented ε-constraint method and the traditional ε-constraint method are both used 

to solve these problems, and the first one shows a better efficiency. Pareto fronts with trade-off conditions 

are obtained and two guidelines, based on the shortest distance from the Utopia point and on the minimum 

net total costs, respectively, are suggested to choose the operating point for a decision maker. It is found 

that the scenario suggested for the CCUS supply chain of Germany is closer to Utopia conditions than those 

suggested for the other two supply chains: a better trade-off between the two objective functions is then 

achieved, even if the system has the highest costs. 

These supply chains are dynamic systems, then they can be described through a stochastic model. For this 

reason, in Chapter X the best framework for Germany, Italy and the UK are modelled through a two stage 

stochastic model, minimizing the expected total costs, under the uncertainties of the production costs of 

carbon-dioxide-based compounds, achieving the minimum target for carbon dioxide emissions reduction. 

It is found that the expected total costs for the carbon capture utilization and storage supply chain of Italy, 

Germany and the UK are respectively 77.265 billion€/year, 35.17 million€/year, 19094 €/year. A 

comparison with the respective deterministic model is considered through the evaluation of the expected 

value of perfect information and the value of stochastic solution. Results show that the uncertain production 

cost in the stochastic model does not have a significant effect on the results, then there are few advantages 

on solving the stochastic model instead of the deterministic one. 

In the previous analyses about carbon supply chains, two different pipelines are considered to connect 

different sites, for the storage and for the utilization section, respectively. It is supposed that almost pure 

carbon dioxide is transported from the capture to the storage site, while the purity of carbon dioxide needed 

by the production processes is achieved in the specific utilization site. In order to have an unique pipeline 

for carbon dioxide transport, at 150 bar and purity higher than 90% molar, for both utilization and storage 
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sites, the mixed integer linear programming model is reformulated to this aim and applied to the German 

case of study, producing more products. The system is designed and optimized through the minimization 

of total costs. Results show that the new supply chain costs 0.104 trillion€/year, achieving the minimum 

target for emissions reduction at a slightly higher relative cost compared to the previous scheme.  

From the previous studies considering an innovative model to design carbon capture utilization and storage 

supply chains and their life cycle assessment analysis, it is evident that these frameworks are valid solutions 

to solve the problem related to carbon dioxide undue emissions. It is important to underline that carbon 

dioxide can be used to produce different, useful compounds in these systems, selling of which on the market 

may produce an income. Also it results that in this management it is important to have a storage site as a 

complementary aspect of carbon dioxide utilization. Moreover, deterministic (with a single or a multiple 

optimization) models are able to provide a valid description of these systems.  

In future works, it is recommended to analyze more complex supply chains with more storage and 

utilization sites, keeping the ratio between utilization and storage above a given threshold limit dictated by 

the need to establish a circular carbon economy. It is also interesting to develop a unique structure for 

Europe, where all Countries are bound to reduce their emissions in next years.  
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Chapter I 

 

Introduction 

In this chapter, a brief overview of carbon dioxide, as an important gas inside the natural carbon cycle, 

carbon dioxide emissions, for the world and particularly for the three higher-emitter countries in Europe, 

and carbon dioxide supply chains is provided, underlining the central and important environmental 

problem that researchers have faced, in the last decades. Climate change and global warming require 

urgent actions for a better living in the coming future, as underlined by many international agreements. 

Moreover, a literature analysis about the main topics of this work (carbon dioxide utilization, carbon 

supply chain modelling, life cycle assessment analysis of carbon supply chains and modelling of a methanol 

reactor) is presented. Then, the scope and the outline of this thesis are provided.  

 

I.1 Carbon dioxide 

Carbon dioxide (CO2) is a colorless and odorless gas. It consists of a carbon atom bonded with a double 

covalent bond to two oxygen atoms. Although much less abundant than nitrogen and oxygen, CO2 is an 

important gas in the Earth’s atmosphere, because it is used by plants to produce water (H2O) and light-

energy carbohydrates, through photosynthesis, an important step in the natural carbon cycle, shown in 

figure I.1. In this natural cycle, carbon moves from the atmosphere, in the form of CO2, to plants, from 

plants to animals, from plants and animals to soils, from living things like plants and animals to the 

atmosphere, from fossil fuels to the atmosphere (when fuels are burned), and from the atmosphere to the 

ocean. Then the element carbon is part of seawater, atmosphere, rocks, soils and all living things: it moves 

from one of these to another as a part of the carbon cycle. Recently, however, this bio-geochemical cycle 

has been altered due to human activities that discharge more CO2 into the atmosphere, influencing natural 

sinks such as forests. This has created the so-called climate change and warming impact phenomena. In 

fact, in addition to water vapor (H2O), methane (CH4), nitrous oxide (N2O), ozone (O3), 

chlorofluorocarbons (CFCs) and hydrofluorocarbons (HCFCs), CO2 is an important greenhouse gas (GHG): 

its contribution is 82% (EPA, 2019). As a GHG gas, CO2 is able to absorb and emit infrared radiations 

(long waves) in the wavelength range emitted by Earth. These GHGs then trap heat near the Earth’s surface, 

keeping it much warmer than it would otherwise be. In fact, most of solar radiation is absorbed by the 

Earth’s surface and warms it. Some solar radiation is reflected by the Earth and the atmosphere. This is 

because the greenhouse gases let the sun’s short wave reach the Earth. On the other hand, the Earth also 

emits some of the absorbed energy as infrared radiations. Some of these pass through the atmosphere. Some 

is absorbed and re-emitted in all directions by greenhouse molecules. The effect of this is to warm the 

Earth’s surface and the lower atmosphere. Climate change can be defined as a significant long term (decades 

or longer) change of the climate, then of the weather, in the Earth, due to the higher concentration of CO2. 

This can be verified by temperature, rainfall or wind in a specific area.  
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Figure I.1 Simple diagram of natural carbon cycle underling the terrestrial parts of the cycle (UCAR, 2019) 

 

The physical and chemical properties of CO2 are reported in table I.1 (Song, 2006). 

 

Table I.1 Physical and chemical properties of CO2 (Song, 2006) 

Property Value  

Molecular weight 44.01 g/mol 

Heat of formation at 25°C -393.5 kJ/mol 

Entropy of formation at 25 °C 213.6 J/molK 

Gibbs free energy of formation at 25 °C -394.3 kJ/mol 

Latent heat of vaporization at 0 °C 231.3 J/g 

Sublimation point at 1 atm -78.5 °C 

Triple point at 5.1 atm -56.5 °C 

Triple point pressure 5.12 atm 

Critical temperature 31.04 °C 

Critical pressure 72.93 atm 

Critical density 468 kg/m3 

 

In figure I.2, the phase diagram of CO2 is reported, suggesting the phase of this gas for a specific 

temperature and pressure. Liquid CO2 cannot exist at pressure lower than that of triple point of 5.1 atm. On 

the other hand, at 1 atm, solid CO2 sublimes directly to the gas phase with a temperature of −78.5°C 
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(sublimation temperature). For conditions above the critical point (72.93 bar and 31.04 °C), supercritical 

CO2 is present.  

 

 

Figure I.2 Phase diagram of CO2 (Witkowski et al., 2014) 

 

I.2 Carbon dioxide emissions 

In the last decades, the world was characterized by a rapid industrialization and urbanization. The World 

Bank (2017) reported that the gross domestic product (GDP) has increased from $37224 billion US in 1990 

to $72247 billion US in 2014, with an average annual growth rate of 2.7%. On the other hand, the global 

population size has increased from 5.3 billion in 1990 to 7.3 billion in 2014, with an average annual growth 

rate of 1.3% (World Bank, 2017). These growths have led to a rapid increase of global energy consumption: 

from 8133 million tonnes of oil equivalent (Mtoe) in 1990 to 12928 Mtoe in 2014 (BP, 2017). As a 

consequence, carbon dioxide emissions have increased over last few years, generating the so called global 

warming and climate change phenomena, due to its heat–trapping property. Since the industrial revolution, 

the average global temperature has increased by about 1 °C and is currently rising by about 0.2 °C per 

decade (Allen et al., 2018).  In the extreme scenario, it can increase up to 4.8 °C (Stocker et al., 2013). 

In 2018, CO2 concentration was about 400 parts per million (ppm) (it increased 2-3 ppm/yr), the highest 

level over the last years (NOAA, 2019), while CO2 emissions in 2017 were about 36.2 billion tonnes (Le 

Quéré et al., 2018).China is the world’s largest CO2 emitter, accounting for more than one-quarter of 

emissions. This is followed by the USA (15%), EU-28 (10%), India (7%) and Russia (5%), as shown in 

figure I.3. 
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Figure I.3 Trend of carbon dioxide emissions for the world and the most emitter countries (Le Quéré et al., 

2018) 

 

As illustrated in figure I.4, globally about half of CO2 emissions are related to energy production (electricity 

and heat production), while transport and manufacturing industries both contributed to about 20%, 

residential, commercial and public services contributed to about 9%, with other sectors contributing to 

about 1-2% (IEA, 2014). 

 

 

Figure I.4 Global CO2 emissions by sector (IEA, 2014) 
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To solve this environmental problem, different international agreements were reached. The recent and the 

most important one is the 21st Conference of the Parties (COP21) of the United Nations Framework 

Convention on Climate Change (UNFCCC), held in Paris on the 12th of December 2015 (and therefore 

referred to as the Paris Agreement) and entered into force on the 4th November 2016. The most important 

established goals are the following (United Nation, 2015): 

 

(a) “Holding the increase in the global average temperature to well below 2° C (…) and to pursue efforts 

to limit the temperature increase to 1.5 °C above pre-industrial levels”; 

(b) “Increasing the ability to adapt (…) and foster climate resilience and low greenhouse gas emissions 

development”; 

(c) “Making finance flows consistent with a pathway towards low GHG emissions and climate resilient 

development”. 

   

In respect of this, each signed country defined their own national determined contribution (NDC). This 

agreement was also signed by the European Union (EU), where Germany, the United Kingdom and Italy 

had higher CO2 emissions, respectively of 720 Mton, 420 Mton 320 Mton in 2014, as shown in figure I.5 

(World Bank, 2019). 

 

 

Figure I.5 Trend of CO2 emissions for Germany, the United Kingdom and Italy (World Bank, 2019) 
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The EU’s national determined contribution (NDC) under the Paris Agreement is to reduce GHG emissions 

by at least 40%, increase the use of renewable energy by 32%, and improve the energy efficiency by 32.5% 

by 2030, compared to the level of 1990 (European Commission, 2019). Overall, this strategy aims at 

creating a low-carbon economy and a more efficient and sustainable energy system.  

The previous environmental European strategy was the Europe 2020, valid for the decade 2010-2020, and 

includes the so called 20/20/20 targets: 20% reduction of greenhouse gas emissions by 2020, 20% increase 

of renewable share in primary energy sources, 20% increase of efficiency in energy utilization,  compared 

to 1990 levels (European Commission, 2011). 

 

I.3 Carbon dioxide storage, utilization and carbon supply chain 

In order to reduce CO2 emissions and solve this environmental problem, CO2 can either be stored or used. 

There are different options of using it, as shown in figure I.6. CO2 can be used as a feedstock and then 

valorized for direct utilization (e.g. in food industry, power generation, oil and gas recovery, wastewater 

treatment, solvents for pharma, fire extinguishers, etc.), biological conversion (e.g. for biological 

methanation or in horticulture), chemical conversion (e.g. to produce polymers, valuable chemicals, fuels 

and commodities) and mineralization (e.g. to produce concrete and carbonates). Actually, CO2 is mainly 

used for urea, carbonate and methanol production (Aresta et al., 2013). In 2016, global CO2 utilization was 

about 300 Mton, while it is expected to be of 1.5-2 Gton/year in the long term (actually, two orders of 

magnitude and in the long term one order of magnitude lower than the current global emissions) (von der 

Assen et al., 2016). It is important to increase the social acceptance of CO2 utilization, which is actually 

very low (Jones et al., 2017).  

 

Figure I.6 Utilization routes of CO2 (BioCO2, 2019) 



Chapter I: Introduction  

 

14 

 

CO2 can be stored in geological formations or in the oceans’ water (Ajayi et al., 2019). Geological 

sequestration is the most commonly used technology, where CO2 is injected into depleted oil and gas 

reservoirs, deep saline aquifers or unexploitable coal beds. Saline aquifers as porous and permeable 

reservoir rocks that contain saline fluid in the pore spaces between the rock grains and are characterized by 

a huge storage capacity (Grobe et al., 2009). Oil and gas reservoirs are fields that produced oil and gas in 

the past, but now are considered uneconomical for further production of hydrocarbons. In the unminable 

coal beds, CO2 is used for the recovery of methane from the coal bed during the enhanced coal bed methane 

recovery process: the injected CO2 is trapped being adsorbed on the surface of the coal, while CH4 is 

released and produced.  

To have a good sequestration, CO2 should be injected in a supercritical phase (it has the properties of a 

liquid but flows as a gas): it has a higher density than the gaseous phase, reducing then the buoyancy 

differential between CO2 and in situ fluids and requiring a storage volume much lower than that required 

by the same gas at atmospheric conditions. There are four mechanisms to trap CO2 in the subsurface: 

physical trapping (structural trapping, residual or capillary trapping, sorption trapping), maintaining its 

physical nature, and geochemical trapping (solubility trapping and mineral trapping), changing its physical 

and chemical nature (Ajayi et al., 2019). CO2 is trapped via physical trapping for a period lower than 100 

years, while a long term storage is ensured with geochemical trapping (Juanes et al., 2006). In structural 

trapping, the injected supercritical CO2 migrates upward through the porous and permeable rock as a result 

of the buoyancy effect created by its density difference compared to other reservoir fluids and laterally via 

preferential pathways until a cap rock, fault or other sealed discontinuity is reached. In residual trapping, 

CO2 flows among the rock grains, displacing the existing fluid. However, a small portion of this gas can be 

left behind as disconnected, residual or droplets in the pore spaces. In solubility trapping, CO2 dissolves in 

the brine that is present in the pore spaces within the rock. Weak carbonic acid is produced that is 

decomposed into H+ and HCO3
- ions. In mineral trapping, CO2 reacts with solid minerals in the rocks to 

produce calcite.  

Ocean sequestration has the highest potential for CO2 capture, estimated at 40000 Gton of CO2 (Lal, 2008). 

In this case, CO2 is injected and deposited into the sea water at a depth below 1 km by using moving ships, 

fixed pipelines or offshore platforms. At this depth, water has a lower density than the injected CO2 then 

the last dissolves and disperses into the water body (Metz et al. 2005). However, there are problems of 

acidity for the marine life near the injection point. This technology is still at the research stage, without any 

pilot tests (Ajayi et al., 2019).  

CO2 utilization and storage are two important elements of a carbon supply chain system. It is possible to 

have a carbon capture and storage (CCS) supply chain, a carbon capture and utilization (CCU) supply chain 

and a carbon capture, utilization and storage (CCUS) supply chain. In a CCS supply chain, carbon dioxide 

is captured, transported and sent to the storage site. In a CCU supply chain, carbon dioxide is captured, 

transported and sent to the utilization section, while in a CCUS supply chain carbon dioxide is captured, 
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transported and sent to the storage and utilization sections. The conceptual schemes of these different supply 

chains are shown in figure I.7.  

 

 

Figure I.7 Conceptual scheme of a) CCS supply chain, b) CCU supply chain, c) CCUS supply chain 

(Leonzio et al., 2020).  

 

CO2 is generally transported via pipeline, as the most mature technology to transport a huge amount of CO2 

at low costs (Kalyanarengan Ravi et al., 2017). However, CO2 can be transported also by truck and rail (for 

small quantities) or by ship (Global CCS Institute, 2019). Generally, pipelines are made of carbon steel 

(Leung et al., 2014).  

Regarding the CO2 capture process, different technologies may be used: absorption, adsorption, membrane, 

chemical looping combustion, cryogenic technology, and hybrid technology (Song et al., 2018).  

The absorption can be chemical or physical. Solvents like Rectisol, Selexol and Purisol are used for physical 

absorption, however chemical absorption is preferred due to its higher absorption capacity at low CO2 

partial pressure (Leonzio, 2018).  Chemical solutions for absorption such as Monoethanolamine (MEA), 

Diethanol amine (DEA), Nmethyldiethanolamine (MDEA) and Di-2-propanolamine (DIPA) are generally 

used (Mamun et al., 2007). Diglycolamine (DGA), 2-(2-aminoethylamino) Ethanol (AEE), 2-amino 2-

methyl 1-propanol (AMP), N-2-aminoethyl 1,3-propanediamine (AEPDNH2), Triethanol amine (TEA), 

Triethylene tetra amine (TETA), Piperazine (PZ), Glucosamine (GA), NaOH, NH3, K2CO3, KOH, Na2CO3, 

etc. are absorbent solutions that can be used, however with some limitations for application in industrial 

plants at large scale, for degradation, corrosion, high energy for regeneration, environmental impact. In 

recent years, ionic liquids (ILs) (salts that are liquid at a low temperature) have received the attention by 

the research community due to their better properties, compared to traditional solvents: low volatility, 

environmentally friendly, non-corrosive, high thermal and electrochemical stability, excellent chemical 

tunabilities. These ensure a lower energy for regeneration, lower losses of solvent, even if the high costs 
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and the recovery is not easy (Leonzio, 2018; Wappel et al., 2010). Actually, absorption is the most mature 

process to capture CO2 (Leung et al., 2014).  

In the adsorption system, two or three adsorption chambers are present: the first receives the feed for CO2 

adsorption, the second for its desorption, while the last is in stand-by for the first one (Thiruvenkatachari et 

al., 2009). The system operates continuously, changing pressure in PSA (pressure swing adsorption) and 

VPSA (vacuum pressure swing adsorption) systems, temperature in TSA (temperature swing adsorption) 

systems or voltage electric current in electrical swing adsorption (ESA) systems. It is possible to combine 

pressure swing adsorption and temperature swing adsorption in PTSA systems (pressure and temperature 

swing adsorption) that could reduce power consumption by 11% with respect to a pressure swing adsorption 

system (Gupta, 2003). In addition to liquid sorbents, characterized by corrosion, solid sorbents have been 

studied to recover CO2 and are divided at low temperatures (< 200 °C), intermediate temperatures (200-

400 °C) and high temperatures (> 400 °C) (Wang et al., 2014; Li et al., 2010) Solid amine-based adsorbents, 

carbon–based sorbents, graphite/graphene-based adsorbents, zeolite-based adsorbents, metal–organic-

based sorbents, silica-based adsorbents, polymer-based adsorbents, clay-based adsorbents, alkali metal 

carbonate-based adsorbents, immobilized ionic liquid-based adsorbents are used at low temperatures.  

LDH-based sorbents and MgO-based sorbents are used at intermediate temperatures. CaO-based sorbents, 

alkali zirconate-based sorbents and alkali silicate-based sorbents are used at high temperatures.  

In an adsorption process, no wastewaters are produced and low energy is required, even if there are some 

disadvantages due to the low selectivity for CO2 and regeneration and reusability of adsorbents (Mondal et 

al., 2012).  

With regard to the adsorption process it is interesting to consider processes where CO2 is captured in the 

reaction environment. One of these is the sorption enhanced steam methane reforming (SESMR) which is 

able to produce H2 by a more environmental friendly exploitation of natural gas and at a lower temperature 

and pressure than the conventional steam methane reforming method (Aloisi et al., 2017; Di Giuliano and 

Gallucci, 2018). In this case, bi-functional catalyst-sorbent materials are taken into account, containing both 

CaO sorbent grains to capture CO2 and nickel catalytic sites to promote the reaction (Di Giuliano et al., 

2018a; Di Giuliano, 2019). CaO is usually the first choice because of its high sorption capacity and rate of 

carbonation reaction with CO2 (Di Giuliano et al., 2018b).  

Membranes could be classified into three types based on the method employed: non-dispersive contact via 

micro-porous membranes, gas permeation through dense membranes, and through supported liquid 

membranes (Sreedhar et al., 2017). The first type has a better mass transfer compared to the other types, 

while dense membranes can be divided in ceramic and polymeric. Ceramic membranes have higher thermal, 

mechanical and chemical stability than the polymeric types. The mechanical stability of polymeric 

membranes is increased by using an appropriate support, while inserted inorganic materials increase the 

thermal stability of the system. In supported liquid membranes (SLM), also called immobilized liquid 

membranes, liquid is supported on the surface of a solid or could be filled inside the pores. The transport 
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mechanism is solution-diffusion type. Although SLMs are not commercialized at an industrial scale, 

promising results have been reported in the lab scale (Cheng et al., 2014). Some commonly used solvents 

in SLMs include primary amines such as monoethanolamine (MEA), 2-amino-2-methyl-1-proponol 

(AMP), secondary amines such as diethanolamine (DEA) and tertiary amines such as methyl 

diethanolamine (MDEA), aqueous ammonia (Yeh et al. 2005), Selexol, Rectisol (White et al., 2003) and 

fluorinated solvents (Kenarsari et al., 2013). Generally, in membrane technology, where no regeneration 

energy is required, simple modular systems are used and waste streams are not produced, and even if can 

be plugged by impurities in the gas stream. Actually, the process is still under development and it is not 

applicable on a large scale.  

In chemical looping combustion for carbon capture system, combustion is divided in two steps: oxidation 

and reduction reaction by using oxygen (in the form of solid metal oxides such as Fe2O3, NiO, CuO, Mn2O3 

called solid oxygen carrier), moving between the two separated phases, with two fluidized bed reactors, 

one for air and one for fuel (Song et al., 2019). In the first reactor, metal oxides are oxidized by the oxygen 

of air. In the second reactor, metal oxides are reduced by fuel, which is oxidized to CO2 and H2O. CO2 is 

then separated from H2O and then captured by condensation. NOx formations are minimized, because 

combustion is carried out in the absence of N2 with an oxygen carrier that is re-oxidized in the air reactor 

at lower temperature. Energy penalties are reduced, then lower operating costs are involved. However, there 

are only a few large-scale plants using this process (most of them are at lab scale), also with some problems, 

such as the low stability of oxygen carrier, the slow reaction rate of redox reaction and the removal of sulfur 

by fuel to avoid poisoning problems (Solunke and Veser, 2011).  

The cryogenic separation is based on the phase change of CO2 to separate it from exhaust or process gases. 

In particular, CO2 is cooled to about -140 °C, so that it is de-sublimated, passing from a gas to a solid phase. 

The CO2 solid is separated from the remaining gas, pressurized and melted, while the other gases are 

released into the atmosphere. However, the cryogenic separation is an energy intensive process compared 

to other technologies, due to the high amount of energy required for gas cooling and compression (Shafiee 

et al., 2017). Also, the phase behavior of CO2 is complex and it easily leads to the formation of solids which 

plug equipment and severely reduce heat transfer rates resulting in the reduction of process efficiency 

(Mondal et al., 2012). On the other hand, chemical solvents are not required. Researches have been limited 

only to specific situations, including high pressure feed streams such as natural gas treatment (Hart, 2009), 

CO2/O2 combustion cycles (Meratla, 1997) and concentrated CO2 mixtures (Zanganeh et al., 2009). 

According to the used cold energy source, this technology is classified in packed bed, AnSU, CryoCell, 

distillation, stirling cooler if liquid nitrogen gas, liquefied natural gas, chiller, compressor and cooler, 

stirling cooler are respectively used to cool a CO2 stream (Song et al., 2019).  

Hybrid capture technologies are developed by the combination of two or more technologies, in order to 

overcome their limitations and disadvantages, ensuring then higher efficiencies. These hybrid technologies 

are classified in absorption-based, adsorption-based, membrane-based and cryogenic-based hybrid 
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processes and can be combined in series, parallel or simply integrated (Song et al., 2018). This strategy 

mostly combines a first step of CO2 pre-concentration using membrane unit separation with a second step 

of CO2 concentration and compression, as in Figure I.8.  

 

 

 

Figure I.8 Existing hybrid CO2 capture processes: absorption based, adsorption based, membrane based and 

low temperature based (Song et al., 2018) 

 

Another innovative technology to separate CO2 is the molten carbon fuel cells (MCFC), an attractive 

technology for CO2 separation and electricity production, as shown in Figure I.9 (Leonzio, 2018). It is a 

high-temperature cell, operating at around 650 °C and its electrolyte is a mixture of alkali metal carbonates 

that are solid at room temperature but liquid at the cell operating temperature. This cell can reach 

efficiencies of around 60%. At the anode, hydrogen is oxidized by carbonate ions and CO2 and water are 

produced with two electrons (see Eq. I.1), while at the cathode, oxygen is reduced with CO2 to produce 

carbonate ions (see Eq. I.2). In this way, CO2 is separated by the cathode and concentrated in the anode 

through the cell reaction. Overall, natural gas can be used to fuel this cell.  

𝐻2 + 𝐶𝑂3
2− → 𝐻2𝑂 + 𝐶𝑂2 + 2𝑒−                                                      (𝐼. 1) 

1

2
𝑂2 + 𝐶𝑂2 + 2𝑒− →  𝐶𝑂3

2−                                                               (𝐼. 2) 
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Figure I.9 The working principle of the MCFC (Leonzio, 2018) 

 

In addition to MCFC, solid oxide fuel cell (SOFC) can be used to capture CO2, because a stream with a 

high CO2 content is formed at the anode (Haines et al., 2002). These systems work at very high 

temperatures, the highest among all types of fuel cells, from 800 ºC to 1000 °C, and can have efficiencies 

of over 60% when converting fuel (H2, CH4 or syngas) to electricity. The reactions that are involved at the 

anode, cathode and anode/interface respectively are the following (see Eqs. I.3 and I.5) (Garrison, 2019): 

𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2                                                                 (𝐼. 3) 

𝑂2 + 4𝑒− → 2𝑂2−                                                                       (𝐼. 4) 

𝑂2− +  𝐻2 → 𝐻2𝑂 + 2𝑒−                                                               (𝐼. 5) 

CO2 is produced, then can be captured. Air flows from the cathode (also called the “air electrode”). When 

an oxygen molecule contacts the cathode/electrolyte interface, it catalytically acquires four electrons from 

the cathode and splits into two oxygen ions (see Eq. I.4). The oxygen ions diffuse into the electrolyte 

material and migrate to the other side of the cell where they encounter the anode (also called the “fuel 

electrode“). The oxygen ions encounter the fuel at the anode/electrolyte interface and react catalytically, 

producing H2O, CO2, heat, and most importantly for the electric cycle, two electrons (see Eqs. I.3 and I.5). 

The electron transport takes place through the anode to the external circuit and back to the cathode, 

providing a source of useful electrical energy in an external circuit. A schematic representation of SOFC is 

illustrated in Figure I.10 (Garrison, 2019). 

https://electrical-engineering-portal.com/different-types-of-battery-used-for-auxiliary-power-supply-in-substations-and-power-plants
https://electrical-engineering-portal.com/different-types-of-battery-used-for-auxiliary-power-supply-in-substations-and-power-plants


Chapter I: Introduction  

 

20 

 

 

Figure I.10 The working principle of the SOFC (Garrison, 2019) 

 

A comparison between the main capture technologies (absorption, adsorption, membrane and cryogenic) is 

shown in table I.2.  

Table I.2 Comparative analysis of different technologies (Mondal et al., 2012) 

Parameter Absorption Adsorption Membrane  Cryogenic 

Operating flexibility Moderate Moderate 
High (CO2>20%) 

Low (CO2<20%) 
Low 

Response to variation Rapid (5-15 min) - Istantaneous Slow 

Start-up after the variation 1 h - Extremely short (10 min) 8-24 h 

Turndown Down to 30%  Down to 10% Down to 50% 

Reliability Moderate Moderate 100% Limited 

Control requirements High High Low High 

Ease of expansion Moderate Moderate Very high Very low 

Energy requirements 4-6MJ/kgCO2 2-3 MJ/kgCO2 0.5-6 MJ/kgCO2 6-10 MJ/kgCO2 

CO2 recovery 90-98% 80-95% 80-90% >95% 

 

 

I.4 Literature analysis 

I.4.1 Carbon dioxide utilization pathways 

CO2, being a waste emission, can be valorized as a feedstock and used in different pathways, according to 

the principles of circular economy. Another important aspect, is the fact that CO2, through its utilization is 

an important molecule that can help the introduction of renewable energy resources into the chemical and 
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energy chains (Ampelli et al., 2015). Then, CO2 utilization has an important role for suitable chemical, 

energy and process industries, for resource and energy efficient development. In the literature, there are 

different pathways for CO2 utilization, that have been investigated and discussed (Hepburn et al., 2019): 

- Chemicals  

- Fuels  

- Concrete building materials  

- Mineral carbonation 

- Oil and methane recovery 

- Horticulture and algae production 

- Direct use 

Each pathway is characterized by a defined potential development, economic perspective, use of energy 

and amount of CO2, time of sequestration, and environmental impact (Ampelli et al., 2015). These aspects 

are also enclosed in the definition of technology readiness level (TRL), shown for the most important CO2-

based compounds in figure I.11, for which the timeframe of deployment has been assigned with a detailed 

literature analysis (Chauvy et al., 2019). The meaning of different TRL values is shown in table I.3.  

 

 

Figure I.11 TRL for main CO2-based products (Chauvy et al., 2019) 



Chapter I: Introduction  

 

22 

 

Table I.3 TRL scale for CCU evaluation (Chauvy et al., 2019) 

TRL Description  

1 
Research and 

development 
Published research that identifies the principles that underlie the technology 

2 
Basic technology 

research 

Publications or other references that outline the application being considered, and that provide 

analysis to support the concept 

3 
Research to prove 

feasibility 
Active research and development has been initiated 

4 
Development 

scale 
Determination if individual components work together as a system 

5 
Technology 

development 

The basic technological components are integrated so that the system configuration is similar to 

the final application in almost all respects 

6 
Technology 

demonstration 
True engineering development of the technology as an operational system 

7 
Demonstration 

scale 
Actual system prototype 

8 
System 

commissioning 
The technology has been proven to work in its final form and under expected conditions 

9 System operations 
The technology is in its final form and operates under the full range of operating mission 

conditions 

 

 

I.4.1.1 Chemicals  

It consists on the catalytic chemical conversion of CO2 into chemical products, such as urea (Perez- Fortes 

et al., 2014) and polycarbonate polyols (Langanke et al., 2014) for polymer production (polyurethane). 

Urea is produced from ammonia (NH3), obtained by Haber-Bosch process, and CO2, according to the 

following reaction (see Eqs. I.6-I.7): 

2 ∙ 𝑁𝐻3 + 𝐶𝑂2  ↔  𝑁𝐻2𝐶𝑂2𝑁𝐻4                          ∆𝐻 = 157.5 𝑘𝐽/𝑚𝑜𝑙                 (I. 6) 

𝑁𝐻2𝐶𝑂2𝑁𝐻4 ↔ 𝑁𝐻2𝐶𝑂𝑁𝐻2 +  𝐻2𝑂               ∆𝐻 = −26.44 𝑘𝐽/𝑚𝑜𝑙                 (𝐼. 7) 

with ammonium carbamate as intermediate step. It is non-toxic and can be used as fertilizer or for polymer 

synthesis (melamine and ureaformaldehyde resins) (Mikulčić et al., 2019). Actually, urea production is the 

largest-scale process for CO2 utilization: 140 MtCO2/year are used to produce 200 Mt/year of urea (Jarvis 

and Samsatli, 2018). For this route, the value of TRL is of 9 (Chauvy et al., 2019).  

Polyols (usually polyether and polyester) are a petroleum derived product and it catalytically reacts with 

isocyanate to produce polyurethane (Garcia Ramos et al., 2016). However, polyether carbonate polyols can 

be produced in a more environmental way with the reaction of CO2 and epoxides (alkylene oxide) (Artzet 

al., 2018; Mullet et al., 2016). Actually, the company Bayer (Covestro) is focusing on the production of 

polyols for polyurethane and the value of TRL is 8-9 (Fernández-Dacosta et al., 2017; Chauvy et al., 2019). 

The mechanical properties of polyurethane are comparable with one obtained through a traditional way. 

Other commercialized products from CO2 are polycarbonate and Salicylic acid. At research stage there are 

other chemicals, such as carboxylic acids (acetic acid), carbamates (linear and cyclic), formaldehyde, 
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isocyanates, etc. In this pathway, the expected storage time of CO2 depends on the produced chemical 

(days/decades), while the likelihood of release during storage is high (Hepburn et al., 2019).  

I.4.1.2 Fuels  

In this case, a catalytic hydrogenation reaction is applied to convert CO2 into fuels (methane, methanol, 

ethanol, dimethyl ether, syngas, hydrocarbons, etc.). Methanol, methane and syngas are the most important 

products. In fact, methanol, among fuel liquids, while methane, among gas fuels, have the highest value of 

EXc, as the carbon fuel exergy content per mole of carbon. The exergy of a fuel refers to the maximum 

reversible work that can be generated from it. Thus, choosing fuels with higher value of EXC reduces the 

carbon demand for storing a unit of exergy. Al-musleh et al. (2014) suggest that the value of EXc for 

methanol and methane is respectively of 693 MJ/kmol C and 806 MJ/kmol C.  

Syngas is suggested because can be used to produce different fuels (hydrocarbons, methanol, dimethyl 

ether). However, methanol is preferred over methane for different reasons: the higher maturity of the 

technology, the liquid phase that is easy to store and transport, versatility to transform in other chemicals 

(a gas in comparison with a liquid has many constraints in terms of storage, distribution and use), the 

production process made of a reduced number of steps and a simpler separation (Ampelli et al., 2015). In 

addition, methanol synthesis is more efficient, because takes place at milder conditions and requires less 

hydrogen (H2).   

Methanol is an important primary raw material for the energy and chemical industries, due to its wide 

applications ranging from energy uses (e.g., as a fuel by itself, or to be blended with gasoline) to chemical 

uses (e.g., as a solvent, or to be converted to formaldehyde, acetic acid, methyl methacrylate, dimethyl 

terephthalate, methylamines, chloromethane, dimethyl carbonate and methyl tertiary butyl ether, dimethyl 

ether, etc.) (Bertau et al., 2014). It can also be transformed to ethylene and propylene via methanol-to-olefin 

(MTO) processes (Speybroeck et al., 2014). The conventional raw material for methanol production is 

syngas, obtained by steam reforming or partial oxidation of natural gas or by biomass gasification, 

according to the following reactions (Graaf et al., 1988a) (see Eqs. I.8-I.10): 

𝐶𝑂 + 2 ∙ 𝐻2  ↔  𝐶𝐻3𝑂𝐻                               ∆𝐻 = −90.8 𝑘𝐽/𝑚𝑜𝑙                         (I. 8) 

𝐶𝑂2 + 𝐻2  ↔  𝐶𝑂 +  𝐻2𝑂                        ∆𝐻 = 41.6 𝑘𝐽/𝑚𝑜𝑙                               (I. 9) 

𝐶𝑂2 + 3 ∙ 𝐻2  ↔  𝐶𝐻3𝑂𝐻 +  𝐻2𝑂                   ∆𝐻 = −49.2 𝑘𝐽/𝑚𝑜𝑙                      (I. 10) 

However, when methanol is produced via CO2 hydrogenation (with a stoichiometric H2/CO2 ratio of 3), 

only the independent reactions I.10 and I.9 are considered (see Eq. I.5-I.6) (Leonzio, 2018). 

H2 can be produced from renewable energy via water electrolysis, can be obtained by coke oven gas, 

chlorine alkali plant or from the conventional way like syngas, methane steam reforming and petrochemical 

plants. In addition to the hydrogenation reaction, the co-electrolysis of CO2 and H2O and the electro-

catalytic reduction of CO2 are investigated to produce methanol, as reported in table I.4.
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Table I.4 Analysis of the open literature for methanol production 

Hydrogenation of syngas Type of reactor 
Pressure  

(bar) 

Temperature  

(K) 
Catalyst Methanol production 

 

Luu et al. (2016)  Packed bed 50-100 503-538 Cu/ZnO/Al2O3 776 ton/h  

Zhang et al. (2017) Packed bed 80 523 Cu   

Zhang et al. (2017) Packed bed 80 523 Cu 83.54 kmol/h  

Storch et al. (2016)  100 525-538    

Gai et al. (2016)  40 483  5.6 kmol/day  

Martin and Grossmann (2016)  50-100 473-573  207 Mgal/year  

Iaquaniello et al. (2017)   493  105000 t/year  

Specht et al. (1999)     2.2 t/h  

Co-electrolysis of CO2 and H2O Type of reactor 
Pressure  

(bar) 

Temperature  

(K) 
    Catalyst Methanol production Type of electrolysis 

Al-Kalbani et al. (2016)  Packed bed   538-131   1500 ton/day SOEC 

Rivera-Tinoco et al. (2016) Packed bed 80 533 Cu/ZnO/Al2O3  PEM/SOEC 

Hydrogenation of CO2 Type of reactor 
Pressure  

(bar) 

Temperature  

(K) 
Catalyst Methanol production Hydrogen source 

Kiss et al. (2016) Packed bed 50-100 473-573 Cu/Zn/Al/Zr 100 kt/year Chlor-alkali 

Atsonios et al. (2016) Membrane reactor 65 523 Cu-Zn-Al 94.38 ton/year KOH water electrolysis 

Peres Fortes et al. (2016) Packed bed  76 483 Cu/ZnO/Al2O3  PEM 

Bellotti et al. (2016)  50-100  523-573 Cu/ZnO/Al2O3 97 kg/h PEM 

Harp et al. (2015)  50-100 523 Zn 452 t/day Steelwork 

Electrocatalytic reactor Type reactor 
Pressure 

 (bar) 

Temperature 

 (K) 
Catalyst Methanol production 

 

Gai et al. (2016)   80 403   5.6 kmol/day  
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The TRL value for hydrogenation reaction is of 8-9 (the “George Olah” plant in Iceland is close to a 

commercial plant), while other routes are at research and development scale (TRL of 1-3) (Chauvy et al., 

2019). Chauvy et al. (2019) suggest an interesting SWOT analysis about strengths, weaknesses, 

opportunities and threats for the hydrogenation reaction of CO2 to methanol. Strengths for methanol 

production via CO2 hydrogenation are the following: a big market, it is a raw material for synthetic 

hydrocarbons and it is a liquid under ambient conditions, so that it is easy to handle. Weaknesses for this 

route are, instead, the following: the use of hydrogen that should be produced by renewable energies 

increasing the cost, the lack of a suitable catalyst, it is toxic and flammable so that, it must be handled 

properly. On the other hand, opportunities are: a methanol based economy replacing fossil fuels as a storage 

of energy, fuel and raw materials for synthetic hydrocarbons, the increase of consumption due to the 

emerging application technologies. Threats are the following: the evolution of CO2 and H2 price, the 

possibility to have “catastrophic” events in all phases of the methanol value chain and the bio-methanol 

produced from other feedstocks. Different reactors can be used for the production of methanol. For a gas 

phase technology, an isothermal or adiabatic reactor can be used. In addition, liquid phase reactors and 

membrane reactors can be used for this synthesis (Leonzio, 2018). Adiabatic reactors are proposed by the 

Imperial Chemical Industries, Casale (Wang et al., 2013), Toyo Engineering Corporation (Toyo 

Engineering, 2015), Haldor Topsoe, Kellogg (Leonzio, 2018) and Rahimpour (2008). Overall, these type 

of reactors consists of adiabatic fixed beds with intermediate refrigeration to control temperature. 

Isothermal reactors are proposed by Linde (Linde Engineering, 2015), Lurgi (Haid and Koss, 2001), 

Mitsubishi Gas Chemical (MGC) and Mitsubishi Heavy Industry (MHI) (Leonzio, 2018), Casale (Bozzano 

and Manenti, 2016). These are shell and tube reactors with catalyst inside (Lurgi, MGC, MHI) or outside 

tubes (radial steam-raising converter and tube cooled converter). Liquid reactors, compared to other 

technologies, allow a good control of temperature due to a large heat capacity of a liquid to absorb the 

generated heat (Xu et al., 2009). Air Products proposes a slurry liquid phase technology (LPMEOH™) 

(Leonzio, 2018): the catalyst is suspended in an inert mineral oil, allowing very efficient heat and mass 

transfer. Compared to tubular fixed bed reactors, operating and capital costs are lower. The system assures 

a high conversion with a low recycle. Membrane reactors allow the removal of a product (methanol or water 

or both) improving the efficiency. Gallucci et al. (2004) using a zeolite membrane reactor, find that CO2 

conversion (XCO2=11.6%), methanol selectivity (SMeOH=75%) and yield (YMeOH=8.7%) are higher than those 

obtained in a conventional reactor (XCO2=5%, SMeOH=48% and YMeOH=2.4%) at 483 K, 20 bar, H2/CO2 ratio 

of 3 and space velocity of 6000 1/h. Other membrane reactors for methanol synthesis are analyzed by 

Parvasi et al. (2009), Rahimpour and Ghader (2003), Farsi and Jahanmiri (2011), Barbieri et al. (2002). In 

addition to these types of reactors, a gas phase fluidized bed reactor is developed by the New Energy and 

Industrial Technology Development Organization (NEDO) and Petroleum Endowment Center (PEC) in 

Japan: the catalyst particles are fluidized by the fresh gas fed at the bottom. The temperature is controlled 

by cooling pipes that recover the heat of reaction at high pressure. These reactors ensure a good conversion, 
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less pressure drop, elimination of diffusion limitations, good heat transfer capability and a more compact 

design (Abashar et al., 2004). 

Methane is produced by CO2 and H2, according to the Sabatier reaction (see Eq. I.11) (Catarina Faria et al., 

2018): 

𝐶𝑂2 + 4·𝐻2 ↔  𝐶𝐻4 + 2·𝐻2𝑂                       ∆𝐻 = −165 𝑘𝐽/𝑚𝑜𝑙              (I. 11) 

To be more precise, the methanation reaction is the combination of the carbon monoxide (CO) methanation 

and reverse water gas shift (RWGS) reaction (Bassano et al., 2019) (see Eqs. I.12-I.13): 

𝐶𝑂 + 3·𝐻2 ↔  𝐶𝐻4 + 𝐻2𝑂                         ∆𝐻 = −206 𝑘𝐽/𝑚𝑜𝑙                    (I. 12) 

𝐶𝑂2 + 𝐻2 ↔  𝐶𝑂 + 2·𝐻2𝑂                          ∆𝐻 = 41 𝑘𝐽/𝑚𝑜𝑙                         (I. 13) 

The H2/CO2 ratio for methane production should be 4 (Leonzio, 2018). The obtained methane is called 

substitute natural gas (SNG), with physical and chemical properties very close to that of commercial natural 

gas (Riccia et al, 2019). When H2 is produced by renewable energies, such as solar or wind energy, via H2O 

electrolysis the process is known as Power-to-Gas: renewable electric energy can be transformed into 

storable methane via electrolysis and subsequent methanation. 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. 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 TRL value for this hydrogenation reaction is of 7, tests are limited to demonstration plant. 

A lower value of TRL is considered for the other routes of methane production: 4 for the electrochemical 

reduction of CO2, 3-4 for the microbial conversion of CO2 and 3 for the photo-electrochemical reduction 

of CO2 (Chauvy et al. 2019). Existing projects, on catalytic hydrogenation of CO2 in a Power-to-Gas 

process, are present in Germany, Switzerland, United State, Austria, Japan, The Netherlands, Poland, 

France, Canada and Thailand (Bailera et al., 2017; Chwoła et al., 2020). Plants with higher installed power 

are located in Germany (30.7 MWel) followed by Denmark (2.53 MWel), Canada and the United States of 

America (both about 0.45 MWel) (Therma et al., 2019). 

Water electrolysis systems are classified on alkaline electrolysis (AEL), polymer electrolyte membrane 

electrolysis (PEM) and solid oxide electrolysis cell (SOEC). AEL is the most mature technology, while 

SOEC is still at pre-commercial scale. Specific electrical energy consumption of AEL, PEM and SOEC is 

respectively of 4.2-4.8 kWh/Nm3, 4.4-5 kWh/Nm3 and 3 kWh/Nm3, while capital costs are of 1000 €/kWel–

1200 €/kWe, 1800–2300 €/kWe and above 2000 €/kWe (Schmidt et al., 2017; Buttler and Spliethoff, 2018). 

Cascades of fixed bed reactors with intercooling, cooled fixed-bed reactors, fluidized-bed reactors, 

structured reactors and three-phase reactors may be used for methanation reaction (Rönsch et al., 2016).  
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Most of studies present in the literature are about process and system analysis of Power-to-Gas process, in 

addition to a simple analysis of methanation reaction (Bassano et al., 2019). Blanco et al. (2018), analyze 

the potential application of this system in Europe with two different scenarios: a reduction of 85% and 90% 

of emission by 2050 compared to 1990 level. They find that Power-to-Gas will come to place only with 

lower costs. Countries with a high availability of renewable energy will tend to use hydro, geothermal, 

biomass or nuclear energy to compensate the fluctuations of solar and wind energy. Brunner and Thomas 

(2014) consider an analysis of a Power-to-Gas process for the federal state of Baden-Wurttemberg in 

Germany. An analysis of a Power-to-Gas system integrated by a large scale electricity generation, based 

on renewable energies, is considered in Vanderwalle et al. (2015). Dickinson et al. (2010) study a Power-

to-Gas process by combining hydrogen from geothermal energy via electrolysis and carbon dioxide from 

natural gas power plants in Australia. Kötter et al. (2015) consider to use 100% of renewable energy for a 

Power-to-Gas system in Germany. They find that in this case, the levelled cost of electricity (LCOE) of 11 

ct/kWhel is lower than that estimated by using batteries to store energies. An economic analysis is 

developed by Gassner and Maréchal (2012), Buchholz et al. (2014), Tsuparia et al. (2016), Petersa et al. 

(2019) finding a methane cost in the range of € 3.51-3.88 per kg. An economic analysis for Germany is 

carried out by Leonzio (2017), suggesting the need of economic incentives to have a profitable system. 

Balan et al. (2016) perform a technical and economic analysis for a Power-to-Gas in Romania. A new 

methodology for sizing is proposed, based on analyzing different threshold values for the price of energy. 

The economic evaluation consists in a discounted cash flow analysis: the results suggest that the system is 

not financially viable without taking into consideration economic incentives. Economic incentives are also 

required by Blanco and Faaij (2018) for this synthesis. In this context, an economic optimization is 

considered by Gorre et al. (2020): a potential cost reduction of up to 17% in synthetic natural gas production 

is achieved in optimal conditions.  

From this analysis it results, that there is a great interest on increase the integration of renewable energies 

and that this technology is characterized by high costs, then economic incentives are required. A SWOT 

analysis for methanation reaction is also suggested by Chauvy et al. (2019). A strength is the fact that 

methane has a big market. Opportunities are the following: a reaction highly exothermic with the possibility 

to reuse the heat from the conversion, the produced methane can be transported using the current gas grid 

and infrastructure, the possibility to fit renewable methane and renewable hydrogen economies. 

Weaknesses are: the use of H2 that should be produced by renewable energies at high costs, the reaction is 

highly exothermic and should be controlled, it is flammable and it is in competition with natural gas. Threats 

are the following: the evolution of CO2 and H2 price, the competition with biogas from fermentation.  

Generally, syngas can be produced from coal, petroleum coke, natural gas, biomass and even from organic 

wastes (Tao et al., 2011). However, syngas may be produced from CO2 in different ways, as reported in 

table I.5. Overall, it is possible to have, according to the temperature, thermal and non-thermal (dielectric 

barrier discharge, glow discharge, corona discharge, plasma jets) plasma, producing effective electrons able 
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to fragment CH4 molecule to form CHi radicals that react with additive gases such as CO2 to form products. 

Reactions of CO2 reforming of CH4 to syngas are involved, however these techniques have not been 

practically commercialized so far (Tao et al., 2011).  

 

Table I.5 Investigated technologies to produce syngas by CO2 

Glow discarges 

Li et al. (2009) 

Dielectric barrier discharges 

Wang et al. (2011) 

Pham et al. (2011) 

Ozkan et al. (2015) 

Song et al. (2004) 

Nguyen et al. (2019) 

Plasma jets 

Ni et al. (2011) 

Rutberg et al. (2015) 

Thermal plasma 

Yanpeng et al. (2014) 

Methane dry reforming 

Gokon et al. (2011) 

Dou et al. (2019) 

Wang et al. (2019) 

Microwave-assisted dry reforming 

Fidalgo et al. (2008) 

Co-electrolysis of H2O and CO2 

Pardala et al. (2017) 

Liu et al. (2016) 

Stoots et al. (2009) 

Delacourt et al. (2008) 

Kleiminger et al. (2015) 

How and Xie (2019) 

Zhou et al. (2019) 

Acid Gas To Syngas (AG2STM) 

Bassani et al. (2016) 

 

Li et al. (2009) analyze operating parameters of a glow discharge plasma reactor. They find that under the 

experimental conditions of CH4/CO2 rate at 4/6, input power at 69.85 W and feed flow rate at 2200 mL/min, 

the conversion of CH4 and CO2 are of 60.97% and 49.91%, the selectivity of H2 and CO are 89.30% and 

72.58%, H2/CO rate is 1.5, respectively. Ozkan et al. (2015) study the dielectric barrier discharge (DBD) 

to generate syngas by CO2 and CH4. Some parameters are evaluated: CO2 and CH4 flow rates, the power 

supplied to the DBD and the nature of the carrier gas (Ar or He). In particular, power has a positive effect 
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on carbon dioxide and methane conversion and in syngas production, with a linear increase. A plasma jet 

is analyzed by Ni et al. (2011): under optimum experimental conditions, the energy conversion efficiency 

reaches up to maximum value of 1.87 mol/kJ and the highest energy efficiency of 74.63% is achieved, 

which is higher than that of other plasma processes. The good performances of a thermal plasma reactor 

are verified by Yanpeng et al. (2014): thermodynamic and experimental studies show that the CO2/CH4 

volume ratio and the total feed flow rate are important parameters in the reforming process. Then, for 

thermal and non-thermal plasma reactors, operating parameters are analyzed in the existing literature.  

Another technique for syngas production using CO2 and that has not reached the commercialized level is 

the methane dry reforming. The value of TRL is, in fact, of 6 (Chauvy et al., 2019). It is an endothermic 

reaction that requires a lot of energy (Farniaei et al., 2014; Leonzio, 2018) (see Eq. I.14): 

𝐶𝑂2 + 𝐶𝐻4 ↔  2𝐶𝑂 + 2·𝐻2                            ∆𝐻 =  247.3 𝑘𝐽/𝑚𝑜𝑙           (I. 14) 

Most of the literature analysis is about the searching and analysis of an appropriate catalyst (Gokon et al., 

2011; Wang et al., 2019; Dou et al., 2019).  

Methane dry reforming can be developed also using microwaves, under the micro-wave assisted dry 

reforming of methane: it is a combination of catalytic CH4 decomposition and CO2 gasification producing 

syngas (Leonzio, 2018). A comparison with the traditional dry reforming reaction is considered in the work 

of Fidalgo et al. (2008), showing higher CH4 and CO2 conversion for the microwave heating. Under 

microwave heating, various operating variables are studied in order to determine the best conditions for 

performing dry reforming with high conversions and the most suitable H2/CO ratio.  

Another technology to produce syngas is the co-electrolysis of CO2 and H2O. According to this principle, 

the reactions in the cathode are the following (see Eqs. I.15-I.16) (Li et al., 2013): 

𝐶𝑂2 + 2𝑒− →  𝐶𝑂 + 𝑂2−                                                                    (I. 15) 

𝐻2𝑂 + 2𝑒− →  𝐻2 + 𝑂2−                                                                      (I. 16) 

At the anode occurs the following reaction (see Eq. I.17) (Li et al., 2013): 

2·𝑂2− →  𝑂2 + 4·𝑒−                                                                            (I. 17) 

Literature works demonstrate the feasibility of this technique at large scale and analyze different 

configurations. Liu et al. (2016) analyze the separate electrolysis of CO2 and H2O and the co-electrolysis 

of these molecules. Results show that the simultaneous electrolysis in a single electrolyzer is possible as 

well as the industrial production. Stoots et al. (2009) study experimentally the simultaneous high-

temperature electrolysis of H2O and CO2 using solid-oxide electrolysis cells. Results show that this 

technology significantly increases the yield of syngas over the reverse water gas shift reaction equilibrium 

composition: the process appears to be a promising technique for large-scale syngas production. An 

electrolyzer system using also ionic liquid (1-butyl-3-methylimidazolium triflate) is suggested by Pardal et 
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al. (2017) in order to have high selectivities, tunable H2/CO ratio and low energetic requirements. Delacourt 

et al. (2008) modify a proton exchange membrane with the insertion of a pH-buffer layer (aqueous KHCO3) 

between the silver-based cathode catalyst layer and the Nafion membrane improving the cathode selectivity 

for CO2 reduction to CO. Kleiminger et al. (2015) use a micro-tubular solid oxide electrolyzer with yttria-

stabilized zirconia (YSZ) electrolyte, Ni-YSZ cermet cathode and strontium(II)-doped lanthanum 

manganite (LSM) oxygen-evolving anode, for the co-electrolysis of H2O and CO2 to produce syngas. The 

value of TRL for this technology is of 4-5 (Chauvy et al., 2019).  

In a similar field, Bassani et al. (2016) propose a novel Acid Gas To Syngas (AG2STM) technology to the 

gasification of solid fuels (coal or biomass), where H2S and CO2 are converted into syngas, by means of a 

regenerative thermal reactor. The process allows to reduce the environmental impact of coal uses and, at 

the same time, to improve the yield of coal gasification processes thanks to the innovative idea of coupling 

the reducing potential of H2S with CO2.  

New researches regard the production of syngas using solar cells that efficiently convert carbon dioxide 

from air directly into synthesis gas, using only sunlight for energy source (Leonzio, 2018). 

In this pathway for fuel production, the expected storage time of CO2 depends on the produced fuel 

(weeks/months), while the likelihood of release during storage is high (Hepburn et al., 2019).  

Figure I.12 shows the main fuels that may be obtained from CO2, through different reactions.  

 

 

Figure I.12 Principal fuels obtained from CO2 (Leonzio, 2019) 
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I.4.1.3 Concrete building materials 

Concrete is a mixture of cement, fine aggregate like sand and coarse aggregate like gravel or crushed stone. 

Natural and accelerated curing carbonation can occur and they have been studied (Galan et al., 2010; 

Monkman and Shao, 2006). Natural curing carbonation occurs in air: cement hydration products, mainly 

calcium hydroxide and calcium-silicate-hydrates, react with atmospheric CO2 to produce calcium carbonate 

(CaCO3), improving the mechanical properties and reducing the subsequent drying shrinkage of concrete 

product (Baojian et al., 2013). However, it is a slow process and it is a problem for steel reinforced concrete 

structure because the carbonation decreases the concrete pH, improving the corrosion of reinforcing steel. 

In the accelerated curing carbonation, on the other hand, CO2 is injected into the curing vessel at room 

temperature, then CO2, diffusing into the fresh concrete under low pressure, reacts with cement components 

or hydration products like 3CaO∙SiO2, 2CaO∙SiO2 to produce CaCO3 and strength-contributing phases, such 

as calcium silicate hydrates, according to the following reactions (see Eqs. I.18-I.19) (Xuan et al., 2018; 

Khan et al., 2018):  

2(3𝐶𝑎𝑂·𝑆𝑖𝑂2) + 3𝐶𝑂2 + 3𝐻2𝑂 → 3𝐶𝑎𝑂·2𝑆𝑖𝑂2·3𝐻2𝑂 + 3𝐶𝑎𝐶𝑂3                              (I. 18) 

2(2𝐶𝑎𝑂·𝑆𝑖𝑂2) + 𝐶𝑂2 + 3𝐻2𝑂 → 3𝐶𝑎𝑂·2𝑆𝑖𝑂2·3𝐻2𝑂 + 𝐶𝑎𝐶𝑂3                              (I. 19) 

If initial hydration as pre-condition is introduced before carbonation, hydration products such as calcium 

hydroxide (CH) and calcium-silicate-hydrate (C-S-H) can also be carbonated, according to the following 

reactions (see Eqs. I.20-I.21) (He et al., 2019): 

𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2  →  𝐶𝑎𝐶𝑂3 + 𝐻2𝑂                                                           (I. 20) 

3𝐶𝑎𝑂·2𝑆𝑖𝑂2·3𝐻2𝑂 + 3𝐶𝑂2 → 3𝐶𝑎𝐶𝑂3 + 2𝑆𝑖𝑂2 + 3𝐻2𝑂                              (I. 21) 

Overall, gaseous CO2, after its dissolution into H2O, is converted into a solid calcium carbonate during an 

accelerated curing process. For applications without reinforcing steel, the carbonated concrete products 

have better performances in terms of compressive strength, abrasion resistance, durability, stable 

dimensions, due to the near-complete depletion of calcium hydroxide (Baojian et al., 2013; Shi-Cong et al., 

2014). Costs are also reduced due to the lower cement content. However, it is most suitable for concrete 

products, such as blocks and cement boards. 

Also, these properties can be acquired in few hours against the natural carbonation of concrete in air (El-

Hassan, 2014; Zhan et al., 2016) and in any case this process depends on CO2 concentration, pressure, time 

of exposure, relative humidity etc. (Shi et al., 2013). Khan et al. (2018) find that in the accelerated curing 

carbonation, concrete achieves in only 4 hours the strength that should be achieved in 28 days, with natural 

curing carbonation. Xuan et al. (2018) find that important parameters to improve the maturity and strength 

of concrete are: a high CO2 concentration, a fast gas flow rate and a moderate relative humidity. On the 

other hand, Monkman et al. (2016) report that with accelerated concrete curing the durability of the concrete 
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is not compromised, but better performances (compressive strength, linear shrinkage, etc.) are obtained. 

The value of TRL for concrete curing is of 7-8 (Alberici et al., 2017).  

In addition, concrete can be produced from CO2, through the red mud or “bauxite residue”, obtained by 

bauxite treatment during alumina production (two tons of red mud are produced by one ton of bauxite, 

according to the bauxite characteristics and processing parameters) (Klauber and Gräfe, 2009). Red mud is 

mainly composed by Al2O3, Fe2O3, SiO2, TiO2, CaO, Na2O, then it has an alkaline character with an high 

pH (10.5-12.5) ( Patricio et al., 2017a; Ribeiro and Morelli, 2011). However, if the red mud is carbonated 

with CO2, the pH decreases and it can be valorized and used as additive for building materials: it can be 

used to produce concrete reducing the cement content (Sutar et al., 2014). Several studies are related to the 

use of red mud in concrete production. Ribeiro et al. (2012) suggest that the utilization of red mud in 

concrete production can improve the corrosion resistance, with an optimal composition value between 20% 

wt and 30% wt. Better mechanical properties than the conventional concrete are obtained by Nikbin et al. 

(2018). Liu and Poon (2016) replace fly ash with red mud in concrete improving the compressive strength, 

splitting tensile strength and elasticity modulus; on the other hand, drying shrinkage is decreased. Rathod 

et al. (2014) find that the optimal value of red mud composition in concrete is of 25% wt. Similar analyses 

are carried out by Sai (2017), Colella et al. (2007), Feng and Peng (2005), Hauri (2006), Dindi et al. (2019).  

Overall, the literature works analyze the production process finding better operating conditions for this 

pathway. This pathway has a value of TRL of 9 (Patricio et al., 2017a).   

In concrete production, the expected storage time of CO2 may be of centuries, while the likelihood of release 

during storage is low (Hepburn et al., 2019). 

I.4.1.4 Mineral carbonation 

 Mineral carbonation reaction can be in-situ or ex-situ (Chang et al., 2017a). The first case occurs into 

geological storages, when CO2 reacts with alkaline minerals present in the geological formation and it is 

transformed into a mineral carbonate. The ex-situ reaction, on the other hand, occurs chemically in an 

industrial plant, through a reaction between CO2 and alkaline earth metals mostly calcium (Ca) or 

magnesium (Mg), obtained from the nature via silicate minerals (wollastonite, olivine, serpentine, etc.) or 

from industrial by-products or waste materials (coal fly ash, steel and stainless-steel slags, and cement and 

lime kiln dusts, basic oxygen furnace slag) (Gerdemann et al., 2007; Pan et al., 2012). In this case a 

precipitated mineral carbonate is produced. In particular, for the in-situ and ex-situ carbonation, the reaction 

is between the metal oxide bearing the mineral and CO2, as fellows (see Eq. I.22):  

𝑀𝑒𝑡𝑎𝑙 𝑜𝑥𝑖𝑑𝑒 + 𝐶𝑂2   →  𝑀𝑖𝑛𝑒𝑟𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 + 𝐻𝑒𝑎𝑡                                   (I. 22) 

In addition to CaCO3 and magnesium carbonate (MgCO3), sodium carbonate (NaCO3) and sodium 

bicarbonate (NaHCO3) may be produced. The TRL value for the process producing CaCO3, MgCO3, 

NaCO3 and NaHCO3 is respectively of 7, 3-4, 6 and 8-9 (Chauvy et al., 2019).  



Chapter I: Introduction 

 

33 

 

Compared to the in-situ reaction, the ex-situ reaction allows to valorize also industrial hazardous wastes, 

containing the considered metals and to use the obtained mineral carbonate products for different aims. In 

fact, for example, CaCO3 may be used as adhesive, sealants, in food and pharmaceutical sector, in paint, 

rubber and paper industry, for construction materials (Eloneva et al., 2008). In addition, while in the in-situ 

reaction CO2 is just injected into geological formations containing alkaline metals, the ex-situ mineral 

carbonation involves different processes as mining, grinding, and/or pre-treatment processes to ensure Ca-

or Mg-bearing mineral feedstock. The different applications of mineral carbonates are related to their 

physicochemical characteristics such as particle size, shape, density, color, brightness, that can be governed 

through operating parameters as pH, temperature, concentration, additives, stirring, reaction time, etc. 

(Zhang et al., 2013; Chang et al., 2017b).  

Literature works are mainly considering steel slag as raw material to produce precipitated calcium 

carbonate. In the work of Zappa (2014) calcium is extracted from steel slag by using a solution of 

ammonium chloride (NH4Cl). The author reports that temperature, calcium concentration, NH4Cl solvent 

concentration, CO2 flow rate and agitation speed have important effects on the mineralization and quality 

of the precipitated calcium carbonate. In particular, a lower dimension can be obtained reducing 

temperature, calcium and NH4Cl concentration, CO2 flow rate and increasing the agitation speed. An 

economic analysis of the process is also developed: the production cost for the precipitated calcium 

carbonate is of 65 €/ton. A techno-economic analysis of a process, called KIST, to produce calcium 

carbonate from steel slag is carried out by Lee et al. (2020): results suggest the cost of 483 USD/ton CaCO3, 

then the process is feasible. Said et al. (2013) consider a parametric analysis of this process. They find that 

grinding the materials of steel slag to a smaller size can improve the efficiency and chemical conversion 

rates (reactor size and resident time are decreased improving the extraction efficiency), while the smallest 

solid to liquid ratio ensures the maximum calcium extraction efficiency. A feasibility study for CaCO3 

production from basic oxygen furnace slag is proposed by Kim et al. (2020). It is evident that, the most of 

literature works are regarding the analysis of the mineralization process, finding the costs and the influence 

of some operating parameters.  

As in concrete production, the expected storage time of CO2 in mineral carbonates may be of centuries in 

a stable, inert and solid form, while the likelihood of release during storage is low due to the stability of 

mineral carbonates (Hepburn et al., 2019; Zevenhoven et al., 2006). 

I.4.1.5 Oil and methane recovery 

CO2 can be used for oil and gas (methane) recovery, respectively in CO2 enhanced oil recovery (CO2-EOR) 

and CO2-enhanced coalbed methane (CO2-ECBM) technologies. It is a way to store CO2, but at the same 

time, CO2 is used as injection fluid to recover oil and methane from the respective reservoirs. In CO2-

enhanced coalbed methane, CO2 is used to extracts CH4 from the coalbed: the injected gas allows CH4 to 

desorb from the coalbed, changing the adsorption rate between gases and micro-pores in the seam, while 



Chapter I: Introduction 

 

34 

 

CO2 is adsorbed and then stored (Cho et al., 2019). In fact, coalbed methane reservoirs are naturally 

fractured rocks, consisting of cleats and matrix, which micro-pores contain a considerable amount of 

methane adsorbed on the walls (Verma and Sirvaiya, 2016). This phenome can be explained by geometrical 

and physical/chemical properties of gas molecules (Sayyafzadeh et al., 2015). In fact, CO2 molecules are 

smaller than CH4 molecules and also have a linear shape, facilitating CO2 entrance to more restricted pore 

spaces and dislocating the pre-adsorbed CH4 molecules out of micro-pore surfaces. Moreover, CO2 has a 

more favorable interaction enthalpy than hydrocarbons, increasing CO2 solubility in coals compared to 

CH4. An overview about this technology and the investigations that should be done is suggested by Li and 

Fang (2014) and Lau et al. (2017). Other studies present in the literature are about the analysis of geological 

and physical characteristics of a coalbed methane, underlining the process performances, as CO2 injection 

and CH4 separation. Mazzotti et al. (2009) show the best performances and efficiencies obtained by using 

CO2 and not another gas (e.g. nitrogen or a mixture of nitrogen and carbon dioxide), due to the grater 

affinity of coal towards CO2. Guan et al. (2018) analyze the adsorption capacity of CH4 and CO2 for an 

Illinois coal at different temperatures and find that these are correlated. In particular, the adsorption capacity 

of these gases decreases at higher temperatures, until a critical temperature value, where this dependence 

is vanished. Liu et al. (2013) propose a mathematical model to evaluate the wellhead and bottom-hole 

pressure, considered as important parameters. In the work of Sinayuc et al. (2011), the effect of some 

parameters, such as the layout and number of wells, composition of injected gas and permeability on CH4 

production are evaluated. In a more accurate analysis, Dai et al. (2017) find that the reservoir thickness, 

permeability, and porosity are key parameters controlling the CO2 injection and CH4 production rates. In 

particular, reservoir thickness, permeability, porosity have a positive effect on CO2 injection rate and CH4 

production rate. The effect of injection pressure and initial reservoirs temperature on the process is analyzed 

by Fan et al. (2018) through a simulation in COMSOL Multiphysics. The authors find that the amount of 

stored CO2 and extracted CH4 decrease at higher reservoir temperature, and increase at higher pressure. The 

positive effect of pressure is also documented in the work of Yin et al. (2017). The optimal CO2 composition 

for gas recovery is find by Sayyafzadeh and Keshavarz (2016), based on the economic calculation of net 

present value. Studies for micro-pilot tests are carried out by Wong (2007) and Ye (2007). In recent years, 

also liquid CO2 is used for this technology: a higher pressure and volume is able to crack the coal seams 

and to improve the gas extraction (Chen et al., 2017; Hu et al., 2018; Wen et al., 2020).  

The TRL value for this utilization option is of 7 (demonstration scale) (Bui et al., 2018).  

In CO2-EOR, as already mentioned, CO2 is used to extract oil from reservoirs. This technology is based on 

chemical and physical mechanisms, involved during the interaction of CO2 with rocks and fluids that are 

present in the reservoir. In particular, CO2 has excellent dissolution properties and above the minimum 

miscibility pressure, becomes miscible with the in-situ oil, dragging the oil out of pores through different 

mechanisms, as interfacial-tension and viscosity reduction, and oil swelling (Farajzadeh et al., 2020). 

Besides the United States, China and countries in the Middle East have expressed strong interest in using 

https://www.sciencedirect.com/science/article/abs/pii/S1875510016304152#!
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CO2-EOR (Azzolina et al., 2016). In 2014, 136 active CO2-EOR projects were identified in the United 

States (Koottungal, 2014).  

Studies present in the literature are mainly about the optimization of the process, techno-economic and 

environmental analysis. Generally, the co-optimization of CO2 storage and oil recovery is considered by 

Kamali and Cinar (2014), Ampomah et al. (2017), Wang et al. (2018), Chen and Pawar (2019). In the work 

of AlMazrouei et al. (2017) two different optimizations are suggested for a CO2-EOR in California: one is 

minimizing the costs, the other one is maximizing the revenues. The second one is preferable according to 

the market dynamics. Wei et al. (2015) perform a techno-economic analysis for an oil field in China. A 

sensitivity analysis shows that oil production and CO2 storage are very sensitive to crude oil price, CO2 

cost, project lifetime, discount rate and tax policy. Also, high oil price, short project lifetime, low discount 

rate, low CO2 cost, and low tax policy can greatly increase the net income. Key parameters for a techno-

economic analysis are also investigated in the work of Jiang et al. (2019). These parameters are: the 

porosity, net pay, CO2 injection, depth, oil formation factor, and oil saturation. The net present value of the 

process is maximized by Kwak and Kim (2017), while Kemp and Kasim (2013) find that high CO2 costs 

can provide negative values of net present value. Many other literature works regard a techno-economic 

analysis, suggesting the potential of this technology and its capacity to reduce CO2 emissions (Davidson et 

al., 2011; Rubin et al., 2013; King et al., 2011; Mendelevitch, 2014). In addition to these feasibility studies, 

environmental analyses are also developed, in order to evaluate the emissions of this technology. Jaramillo 

et al. (2009) propone a model to calculate the cumulative CO2 emissions over the life cycle of the considered 

process, including CO2 capture from a power plant, CO2 transportation, oil exploration and transportation, 

crude oil refining and its combustion. A detailed gate-to-gate, cradle to gate and cradle to grave life cycle 

assessment (LCA) analysis for a CO2-EOR system is developed by Cooney et al. (2015): they find that it 

is more environmentally beneficial to use anthropogenic CO2 sources than natural CO2. Azzolina et al. 

(2016) in their study find that CO2-EOR process produces oil with an emission factor of about 300 kgCO2-

eq/bbl, lower than the conventional process (500 kgCO2-eq/bbl). In this study, CO2 is captured from a coal-

fired power plant. Greenhouse gas emissions reduction per unit of produced oil are obtained through this 

kind of system in an offshore EOR in the North Sea, in the work of Stewart and Haszeldine (2015). Overall, 

environmental benefits of this technology are reported in the literature. For this pathway the value of TRL 

is of 9, then it is at commercial scale (Bui et al., 2018). In both discussed pathway, CO2 is stored as a 

geological sequestration, then for millennia and the likelihood of release during storage is low (Hepburn et 

al., 2018).  

I.4.1.6 Horticulture and algae production 

CO2 may be used for horticulture and algae production by using greenhouses with CO2 enrichment. CO2 

enrichment is a technique used to enhance the photosynthesis, resulting in improved yields and income 

(Chalabi et al., 2002). It is important to underline that these benefits are present only for plants with C3 
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photosynthesis pathway and not for plants with C4 pathway (Dion et al., 2011). C3 pathway includes cereals 

(wheat, rice, barley, oats, rye, triticale, etc.), all legumes (dry bean, soybean, peanut, mung bean, faba bean, 

cowpea, common pea, chickpea, pigeon pea, lentil, etc.), nearly all fruits (including banana, coconut, etc.), 

roots and tubers (potato, taro, yams, sweet potato, cassava, etc.). C3 is also the pathway for sugar beet, fibre 

crops (cotton, jute, sisal, etc.) and oil crops (sesame, sunflower, rapeseed, safflower etc.), algae and for 

trees. On the other hand, C4 pathway includes corn (maize), sorghum, millet and sugarcane. Then, C3 plants 

are the most common greenhouse crops, even if they are less efficient to fix CO2 at ambient concentrations 

(about 388 ppm) (Dion et al., 2011). However, for these crops, a higher CO2 concentration determines a 

higher photosynthetic rate, creating more carbohydrates that translates into an increased biomass (Sanchez-

Guerrero et al., 2009). Generally, this positive effect for greenhouse crops is obtained for CO2 

concentrations between 700 and 1000 ppm, which produces a yield increases from 21% to 61% in dry mass 

(Jaffrin et al. 2003). On the other hand, the photosynthesis can improve also up to 50% (Patricio et al., 

2017a). The positive effect of CO2 on the yield of important crops has been reviewed with respect to rice, 

wheat, soybeans and grain (Dong et al., 2020; Senghor et al., 2017). 

Also, this positive effects strongly depend on different greenhouse environmental parameters, such as 

temperature, relative humidity, nutrients and irrigation schedule. Several researches have been developed 

to optimize the level of CO2 injection into greenhouses according to these factors (Klaring et al. 2007; 

Edwards, 2008; Rachmilevitch et al., 2004). The economic benefits of CO2 enrichment technology are 

reported by Marchi et al. (2018), considering the saving related to the use of carbon emissions from the 

industrial process and the additional revenues due to the increase of the yield of products (tomatoes, 

cucumbers and strawberries). It is evident that for the horticulture production, most of literature works want 

to underline the better efficiencies obtained at a higher CO2 concentration. Few works are about an 

economic analysis of this pathway.  

Interesting considerations are reported in the literature for algae cultivation, that can be used as feedstocks 

for biofuels, such as biodiesel (Hallenbeck et al., 2014; Choia et al., 2014), pyro-oil (Pisal and Lele, 2005) 

and other bio-chemicals (Pradhan et al., 2015). Compared to other C3 plants algae can tolerate higher ranges 

of temperature, pH value and CO2 composition (Olaizola et al., 2003); moreover these are able to fix CO2 

at a rate several times higher than plants showing their high photosynthetic efficiencies (Bhola et al., 2014). 

From the literature review, it is clear that algae may be cultivated either in open raceway ponds or in photo-

bioreactors used to enhance the photosynthetic process (Pradhan et al., 2015).  Several works suggest the 

way to improve the efficiency of these reactors (Zittelli et al., 2013; Ugwu et al., 2008).  

The TRL value for horticulture and algae production is 9 and 8-9, respectively (Patricio et al., 2017a; 

Tcvetkov et al., 2019). The expected storage time of CO2 depends on the product and can be of weeks or 

months, while the likelihood of release during storage is high (Hepburn et al., 2018).  
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I.4.1.7 Direct use 

CO2 can be used in various processes of food industry, as an inert to prevent the food spoilage and in 

packaging applications, when it is used both in modified and controlled atmosphere packaging. CO2 is also 

used in beverage carbonation (Linde, 2019), in coffee decaffeination as an extraction solvent at supercritical 

conditions (AHDB, 2019), and wine making, as a seal gas to prevent oxidation of the wine during 

maturation (Global CCS Institute, 2011). CO2 is used also in metal industry, as a shrouding gas to prevent 

oxidation in a welding process, or in basic oxygen furnaces for dust suppression (Leeson et al., 2017).  

Other industrial direct uses of CO2, include pulp and paper processing, to reduce the pH value during pulp 

washing operations (Linde, 2012), water treatment (it is used for the re-mineralization of water following 

reverse osmosis and for pH control) (Girdon et al., 2006), printed circuit board manufacture (as a cleaning 

fluid) (Pieri et al., 2018), and power generation (in the supercritical form as a power cycle working fluid) 

(Global CCS Institute, 2011). CO2 can be also used in pneumatic applications, in fire extinguishers and in 

industrial fire protection systems (Pieri et al., 2018), in refrigeration units (larger industrial air conditioning 

and refrigeration systems) as the working fluid, replacing other more toxic refrigerant gases (Leeson et al., 

2017). 

 

I.4.2 Carbon supply chains modelling 

I.4.2.1 CCS supply chains modelling 

From the literature analysis of CCS supply chains, it is evident the necessity to investigate the design, costs 

and integration of these frameworks for different geographic contexts. To this purpose, optimization 

techniques, especially mixed integer linear programming (MILP) models, are developed to have some 

preliminary information for an early planning of large scale network.  

Tan et al. (2012) suggest a MILP model to match CO2 sources and sinks in CCS systems, taken into account 

the storage limitations of the sinks. In the subsequent work, Tan et al. (2013) design the system under the 

constraints of temporal, injection rate and storage capacity.  

A revision of different mathematical models published in the last decade for Europe and the United States 

is presented by Tapia et al. (2018). Kalyanarengan Ravi et al. (2017) design and optimize the minimization 

of the total costs for a CCS supply chain in The Netherlands. As an important point of this work, the fraction 

of captured CO2 is chosen through the optimization and it is not considered a constant, as in the previous 

works. Other countries are also considered. In fact, other CCS supply chain models are developed for 

Norway by Bakken and von Streng Velken (2008) and Klokk et al. (2010), The North Sea regions by 

Strachan et al. (2011), Texas by Middleton et al. (2012), Europe by Odenberger and Johnsson (2010) and 

d’Amore and Bezzo (2017), the UK by Akgul et al. (2014), western Nebraska by Wildgust et al. (2019), 
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China by Fan et al. (2018), Japan by Tanaka et al. (2017), India by Garg et al. (2017), Quatar by Zhang et 

al. (2017).   

These works consider mainly a deterministic economic optimization (trough the minimization of the total 

costs or the maximization of the profit) and the total costs of the framework are calculated. It is evident 

that, the major obstacle towards large scale deployment of this system are its high costs (Zhang et al., 2017; 

Budinis et al., 2018). For this reason, economic subsidies are needed as suggested by Zhu et al. (2015) 

considering a long term perspective (2050).  

In addition to the economic analysis, social risks and acceptances are discussed. In fact, CO2 is a non-toxic 

and non-flammable gas, but has a higher density than air, and therefore in presence of a leakage it could 

locally accumulate up to a dangerous concentration. Then, in the work of d’Amore et al. (2018) social risks 

are considered in the economic analysis: social risk has not a significant effect on the costs, but limits only 

the sequestration potential. Social acceptances are taken into account in the work of d’Amore et al. (2020): 

the developed mathematical model minimizes the total costs and maximizes the community acceptance. 

Yang et al. (2016) report that public cognition, economic benefits, and environmentalism have a positive 

effect on the public acceptance of CCS systems, while potential risks have a strong negative effect.  

However, in the modelling of supply chains, uncertainties can be also taken into account and these can be 

related to policy, technology, engineering performance, economics, market forces, CO2 injection and 

storage (Middleton and Yaw, 2018). Zhu and Fan (2011) evaluate the investment needed for a CCS under 

the uncertainties of fuel price, investment costs, capture costs and carbon price. Santibanez-Gonzalez 

(2017) develop a novel stochastic mixed integer linear optimization model for a CCS supply chain in Brazil, 

considering also carbon tax. A two stage stochastic model is developed by Han and Lee (2012) for the 

eastern coast of Korea: uncertainties in product prices, operating costs, and CO2 emissions are considered, 

while the total profit is maximized. Also, Nie et al. (2017) propose a CCS optimization for the UK under 

market prices uncertainty while, d’Amore et al. (2019) maximize the resiliency of a European CCS supply 

chain under the uncertainty of geological storage capacities. Similarly, Jeong et al. (2018) find the minimum 

costs of a CCS supply chain under geological uncertainties (brine formation and leakage in storage). Sink 

physical and investment limit uncertainties are present in the two stage stochastic MILP model developed 

by Zhang et al. (2018). Another non-deterministic study is suggested by Jin et al. (2017), minimizing the 

total costs under multiple uncertainties (fuel costs, CCS investment, mitigation level, etc.).  

In some cases, multi objective optimization analyses are considered. Lee et al. (2017) propose a MILP 

stochastic programming for the optimization of a CCS infrastructure in South Korea, while simultaneously 

including cost, environmental impact and financial risk measures within the multi-objective mathematical 

framework. 

The majority of the published studies focuses only on the economic assessment of the carbon scheme, in a 

stochastic or deterministic model. 
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I.4.2.2 CCU supply chains modelling 

Few works are present in the literature about CCU supply chains. A techno-economic analysis for two CCU 

systems producing methanol and calcium carbonate via carbonation of flay ash is reported in Perez-Fortes 

et al. (2014). Methanol is also produced in the work of Kourkoumpas et al. (2016), capturing CO2 from a 

lignite fired power plant. A techno-economic analysis is performed and it is found a methanol production 

cost of 421 €/ton. In Duraccio et al. (2015), the CCU framework considers the capture of CO2 from a power 

plant and its utilization for sugar production: for the sugar factory a reduction of 42% of costs is ensured. 

Patricio et al. (2017b) consider a CCU supply chain for Sweden, where CO2 is used for mineral carbonation, 

tomatoes and algae production, methanol and methane synthesis, pH control, lignin production, polymer 

synthesis and concrete curing. In this case, CO2 emissions could be reduced of 250,000 tCO2 per year. 

Dimethyl ether is produced in the CCU framework developed by Michailos et al. (2019): the minimum 

deterministic selling price of this CO2-based product is of 2193 €/ton while, with the uncertainty of 

renewable energy price this cost is in the range of 1828–2322€.   

Optimization models are also developed. Lainez-Aguirre et al. (2017) develop a MILP model for a CCU 

framework where CO2 captured from the co-combustion of biomass and coal is used to produce methanol. 

In the model, the net present value is maximized satisfying the electricity demand, methanol demand and 

CO2 emissions reduction. The potential production of synthetic hydrocarbons capturing CO2 from cement 

plants in a CCU system is discussed by Farfan et al. (2019), while in the work of Valderrama et al. (2019) 

CO2 is mainly captured and used to produce polymers. A model for a CCU supply chain, integrated in a 

steelmaking plant and producing methanol, is suggested by Ghambari et al. (2015): the system is designed 

by the maximization of the net present value.  

The most of CCU supply chain studies reported in the literature are then regarding a feasibility and 

economic analysis.  

I.4.2.3 CCUS supply chains modelling 

Generally, mathematical models of CCUS supply chains that are present in the literature can be classified 

in deterministic, stochastic and multi objective optimization models. Deterministic models, particularly 

MILP models, are mostly about CO2-EOR systems optimized for an economic point of view. Only Yao et 

al. (2018) present a business model of these systems. In fact, with the decline in oil discoveries during the 

last decades it is believed that EOR technologies will play a key role to meet the energy demand in years 

to come.  

Regarding the optimization, Hasan et al. (2014) design a CCUS supply chain with CO2-EOR for the United 

States and find that it is possible to reduce 50%-80% of CO2 emissions with an annual cost of $58.1-106.6 

billion, generating $3.4-3.6 billion of revenues per year. In the followed work, Hasan et al. (2015), find that 

for a CO2-EOR framework it is possible to reduce 50% of CO2 emissions at a cost of $35.63/ton captured 

CO2. A simultaneous design methodology is also presented. In both studies the total costs are minimized. 
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The total costs are also minimized in the work of Zhang et al. (2018), where this kind of framework is 

developed for the north eastern China. The system is able to reduce 50% of stationary emissions with an 

annual cost of $2.3 billion and $0.77 billion of revenues. A similar case study for China is also developed 

by Sun et al. (2018). The important role of CCUS supply chains for China is recognized by Yu et al. (2019): 

these allow the energy transaction and a low carbon development at lower costs. However, Fan et al. (2019) 

report that economic incentives are required for China to avoid that these systems remain in the ‘technology 

valley of death’. The need of subsidies for the development of CCUS project with oil recovery in China is 

also suggested by Yang et al. (2019).  

In addition to the minimization of the total costs, different optimization methods are used by Rahmawati et 

al. (2015) to maximize the net present value of a CCUS supply chain with CO2-EOR, comparing the 

obtained results with other injection strategies. The net present value is also optimized for these systems by 

Jahangiri and Zhang (2012). In Middleton et al. (2015) a CCUS supply chain is developed for the U.S. Gulf 

Coast region and in nearby regions (Texas, Louisiana, Mississipi, New Mexico, Oklahoma and Kansas) 

reducing 50 Mton of emissions and producing 200 million bbl/yr of oil, while in Klokk et al. (2010) a CO2-

EOR supply chain is optimized for the Norwegian regions, maximizing the net present value. The optimal 

value of the net present value is find by Agralı et al. (2018) in the modelling of a CO2-EOR system in 

Turkey. For the authors, economic incentives are important for the commercialization of these carbon 

schemes. A similar economic analysis is also carried out by Guo et al. (2020).  

Other considerations are presented in the work of Tapia et al. (2016a). The authors consider a MILP model 

for these supply chains with three important issues: the scheduling of CCUS operations, the allocation of 

CO2 supply for CO2-EOR operations and the matching between CO2 sources and geological storages. In 

the followed work, Tapia et al. (2016b) consider the uncertainties of oil price, reservoir oil capacity and oil 

yield through a Monte Carlo simulation. An economic evaluation of CCUS supply chains with CO2-EOR 

in Poland is carried out by Mathisen and Skagestad (2017) considering a sensitivity analysis for the price 

of oil and of CO2.  

In the deterministic models, CO2 can be used also to produce other different products. Ochoa Bique et al. 

(2018) integrate a CO2 and a H2 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. 

Generally, the above models consider only one single objective function. However, more objective 

functions can be taken into account simultaneously for the optimization and design of the best supply chain. 

A tread-off between the different objective functions is in this case obtained. Leach et al. (2011) suggest a 

co-optimization of oil production and CO2 storage for a CO2-EOR supply chain: only at very high taxes 

does a trade-off between revenues from oil output and sequestration arise. Yue and You (2015) present a 

non-convex mixed integer nonlinear programming (MINLP) model for Texas to optimize the CCUS system 

according to both economic and environmental criteria using a multi-objective optimization approach. CO2 
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is used to cultivate algae for biofuel production. 80% of carbon dioxide emissions are reduced at a price 

that is lower compared to other mitigation technologies. 

Stochastic models are also present in the literature to consider the uncertainty of different parameters. 

Huang et al. (2014) analyze a CCUS supply chain with CO2-ECBM utilization option through a MINLP 

model. The profit is maximized considering uncertainties in natural gas price and carbon credit. A stochastic 

simulation for a CO2-EOR system in the Danish North Sea is presented in the work of Suicmez et al. (2019). 

The price of the oil and the CO2, discount and hydrocarbon tax rates are the stochastic parameters. Results 

show that the NPV distribution is between −491 and 1,203 million USD with the most likely value of 124 

million USD. Uncertainties on coal price and carbon trading price are considered for a CCUS supply chain 

with CO2-EOR in China in Fan et al. (2019). Lee et al. (2019) develop a two stage stochastic model for a 

CCUS supply chain producing polymer and bio-butanol in Korea. The annual profit is maximized, while 

the environmental impact and risk due to the uncertainties are minimized simultaneously. Operating costs, 

carbon dioxide sources, energy consumption are the stochastic parameters.  

Also for this kind of supply chain, the literature works are mainly about economic considerations and in 

few cases the environmental aspect is considered in the objective function through a minimization or a 

maximization. This underlines that the costs are an important aspect for the development of these 

technologies. Moreover, few CO2-based products are considered in the CCUS supply chain, mainly focused 

on CO2-EOR technology. There is, also, a lack of studies considering the uncertainties in the model.  

 

I.4.3 Life cycle assessment analysis of carbon supply chains 

Life cycle assessment (LCA) analyses of carbon supply chains are reported in the literature in order to 

evaluate their net environmental impact and verify that these systems can effectively reduce emissions.  

Different LCA studies are related to CCS supply chains. These studies differ in terms of the capture 

technology, details in modelled process, completeness of the life cycle inventory analysis and the emissions 

included in the assessment. A review of this analysis for CCS systems is reported by Cuellar-Franca and 

Azapagic (2015), underling that with CO2 capture and storage, the global warming potential (GWP) of a 

power plant can be reduced of 63-82%, depending on the capture option. However, there are an increase of 

acidification and human toxicity. The same result is found by Zapp et al. (2012) and Oreggioni et al. (2017): 

the GWP decreases, while acidification, toxicity, resource depletion increase for a CCS with different 

capture technologies. Human toxicity, acidification and eutrophication increase with a decrement of the 

GWP in the work of Tang et al. (2014), analyzing a coal fired power plant with a CCS system in Japan.   

In the work of Singh et al. (2011a), the application of a CCS system to a natural gas combined cycle (NGCC) 

for electricity generation can reduce the GWP by 64%, but with an increase of 43% in acidification, 35% 

in eutrophication, and 120–170% in various toxicity impacts. 
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A net reduction of the GWP for different power plants with a CCS system is in the order of 65–84% for a 

pulverized coal-fired power plant, 68–87% for an integrated gasification combined cycle, 47–80% for a 

natural gas combined cycle, and 76–97% for an oxyfuel plant (Corsten et al., 2013).  

A reduction of the GWP, through the use of a CCS, is also reported by Volkart et al. (2013): it is of 68-

92% for fossil power plants and 39-78% for cement plants.  

The advantages of CCS systems are also documented in the work of Viebahn et al. (2007), Pehnt and Henkel 

(2009), Nie et al. (2011) and Singh et al. (2011a).   

Pehnt and Henkel (2009) develop a LCA analysis of a CCS supply chain located in Germany (Lausitz 

region), storing CO2 in a depleted gas field. CO2 is captured from a lignite power plant with post-

combustion, pre-combustion and oxy-fuel technologies. Results show that a reduction of all impact 

categories is present in pre-combustion capture technology. Nie et al. (2011) find that a post-combustion 

and oxy-fuel combustion CCS case can reduce the GWP by 78.8% and 80.0% respectively, compared to a 

conventional power plant without a CCS. Analogous results, for GWP reductions, are reported by Corsten 

et al. (2013), considering a NGCC, oxy-fuel and pulverized coal plant with a carbon storage system. 

Reductions of CO2 emissions by 72-90% for a power plant with a CCS system are also obtained by Viebahn 

et al. (2007). Similarly, in Korre et al (2010) it is reported that a power plant with CCS can reduce the GWP 

of 80%, compared to a plant without the capture and storage of CO2, while in Koornneef et al. (2008) the 

use of CCS in a pulverized coal power plant reduces greenhouse emissions to 243 g/kWh.  

Better results are found in Yang et al. (2019): a pulverized biomass/coal co-firing power plant with CCS 

can have near zero emissions at a co-firing ratio of 25%. A similar analysis is carried out by Yi et al. (2018), 

evaluating the environmental analysis of a biomass co-firing plant with and without CCS in the UK and 

finding that in specific conditions negative emissions can be achieved.  

It is important to underline that, the reduction of emissions depends on the capture technology (Singh et al. 

2011b; Modahl et al., 2011). Moreover, in the work of Khoo and Tan (2006) different capture technologies 

and storage options are compared: lower environmental impact is ensured by using the chemical absorption 

and enhanced oil recovery.  

A first more detailed cradle-to-grave LCA analysis for a CCS supply chain is studied by Petrescu et al. 

(2017). CO2 is captured from a supercritical pulverized-coal process by using MDEA, an aqueous ammonia 

and calcium looping. Results show that the considered capture technologies do not allow a complete 

reduction of all impact categories.  

Generally, for CCS supply chains, the impact of CO2 transportation and storage is slightly significant in the 

whole life cycle of the system (Pehnt and Henkel, 2009; Singh et al., 2011a; Nie et al., 2011). 

Regarding CCU supply chains, Cuellar-Franca and Azapagic (2015) suggest that GWP values are lower 

for CCS systems and not for CCU frameworks, even if the first can have higher values for other impact 

categories. The same conclusion is achieved by Aldaco et al. (2019) analyzing a CCU supply chain 

producing formic acid: a CCS technology can ensure higher reduction of CO2 emissions, but a CCU system 
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has better economic potentials and lower fossil consumptions, especially when renewable energies are 

integrated into the process.  

Other LCA analyses are carried out for CCU supply chains, where CO2 may be used for mineral carbonation 

(Khoo et al., 2011a,b; Nduagu et al., 2012; Pan et al., 2017). In Khoo et al. (2011a), CO2 is captured from 

a natural gas combined cycle power plant and used to produce MgCO3: 106.9-175.9 kg of CO2 can be 

avoided per 1 MWh. A higher value of avoided CO2 can be achieved through the direct mineralization, as 

found in Khoo et al. (2011b): 215-154 kg of CO2 can be avoided per 1 MWh. Environmental advantages 

for this process are also reported by Nduagu et al. (2012): 483 kg of CO2 can be avoided per 1 ton of 

mineralized CO2, while in Pan et al. (2017) 1 ton of CO2-eq can be avoided per 1 ton of steel slag. Han and 

Lee (2013) develop a mathematical model to evaluate the environmental impact of a CCU supply chain, 

where CO2 is used to produce polymers and bio-butanol, in Korea. Results show that in order to reduce the 

environmental impact, it is important to reduce gas-MEA capture systems.  

Von der Assen and Bardow (2014) analyze a LCA analysis for a CCU supply chain, where CO2, captured 

from lignite power plant, is used for polyol production in the polyurethane industry. Results show that the 

production of polyol at 20 %wt of CO2 can reduce the GHG emissions by 11-19% and save the fossil 

resources by 13-16%.  

LCA analyses are present in the literature also for CCUS supply chains, especially for CO2-EOR systems. 

This has higher CO2 emissions compared to a CCS supply chain (Yujia et al., 2014).  

Hertwich et al. (2008) carry out a LCA analysis for a supply chain with CO2-EOR in the utilization section, 

set in Halten (Norwegian Sea). In the system, CO2 from a combined cycle power plant is captured by post-

combustion ammine absorption. A reduction of GHG emissions of 80% is obtained.  

Other studies about LCA analyses for CO2-EOR technology are developed showing the environmental 

advantages of this system. Cooney et al. (2015) study a LCA analysis for CO2-EOR in a carbon supply 

chain, considering different system boundaries: gate-to-gate, cradle-to-gate and cradle-to-grave. Results 

show that only the anthropogenic CO2-EOR case provides emissions lower than the conventionally 

produced crude. Environmental benefits are also suggested by Lacy et al. (2015): in a CO2-EOR supply 

chain, 251 kg CO2-eq per oil barrel are calculated.  

Hussain et al. (2013) find that a coal and biomass IGCC with CO2-EOR, as well as a natural gas and biogas 

NGCC with CO2-EOR, can be attractive alternatives for reducing GHG emissions.  

Negative carbon emissions are obtained by Hornafius and Hornafius (2015) in a CCUS supply chain where 

CO2 is used for the recovery of oil. Azzolina et al. (2017) analyzing a CCUS system with CO2-EOR find 

that the produced oil is a lower carbon fuel with an emission factor lower than the traditional oil production.  

An environmental analysis is also considered by Jiang et al. (2017): using a CO2-EOR system it is found 

that total CO2 emissions are of 114.69-121.50 Mt CO2-eq, 222.95-236.19 Mt CO2-eq, and 49.09-51.96 Mt 

CO2-eq for a IGCC, PC, and oxy-fuel plant, respectively. 



Chapter I: Introduction 

 

44 

 

A more detailed study can characterize the analyzed system with specific geographic information. On this 

point of view, Abotalib et al. (2016) develop a LCA analysis for a carbon supply chain with CO2-EOR as 

utilization site in the USA. Results show that the supply chain using CO2 from ethanol plant is the best 

alternative and the environmental analysis depended on the specific crude recovery rate.  

Other products can be considered in a CCUS supply chain.  

In the work of Yue and You (2015) CO2 is stored and used to cultivate algae for biofuel production, in 

Texas. Environmental and economic analyses are developed by using a mixed integer non-linear 

programming model. Results show that a reduction of 80% on CO2 emission can produce 187 Mgal of 

renewable diesel, while CO2 can be stored and used at an average cost of 45.5 $/tonCO2. A LCA analysis 

for a CCUS supply chain in refineries producing dimethyl ether and polyol is developed by Fernandez-

Dacosta et al. (2018). They find that the combination of CO2 utilization and storage is the best alternative 

to reduce the climate change potential, being at the same time economically feasible.  

From the above literature analysis, it results that only a few CO2-based products are taken into consideration 

for a LCA analysis of a carbon supply chain. Also, the previous studies are not considering the application 

of a LCA analysis on a carbon supply chain at large scale and a simple analysis is considered in order to 

evaluate and quantify the befits of these technologies.  

 

I.4.4 Modelling of a methanol reactor 

Due to the environmental problems that have arisen in recent years, as mentioned above methanol has 

received the attention of many researchers, being a key product of large-scale chemistry for the 

development of a circular economy. Different works are present in the literature about modelling of a 

methanol reactor, in dynamic and steady state conditions, mainly fed by the syngas.  

Each of them is based on specific assumptions, with the aim to simplify complex phenomena and to reduce 

computational time (Bozzano and Manenti, 2016). Manenti et al. (2011) suggest three different classes to 

group together mathematical models for a methanol reactor: pseudo-homogeneous models, described by 

means of molar balances (composition and temperature gradients between gas and solid phases and the 

progressive decrease in the molar flow rate are neglected), pseudo-homogeneous models based on mass 

balance (only gradients between solid and gas phase are neglected, while mole numbers are decreasing 

along the reactor) and heterogeneous models (gradients between gas and solid phase and the decrease in 

the number of total moles are considered).  

Models can be also classified as one- (1-D) and two-dimensional (2-D) models, where radial phenomena 

are considered in the latter approach. 

Kordabadi and Jahanmiri (2005) develop a mathematical heterogeneous model in order to find the 

temperature profile along the reactor, maximizing the methanol production rate at steady state and dynamic 

conditions. They find that, in the optimal conditions, the yield is improved by 2.9% with reference to that 
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in the base case. More complex reactor systems are also considered. Rahimpour (2008) models two stages 

methanol reactors: syngas is heated by heat released in the second reactor and then is fed to the first reactor. 

In this way, a better temperature profile ensures lower catalyst deactivation and higher methanol production. 

In a different work, Rahimpour et al. (2009) develop a one-dimensional pseudo-homogeneous model for a 

spherical reactor in order to maximize the methanol production. A spherical reactor is also considered by 

Sadeghi et al. (2014): reactor size, overall feed flow rate and composition, inlet temperature have significant 

effect on catalyst activity and methanol production. A similar work is developed by Parvasi et al. (2008).   

Modelling an industrial methanol reactor is carried out by Yusup et al. (2010) in order to evaluate the effect 

of inlet temperature, coolant inlet temperature and flow rate on the reactor performance.  

Modelling membrane reactors, permeable to H2O, for methanol production is also investigated (Rahimpour 

and Elekaei, 2009; Gallucci and Basile, 2007; Farsi and Jahanmiri, 2012; Samimi et al., 2018), as well as 

methanol reactor with the adsorption of CO and H2O (Leonzio, 2020) or with the adsorption of only H2O 

(Bayat et al., 2014; Abashar and Al-Rabiah, 2018).  

Regarding dynamic models, Abrol and Hilton (2012) develop a dynamic model for a reactor-separator 

system, with the aim to evaluate the performances of the process at different flow rate of syngas. In addition, 

Manenti et al. (2013) analyze a dynamic model for a methanol reactor and study the transformation of the 

hyperbolic PDE system into a parabolic PDE system that allows to estimate accurately the location of the 

hot spot, in a short computing time.  

Regarding the optimization purpose, Bozzano et al. (2017) carry out a numerical optimization to find the 

optimal composition of syngas, with the aim to maximize methanol production. An additional optimization 

work is developed by Vita et al. (2018).  

Few works consider radial phenomena inside a methanol reactor. In addition to Hartig and Keil (1993), 

Montebelli et al. (2013) develop a two dimensional heterogeneous model comparing a structured multi-

tubular reactor, loaded with copper honeycomb monoliths or alternatively with open cell foams, with a 

packed bed of catalyst pellets. Results show that the structured reactor is predicted to operate with a lower 

recycle ratio and hot spot temperature. A two dimensional pseudo-homogeneous model is also proposed by 

Meyer et al. (2016) comparing two different kinetic approaches (Graaf et al. (1988b) and Vanden Bussche 

and Froment (1996)) and assuming only CO2 and H2 in the feed. Axial profiles show that the latter kinetic 

model predicts higher reverse water gas shift and methanol formation reaction rates than those calculated 

by the former kinetic model, especially in the first section of the reactor.   

Some mathematical models take into account also catalyst deactivation, as in Løvik et al. (1999), Rezaie et 

al. (2005). Zahedi et al. (2005) and in Farsi and Jahanmiri (2014) considering a dynamic heterogeneous 

one-dimensional model for a membrane reactor permeable to H2O.  

When the modelling of a methanol reactor is developed, different kinetic models can be considered.  

Vanden Bussche and Froment (1996) as well as Kubota et al. (2001) and Askgaard et al. (1995) suggest to 

use two independent reactions (CO2 hydrogenation and reverse water gas shift reaction). On the other hand, 
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three reactions (hydrogenation of CO2 and CO with reverse water gas shift) are considered by Graaf et al. 

(1988), Seidel et al. (2018) and Takagawa et al. (1987). Another mechanism supposes the hydrogenation 

of CO2 and CO without considering the water gas shift reaction. Klier et al. (1982), Ma et al. (2009) and 

McNeil et al. (1989) develop a kinetic based on this assumption. The last mechanism is assumed by Villa 

et al. (1985): they consider CO as the main carbon source for methanol.  

A comparison between Graaf et al. (1988), Vanden Bussche and Froment (1996), Seidel et al. (2018), Ma 

et al. (2009) and Villa et al. (1985) is suggested by Slotboom et al. (2020), considering a large database of 

experimental data. Results show that the model of Seidel et al. (2018) better predict the data in terms of a 

mean squared error analysis, but is complex and has highly correlated parameters. For this reason, in the 

work of Slotboom et al. (2020) a new kinetic model with six parameters and based on that of Vanden 

Bussche and Froment (1996) is proposed and regressed with experimental data. Results show that the 

suggested new model describes the trend of experimental data very well and it is statistically valid. 

From the above literature analysis it is evident that a thorough investigation is still lacking about the packed 

bed methanol reactor described with a two dimensional model, fed by CO2 and H2. In fact, most of published 

works are about the one dimensional model for an optimization aim, or to evaluate specific aspects like 

catalyst deactivation or reaction rate equations. Moreover, a comparison between different reactor schemes 

(that want to overcome thermodynamic and kinetic limitations) based on the efficiency is missing in the 

literature.  

 

I.5 Scope of the thesis 

As already mentioned in this introduction, in Europe, Germany, the UK and Italy are the countries with 

higher CO2 emissions.  

The principal aim of this research is to develop a mathematical model to design and optimize a large scale 

CCUS supply chain for these European countries that can be suggested as a solution to meet the various 

targets for GHG emissions reduction.  

For a more realistic analysis, the developed models are considered under a deterministic and stochastic 

point of view, also considering a simultaneous optimization of economic and environmental aspects.  

In addition, to be sure that the suggested carbon supply chains can achieve the set targets, a LCA analysis 

is developed. 

In a circular economy, CO2 utilization is the main objective and not its storage, because this last option 

leads to an accumulation of this gas. Then, it is not possible to solve the problem of CO2 emissions only 

with the storage, but the utilization option should have an important role. With this consideration, the most 

important utilization pathway, as reported in the literature, as the methanol production via hydrogenation 

reaction, is analyzed more deeply, developing 1-D and 2-D models for a Lurgy reactor, i.e. with heat 

transfer at the catalytic tube surface. Also, an equilibrium analysis of different reactor configurations 
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designed to overcome the thermodynamic limitation is carried out. This is, then, another aim of this 

research.  

 

I.6 Thesis outline 

Chapter 2 focuses on an equilibrium analysis of different reactor configurations, fed by CO2 and H2, aimed 

at methanol production. A 1-D and 2-D mathematical model for the most efficient methanol reactor are 

also presented, under kinetic regime. 

Chapter 3 describes the mathematical model utilized to design carbon dioxide supply chains and suggests 

a CCUS supply chain of Germany, where CO2 is used to produce methanol via methane dry reforming. An 

excessive methanol production is predicted in order to meet the environmental constraints imposed on 

Germany, at the minimum cost. 

Chapter 4 is addressed to overcome the problem underlined in the previous chapter, then for the CCUS 

supply chain of Germany more utilization options are considered in the utilization section.  

Chapter 5 presents a mathematical model for the design and optimization of different CCUS supply chains 

of Italy. These have different storage sites and a comparison with a CCU system is also considered.  

Chapter 6 describes the mathematical model for a CCUS supply chain of the UK: three different storage 

sites are taken into account.  

In Chapter 7, for the carbon supply chains studied previously, an innovative objective function is taken into 

account considering carbon tax, economic incentives and revenues. A sensitivity analysis is performed to 

verify which terms are more significant.  

Chapter 8 presents a LCA analysis for the carbon supply chains developed before, and a sensitivity analysis 

is carried out to evaluate the influence of CO2 storage and utilization on the environmental impact.  

Chapter 9 considers a multiple objective optimization of the CCUS framework of Italy, Germany and the 

UK: total costs and CO2 captured are simultaneously optimized.  

In Chapter 10, the deterministic models of supply chains are converted into stochastic models, to take into 

account the uncertainty of the production cost of different CO2-based products.   

Chapter 11 presents the improvements done in the mathematical model describing the supply chains.  

Finally, overall conclusions and outlooks are presented in Chapter 12.  
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Chapter II 

 

Analysis of methanol reactors with CO2 hydrogenation 

This chapter is focused on the analysis of methanol reactors for carbon dioxide hydrogenation. The aim is 

to focus on pro and contras regarding the feasibility of carbon dioxide utilization, with specific reference 

to an important reaction path, carbon dioxide hydrogenation, and a major chemical commodity, methanol, 

available for a variety of chemical syntheses and as a transportation fuel. 

At first, an equilibrium analysis of three different reactor configurations (once-through reactor, reactor 

with the recycle of unconverted gases after the separation of methanol and water by condensation; reactor 

equipped with membrane permeable to water) is developed in Aspen Plus®. Results demonstrate the 

feasibility of this reaction pathway and the best efficiencies are obtained in the configuration that separates 

methanol and water by condensation and recycles the unconverted gases. This process configuration is 

then assumed to analyze the behavior of a catalytic packed bed reactor. 1-D and 2-D models are developed 

in MATLAB® applying a literature kinetic approach: a sensitivity analysis shows the effect of some 

parameters on the system, while a comparison between a structured and non-structured reactor packing, 

characterized by quite different thermal conductivity, is considered through the 2-D model, demonstrating 

a better efficiency of the structured packing.   

 

II.1 Introduction 

This chapter is aimed at investigating a potential utilization route of carbon dioxide, i.e. its conversion to 

methanol by means of the hydrogenation reaction, amenable to important industrial applications (two 

industrial plants reported in the literature are reproduced and analyzed in the Appendix). As a matter of 

facts, the opportunity to convert carbon dioxide (CO2) into useful products is the core subject of this Thesis 

and its following chapters, where strategies are described and evaluated by means of numerical models to 

combine capture and sequestration of carbon dioxide, so to reduce its impact on climate change, with its 

economic utilization, in order to develop the so called carbon capture, utilization and storage (CCUS) 

supply chains. 

Methanol (CH3OH) is among the most important products that can be obtained from CO2 via hydrogenation 

reaction (Ampelli et al., 2015). As already mentioned in the first Chapter, methanol can be used as a fuel 

for combustion engines or in fuel cells for electricity production and on the other hand, it is a raw material 

for the synthesis of other important chemicals (Meyer et al., 2016).  

Methanol production is generally carried out according to the indirect route, feeding syngas to a catalytic 

reactor and regulating the feed composition according to the stoichiometric number ([H2]-

[CO2]/[CO]+[CO2]) (Machado et al., 2014). However, a green process, responding to the principles of 

circular economy, can be developed according to the direct route, feeding CO2 and hydrogen (H2). In this 

case, CO2 is captured from power plants, petrochemical and cement industries, paper mill and steel plants, 

etc., while H2 is produced via water electrolysis exploiting renewable energies or can be obtained from coke 
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oven gases, steelwork and chlor-alkali plants, etc. (Leonzio, 2018). These routes are overall characterized 

by exothermic reactions, with a decrease of the total number of moles, favored at lower temperatures and 

higher pressures (Manenti et al., 2014). Generally, the direct route is carried out in a range of temperature 

and pressure of 473-553 K and 15-55 bar respectively, over a Cu/ZnO/Al2O3 catalyst (Vanden Bussche and 

Froment, 1996). However, higher pressures up to 100 bar can be considered (Meyer et al., 2016). The 

catalyst used commercially is active at temperatures higher than 473 K, while, for temperatures higher than 

553 K, catalyst deactivation occurs, which means that the reaction conditions are limited by kinetic 

constraints (Manenti et al., 2014). In addition, thermodynamic limitations are present for this synthesis 

then, strategies should be suggested to overcome this problem. As a common chemical process, the recycle 

and the removal of products can be a valid solutions to overcome the thermodynamic limitation, shifting 

the chemical equilibrium to the product side. Moreover, the feasibility through an equilibrium analysis of 

the suggested strategies to solve the thermodynamic problem is missing in the literature for the direct route. 

In this chapter, then, a reacting system with the recycle of unconverted gases, after the separation of CH3OH 

and water (H2O) by condensation, and a membrane reactor permeable to H2O are proposed to overcome 

the thermodynamic limit. An equilibrium analysis is considered to evaluate their feasibility and their 

efficiency (in terms of conversion, yield and selectivity) and to compare these configurations with a simple 

once-through reactor. These configurations are all studied in Aspen Plus® through an equilibrium reactor. 

A real, non-equilibrium catalytic packed bed reactor is then considered with reference to a successful 

industrial strategy, as the multi-tubular Lurgi reactor equipped with a shell cooling system and operated 

with the recycle of unconverted gases after the separation of CH3OH and H2O. 1-D and 2-D mathematical 

models are developed in MATLAB® to study the effect of some parameters on the system and to compare 

a structured catalytic packing with a non-structured one. Few analyses utilizing a 2-D model for a methanol 

reactor are present in the literature, particularly when the plant feedstock is made of carbon dioxide and 

hydrogen.  

 

II.2 Materials and methods 

II.2.1 Methanol reactor configurations examined in the equilibrium analysis 

The following independent reactions are assumed to occur during CO2 hydrogenation to CH3OH (see Eqs. 

II.1-II.2): 

𝐶𝑂2 + 3𝐻2  ⇄  𝐶𝐻3𝑂𝐻 + 𝐻2𝑂                 ∆𝐻298
0 =  −49.5 𝑘𝐽/𝑚𝑜𝑙𝐶𝑂2

                      (𝐼𝐼. 1) 

𝐶𝑂2 + 𝐻2  ⇄  𝐶𝑂 +  𝐻2𝑂                     ∆𝐻298
0 =  41.2 𝑘𝐽/𝑚𝑜𝑙𝐶𝑂2

                           (𝐼𝐼. 2) 
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The first reaction is exothermic with the reduction of mole number, while the second reaction (reverse water 

gas shift reaction) is endothermic without change in the mole number. Overall, as mentioned above, the 

synthesis is exothermic with a reduction of mole number. 

The first stoichiometric expression (II.1) is a linear combination of equation II.2 and the following one, that 

characterizes the production of CH3OH from syngas (see Eq. II.3): 

 

𝐶𝑂 + 2𝐻2   ↔   𝐶𝐻3𝑂𝐻             ∆𝐻298 𝐾 = −90,55 𝑘𝐽/𝑚𝑜𝑙                        (𝐼𝐼. 3) 

The equilibrium constants for reaction II.1 and II.2 are reported in Vanden Bussche and Froment (1996), 

with the numerical values defined by Graaf et al. (1986) (see Eqs. II.4-II.5): 

log10 𝐾𝑒𝑞,1 =  
3066

𝑇
− 10.592                                                             (𝐼𝐼. 4)   

    log10 𝐾𝑒𝑞,2 =  
−2073

𝑇
+ 2.029                                                              (𝐼𝐼. 5) 

where T indicates temperature expressed in Kelvin degrees. In order to overcome the thermodynamic 

limitation in methanol synthesis, two different reactor configurations are suggested, analyzed to verify the 

technical feasibility with CO2 and H2 in the feed, and compared with the simple once-through reactor, as in 

Figure II.1a. In particular, a reactor with the recycle of unconverted gases after the separation of CH3OH 

and H2O to shift the reaction equilibrium towards products, as in Figure II.1b, and a membrane reactor with 

simultaneous separation of H2O, to shift the reaction also towards products, as in Figure II.1c, are 

considered. Regarding the first option, Khalilpourmeymandi et al. (2017) find that the recycle of CO, CO2 

and H2 allows to have a higher methanol production, compared to the recycle of only CO and H2. A 

methanol reactor with H2O vapors separation through a membrane is also suggested by Gallucci and Basile 

(2007), underlining its advantages. 

The investigated reactors are considered as equilibrium reactors, characterized by the chemical reactions 

described with the stoichiometric expressions reported in Eq. II.1 and II.2 and respective equilibrium 

constants as in Eq. II.4 and II.5.  

To obtain conversion and selectivity for these reactor configurations and to find equilibrium values of 

methanol synthesis from pure CO2 hydrogenation, their modeling is developed using Aspen Plus® software 

with Redlich-Kwong-Soave (RKS) as thermodynamic model.  

The feeding stream is composed by CO2 and H2 in stoichiometric ratio. The membrane reactor is modelled 

using six stages of equilibrium reactors and H2O separators in order to simulate the simultaneous reaction 

and H2O separation process. In this case, a system operating under thermodynamic equilibrium conditions 

is simulated, so that the obtained final result is expected to be quite independent from the process path 

(simulation of reaction steps and simultaneous steam separation by means of a sequence of subsequent 
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operations chosen from among the software standard units). H2O flowing through the membrane is 

considered to be a fraction, α, of its mass in the reaction ambient (permeation factor of membrane).  

 

 

 

 

 

Figure II.1: Methanol reactor configurations studied in Aspen Plus® at equilibrium conditions: a) once-

through equilibrium reactor; b) equilibrium reactor with the recycle of CO-CO2-H2 and separation of 

CH3OH-H2O by condensation; c) membrane reactor with H2O separation (Leonzio et al., 2019) 
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In particular, for α=0 the reactor is without steam separation: steam is not transferred through the membrane 

and steam partial pressure on the reaction side is equal to that found without the membrane, at the same 

operating and equilibrium conditions. For α=1 the membrane is considered to be able to extract from the 

reaction ambient all H2O produced there, then all steam passes through the membrane, that has an infinite 

surface area and the steam partial pressure inside the reactor (reaction side) is equal to that in the permeate 

side (1 bar). Positive driving force (the difference between steam partial pressure in the retentate and 

permeate side) is always verified. 

It is interesting to analyze the analytical procedure for the calculation of these  reactor configurations. This 

procedure is based on the application of the stoichiometric table and the equilibrium constants, expressed 

as functions of the extent of reactions II.1 and II.2. Setting a value of temperature and pressure, a solvable 

equations system is obtained. 

At first, the once through reactor is taken into account. Table II.1 is the stoichiometric table, considered for 

reactions 1 and 2, where ξ1 is the extent for reaction 1 and ξ2 is the extent for reaction 2 at equilibrium 

conditions, In the calculation, it is assumed that the feed flow rate is composed of 1 mol/h of CO2 and 3 

mol/h of H2 (stoichiometric conditions for reaction 1).  

 

Table II.1 Stoichiometric table for reactions II.1 and II.2 for a feeding mixture of CO2-H2 (1:3) in a once-

through reactor 

 CO2 H2 CH3OH H2O CO 

Feed 1 3 0 0 0 

Consumed/Produced by reaction 1 - ξ1 -3 ξ1 + ξ1 + ξ1  

Consumed/Produced by reaction 2 - ξ2 - ξ2  + ξ2 + ξ2 

Equilibrium 1- ξ1- ξ2 3- 3 ξ1 - ξ2 + ξ1 ξ1 + ξ2 + ξ2 

 

Assuming that partial pressures can reasonably approximate fugacities, the following equations are 

obtained to link the equilibrium constants to the reaction extents, ξ1 and ξ2, respectively (see Eqs. II.6-II.7): 

𝐾𝑒𝑞,1 =  
[

ξ1
4 − 2ξ1

] ∙ [
ξ1 + ξ2
4 − 2ξ1

]

[
1 − ξ1 − ξ2

4 − 2ξ1
] ∙ [

3 − 3ξ1 − ξ2
4 − 2ξ1 ]

3 ∙
1

𝑃2
                                                 (𝐼𝐼. 6) 

𝐾𝑒𝑞,2 =  
[
ξ1 + ξ2
4 − ξ1

] ∙ [
ξ2

4 − ξ1
]

[
1 − ξ1 − ξ2

4 − 2ξ1
] ∙ [

3 − 3ξ1 − ξ2
4 − 2ξ1 ]

                                                          (𝐼𝐼. 7) 

This is a system of two equations in two unknowns, when pressure and temperature are fixed: the extent of 

both reactions at thermodynamic equilibrium conditions is obtained. 
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It is interesting to analyze the once-through reactor also when it is fed by a mixture of CO2, H2 and CO. It 

is assumed that the feed is composed by 1 mol/h of CO2, 5 mol/h of H2 and 1 mol/h of CO: it is in 

stoichiometric condition for CH3OH reaction: the required H2 is equal to two moles for each mole of CO 

and three moles for each mole of CO2. In this condition, the stoichiometric number S ([H2]-

[CO2]/[CO2]+[CO]) is equal to 2. Table II.2 shows the stoichiometric table for this reactor fed by a mixture 

with the composition defined above. 

 

Table II.2 Stoichiometric table for reactions II.1 and II.2 with a feeding mixture of CO-CO2-H2 (1mol/h, 1 

mol/h, 5 mol/h) 

 CO2 H2 CH3OH H2O CO 

Feed 1 5 0 0 1 

Consumed/Produced by reaction 1 - ξ1 -3ξ1 + ξ1 + ξ1  

Consumed/Produced by reaction 2 - ξ2 - ξ2  + ξ2 + ξ2 

Equilibrium 1- ξ1- ξ2 5- 3ξ1 - ξ2 + ξ1 ξ1 + ξ2 1+ ξ2 

 

In these conditions, the relationships among the equilibrium constants and the extent of reactions are the 

following (see Eqs. II.8-II.9): 

 

𝐾𝑒𝑞,1 =  
[

ξ1
7 − 2ξ1

] ∙ [
ξ1 + ξ2
7 − 2ξ1

]

[
1 − ξ1 − ξ2

7 − 2ξ1
] ∙ [

5 − 3ξ1 − ξ2
7 − 2ξ1 ]

3 ∙
1

𝑃2
                                                   (𝐼𝐼. 8) 

𝐾𝑒𝑞,2 =  
[
ξ1 + ξ2
7 − ξ1

] ∙ [
1 + ξ2
7 − ξ1

]

[
1 − ξ1 − ξ2

7 − 2ξ1
] ∙ [

5 − 3ξ1 − ξ2
7 − 2ξ1 ]

                                                           (𝐼𝐼. 9) 

Also in this case, setting the value for temperature and pressure, a solvable system in two equations with 

two unknowns, as ξ1 and ξ2 is present. With this feed composition, CO may be consumed when equilibrium 

conditions are established, so negative values for the reaction extent are also possible. 

For the analysis of CH3OH reactor with the recycle of unconverted gases after the condensation of CH3OH 

and H2O it is useful to consider the scheme reported in Figure II.2. 
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Figure II.2 Scheme of reactor with the recycle of CO-CO2-H2 and separation by condensation of H2O and 

CH3OH 

 

Considering a material balance around node 1 where the external feed is linked to the recycling stream, the 

following relations are valid for CO2, H2 and CO (see Eqs. II.10-II.12): 

𝐶𝑂2,1 =  𝐶𝑂2,𝑖𝑛 + 𝐶𝑂2,𝑟 = 𝐶𝑂2,𝑖𝑛 + 𝑅 ∙ 𝐶𝑂2,𝑜                                                   (𝐼𝐼. 10) 

𝐻2,1 = 𝐻2,𝑖𝑛 + 𝐻2,𝑟 =   𝐻2,𝑖𝑛 + 𝑅 ∙ 𝐻2,𝑜                                                        (𝐼𝐼. 11) 

𝐶𝑂1 =  𝐶𝑂𝑜,𝑟 =  𝑅 ∙ 𝐶𝑂𝑜                                                                            (𝐼𝐼. 12) 

where R is the recycling ratio (0%-100%), in is referred to the external feed stream at the inlet of the process, 

o is referred to the gases stream at the outlet of the process after the separation of H2O and CH3OH by 

condensation and r is referred to the recycling stream of H2-CO2-CO.  A stoichiometric table as in Table 

II.3 is obtained, considering an external feed stream containing 1 mol/h of CO2 and 3 mol/h of H2. The feed 

is then in stoichiometric conditions as far as CH3OH production is concerned (reaction II.1). 

Table II.3 Stoichiometric table for reactions II.1 and II.2 with a feeding mixture of CO2-H2 (1:3), with 

recycle of CO-CO2-H2 and separation of CH3OH-H2O by condensation 

 CO2 H2 CH3OH H2O CO 

Feed 1+RCO2,o 3+RH2,o 0 0 RCOo 

Consumed/Produced by reaction 1 - ξ1 -3ξ1 + ξ1 + ξ1  

Consumed/Produced by reaction 2 - ξ2 - ξ2  + ξ2 + ξ2 

Equilibrium 1+RCO2,o - ξ1- ξ2 3+RH2,o - 3ξ1 - ξ2 + ξ1 ξ1 + ξ2 RCOo+ ξ2 

 



Chapter II: Analysis of methanol reactors with CO2 hydrogenation  

 

76 

 

In these conditions, the equilibrium reaction extents as functions of equilibrium constants and recycling 

ratio are given by (see Eqs. II.13-II.14): 

 

𝐾𝑒𝑞,1 =  

[
ξ1

4 − 2ξ1(1 − R) − Rξ2
1 − 𝑅

] ∙ [
ξ1 + ξ2

4 − 2ξ1(1 − R) − Rξ2
1 − 𝑅

]

[
1 + R𝐶𝑂2,𝑜 − ξ1 − ξ2
4 − 2ξ1(1 − R) − Rξ2

1 − 𝑅

] ∙ [
3 + R𝐻2,𝑜 − 3ξ1 − ξ2
4 − 2ξ1(1 − R) − Rξ2

1 − 𝑅

]

3 ∙
1

𝑃2
                                 (𝐼𝐼. 13) 

𝐾𝑒𝑞,2 =  

[
RCO𝑜 + ξ2

4 − 2ξ1(1 − R) − Rξ2
1 − 𝑅

] ∙ [
ξ1 + ξ2

4 − 2ξ1(1 − R) − Rξ2
1 − 𝑅

]

[
1 + R𝐶𝑂2,𝑜 − ξ1 − ξ2
4 − 2ξ1(1 − R) − Rξ2

1 − 𝑅

] ∙ [
3 + R𝐻2,𝑜 − 3ξ1 − ξ2
4 − 2ξ1(1 − R) − Rξ2

1 − 𝑅

]

                                         (𝐼𝐼. 14) 

Setting temperature, pressure and recycling ratio, the system of two equations in two unknowns, provides 

the equilibrium conditions for CH3OH production. When R is equal to 0, the two equations are equal to the 

previous case, that without recycling. The study of this system can be divided in two sections: the first 

referred to internal boundaries, while the second referred to external boundaries. The results considered in 

this Thesis are those referred to the internal boundaries, so those relevant for the reactor behavior.   

In a membrane reactor, H2O is removed from reaction products and the equilibrium is shifted towards 

products. The flux of H2O through a zeolite membrane is expressed by the following relation (see Eq. II.15): 

𝐽𝐻2𝑂 =  𝑃𝑒𝑟𝑚𝐻2𝑂 ∙ (𝑃𝐻2𝑂,𝑟 − 𝑃𝐻2𝑂,𝑝)                                                         (𝐼𝐼. 15) 

where PermH2O is the permeance of H2O through the membrane (10-7-10-6 mols-1m-2Pa-1 at 523 K), PH2O,r is 

H2O partial pressure on the retentate side and PH2O,p is H2O partial pressure on the permeate side.  

For this case, a stoichiometric table for the two reactions as in Table II.4 is developed, for a feed stream 

with 1 mol/h of CO2 and 3 mol/h of H2.  

 

Table II.4 Stoichiometric table for reactions II.1 and II.2 with a feeding mixture of CO2-H2 (1:3) to the 

membrane reactor 

 CO2 H2 CH3OH H2O CO 

Feed 1 3 0 0 0 

Consumed/Produced by reaction 1 and 2 - ξ1- ξ2 -3ξ1- ξ2 + ξ1 + ξ1+ ξ2-JH2O S + ξ2 

Equilibrium 1-ξ1- ξ2 3- 3ξ1 - ξ2 + ξ1 ξ1 + ξ2-JH2O S + ξ2 
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To find the equilibrium conditions, three equations are available: the expressions for the two equilibrium 

ratios of partial pressures and the expression for the total moles of the system (H2O partial pressure in the 

permeate side is set to 1 bar) (see Eqs. II.16-II.18): 

𝐾𝑒𝑞,1 =  
[

ξ1
𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠

] ∙ [𝑃𝐻2𝑂,𝑜 − ∆𝑃𝐻2𝑂 ∙ 𝛼]

[
1 − ξ1 − ξ2
𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠

] ∙ [
3 − 3ξ1 − ξ2
𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠

]
3 ∙

1

𝑃2
                                        (𝐼𝐼. 16) 

𝐾𝑒𝑞,2 =  
[

ξ2
𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠

] ∙ [𝑃𝐻2𝑂,𝑜 − ∆𝑃𝐻2𝑂 ∙ 𝛼]

[
1 − ξ1 − ξ2
𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠

] ∙ [
3 − 3ξ1 − ξ2
𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠

]
                                          (𝐼𝐼. 17)  

1 =  
1 − ξ1 − ξ2

𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠
+

3 − 3ξ1 − ξ2

𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠
+

ξ2

𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠
+

ξ1

𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠
+ (𝑃𝐻2𝑂,𝑜 − ∆𝑃𝐻2𝑂 ∙ 𝛼)   (𝐼𝐼. 18) 

where (see Eqs. II.19-II.20):  

𝑃𝐻2𝑂,𝑜 =  
ξ1 + ξ2

4 − 2ξ1
∙ 𝑃                                                                      (𝐼𝐼. 19) 

∆𝑃𝐻2𝑂 = 𝑃𝐻2𝑂,𝑜 − 1                                                                        (𝐼𝐼. 20)  

with α a factor varying in the range between 0 and 1. 

Starting from a mixture with CO2 and H2, CO2 conversion to CH3OH can be defined as in the following 

relation (see Eq. II.21): 

𝜒𝑐𝑜2 =  
𝐶𝑂2,𝑖𝑛 − (𝐶𝑂2,𝑜𝑢𝑡 + 𝐶𝑂𝑜𝑢𝑡)

𝐶𝑂2,𝑖𝑛
 = 𝜉1                                                           (𝐼𝐼. 21) 

Then, CO2 conversion to CH3OH corresponds to the extent of reaction 1. Equation II.8 also quantifies 

CH3OH yield with respect to CO2 in the feeding stream. In fact, CH3OH yield is defined, for a feeding 

mixture of CO2-H2, by the following relation (see Eq. II.22): 

𝑀𝑒𝑂𝐻 𝑦𝑖𝑒𝑙𝑑 =  
𝑀𝑒𝑂𝐻 

𝐶𝑂2,𝑖𝑛 
  =  𝜒𝑐𝑜2 =  𝜉1                                                               (𝐼𝐼. 22) 

Global CO2 conversion is defined as (see eq. II.23): 

𝜒𝑐𝑜2,𝑔𝑙𝑜𝑎𝑏𝑎𝑙 =  
𝐶𝑂2,𝑖𝑛 − 𝐶𝑂2,𝑜𝑢𝑡

𝐶𝑂2,𝑖𝑛
 = 𝜉1 + 𝜉2                                                             (𝐼𝐼. 23) 

Global CO2 conversion is equal to the sum of the extent of reactions 1 and 2. 

CH3OH selectivity can be defined as (see Eq. II.24): 

𝑀𝑒𝑂𝐻 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝑀𝑒𝑂𝐻

𝐶𝑂2,𝑖𝑛 − 𝐶𝑂2,𝑜𝑢𝑡
 =

𝜉1

𝜉1 + 𝜉2
                                                        (𝐼𝐼. 24) 
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When the feed contains CO-CO2-H2, carbon conversion to CH3OH is defined by the following relation (see 

Eq. II.25): 

𝜒𝑐 =  
(𝐶𝑂2,𝑖𝑛 + 𝐶𝑂𝑖𝑛) − (𝐶𝑂2,𝑜𝑢𝑡 + 𝐶𝑂𝑜𝑢𝑡)

(𝐶𝑂2,𝑖𝑛 + 𝐶𝑂𝑖𝑛)
=  𝜉1                                          (𝐼𝐼. 25) 

Carbon conversion to CH3OH is equal to the extent of reaction 1. On the other hand, CH3OH yield is defined 

as (see Eq. II.26):  

 𝑀𝑒𝑂𝐻 𝑦𝑖𝑒𝑙𝑑 =  
𝑀𝑒𝑂𝐻

𝐶𝑂2,𝑖𝑛 +  𝐶𝑂𝑖𝑛
 = 𝜒𝑐 =  𝜉1                                                         (𝐼𝐼. 26) 

Related to the analysis of an equilibrium reactor it is the analysis an adiabatic plug flow reactor with the 

recycle of unconverted gases after the separation of CH3OH and H2O by condensation. This adiabatic 

reactor, considering two reactions (reaction II.1 and II.2), is described by the following energy and material 

balances in stationary conditions considering an infinitesimal volume (see Eqs. II.27-II.29): 

∑ 𝐹𝑖,1 ∙ 𝑐𝑝,𝑖1 ∙ 𝑑𝑇

𝑖

+  ∆𝐻1 ∙ 𝑟1·𝑑𝑉 + ∆𝐻2 ∙ 𝑟2·𝑑𝑉 = 0                         (𝐼𝐼. 27)   

𝐹𝑐𝑜2,1·𝑑𝜀1 =  𝑟1·𝑑𝑉                                                                         (𝐼𝐼. 28) 

𝐹𝑐𝑜2,1·𝑑𝜀2 =  𝑟2·𝑑𝑉                                                                         (𝐼𝐼. 29) 

where Fi,1 is the molar flow rate of i component at the inlet of reactor, T is temperature, cpi,1 is the heat 

capacity at constant pressure for i component at the inlet of reactor, r1 and r2 are the reaction rate for Eq. 

II.1 and II.2 respectively, ΔH1 and ΔH2 are the heat of reaction for reaction II.1 and II.2 respectively, V is 

the volume of reactor, ε1 and ε2 are respectively the extent of reaction II.1 and II.2 for the adiabatic reactor, 

Fco2,1 is the molar flow rate of CO2 at the inlet of reactor. Through appropriate mathematical steps and 

combining these above reactions, it is possible to obtain the following relation (see Eq. II.30): 

∑ 𝐹𝑖,1 ∙ 𝑐𝑝,𝑖1 ∙ (𝑇 − 𝑇1)

𝑖

+  ∆𝐻1 ∙ 𝜀1 ∙ 𝐹𝑐𝑜2,1 + ∆𝐻2 ∙ 𝜀2 ∙ 𝐹𝑐𝑜2,1 = 0                         (𝐼𝐼. 30)   

describing the trajectory of the process as a function of temperature. Overall, there are three equations with 

three main unknowns as T, ε1 and ε2. It is necessary, in order to solve the problem, to consider also molar 

balances with the energy balance. This means that a kinetic model is required. However, it is possible 

approximate the ξ1/ξ2 ratio of equilibrium condition (calculated before) to the ε1/ε2 ratio of adiabatic case at 

the same temperature, at the outlet of reactor. This simplifying hypothesis means that the selectivity of a 

CH3OH equilibrium reactor is the same of that an adiabatic reactor, at the outlet of reactor. This assumption 

is justified by the fact that in this analysis, it is interesting the equilibrium approach, then the previous 

equality about selectivity is ensured. Setting a value of temperature it is possible to know the selectivity for 

the equilibrium and then for the adiabatic reactor; the selectivity is also expressed as a function of the 
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extents of each reaction and combined with the assumption about the ratio ξ1/ξ2, the value of ε1 and ε2 are 

evaluated. Doing the calculation for different values of temperature, it is possible to find the trajectory of 

the adiabatic reactor approaching the equilibrium condition.  

II.2.2 Kinetic model for methanol synthesis 

The kinetic mechanism of carbon dioxide hydrogenation is an active area of research as documented by 

different literature works studying the pathway leading to methanol formation from CO2 on different 

catalysts and catalyst active sites (Hus et al., 2017a,b), also combining the density functional theory 

computations with the mesoscopic kinetic Monte Carlo (Kopac et al., 2017).  

As discussed in Chapter I, different kinetic models based on different assumptions are reviewed by 

Slotboom et al. (2020), suggesting also a new model, the parameters of which are fitted by experimental 

data.  

In this research, the Vanden Bussche and Froment (1996) kinetic model, based on the mechanism of CO2 

hydrogenation for CH3OH production, is considered to model the methanol reactor.  

The expressions for the reaction rates as functions of partial pressures are the following respectively for 

reaction II.1 and II.2 (see Eqs. II.31-II.32) (Vanden Bussche and Froment, 1996): 

𝒓𝟏 =  

𝑘1 ∙ 𝑝𝐶𝑂2 ∙ 𝑝𝐻2 ∙ (1 −
𝑝𝐶𝐻3𝑂𝐻 ∙ 𝑝𝐻2𝑂

𝐾𝑒𝑞,1 ∙ 𝑝3
𝐻2·𝑝𝐶𝑂2

)

(1 + 𝑘𝐶 ∙
𝑝𝐻2𝑂
𝑝𝐻2

+ 𝑘𝑎 ∙ √𝑝𝐻2 +  𝑘𝑏∙𝑝𝐻2𝑂)
3                                           (𝐼𝐼. 31)   

𝒓𝟐 =  

𝑘2 ∙ 𝑝𝐶𝑂2 ∙ (1 −
𝑝𝐶𝑂 ∙ 𝑝𝐻2𝑂

𝐾𝑒𝑞,2 ∙ 𝑝𝐻2 ∙ 𝑝𝐶𝑂2
)

(1 + 𝑘𝐶 ∙
𝑝𝐻2𝑂
𝑝𝐻2

+ 𝑘𝑎 ∙ √𝑝𝐻2 +  𝑘𝑏∙𝑝𝐻2𝑂)

                                          (𝐼𝐼. 32) 

with k1, k2, kc, ka and kb the reaction rate kinetic constants (see numerical values in the Appendix), pCH3OH 

the partial pressure of CH3OH, pCO the partial pressure of carbon monoxide (CO), pCO2 the partial pressure 

of CO2, pH2 the partial pressure of H2, pH2O the partial pressure of H2O, Keq1 and Keq2 the equilibrium constant 

of reaction 1 and 2 respectively.  

II.2.3 Mathematical model for a methanol reactor in kinetic regime 

For the reactor configuration reported in Figure II.3 a mathematical model is developed in MATLAB® in 

1-D and 2-D.  
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CO/CO2/H2

CH3OH/H2O

CO2/H2

90% 10%

 

Figure II.3 Process scheme adopted in the mathematical kinetic model of a methanol reactor with 90% of 

recycle of unconverted gases after the separation of CH3OH and H2O by condensation (Leonzio et al., 2019) 

 

A Lurgi type multi-tubular reactor is considered here: tubes are packed with a catalyst (CuO/ZnO/Al2O3) 

for the synthesis reactions, while on the shell side boiling water is flowing for the refrigeration. In the 

process scheme shown in Figure II.3, a recycle of unconverted gases, CO2, CO and H2, is present and the 

recycle ratio is set at 90%, after the separation of CH3OH and H2O by condensation. The external feed 

stream, fixed at 100 mol/s, is composed by CO2 and H2 with the stoichiometric molar ratio 1:3. Table II.1 

summarizes the reactor operating conditions, considered for the two models, as suggested by Yusup et al. 

(2010). 

Regarding the 2-D model, the same density value shown in Table II.5 is fixed for both the structured and 

non-structured packing, and the active catalyst load is also assumed to be the same: as a result, with a given 

geometric configuration and corresponding operating conditions, close values of the gas hourly space 

velocity are maintained in the reactor for structured and non-structured packing, respectively. The nominal 

diameter of catalyst pellets is defined as the diameter of a sphere with the same surface-to-volume ratio. To 

allow a straight comparison, cells or channels of the structured packing are characterized by the same 

nominal size. 
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Table II.5 Methanol reactor, Lurgy type, operating conditions (Leonzio and Foscolo, 2020) 

Tube number 150   

Tube length 8 m 

Tube ID diameter 0.0508 m 

Density of catalyst packing 1100 kg/m3 

Nominal diameter of catalyst packing 0.0054 m 

Thermal conductivity of catalyst pellets 0.38 W/(m K) 

Thermal conductivity of structured catalyst 350 W/(m K) 

Reactor fresh feeding flow rate 100 mol/s 

Inlet pressure 55 bar 

Inlet temperature 498 K 

Refrigerant temperature 523 K 

 

II.2.3.1 1-D mathematical model 

For the above mentioned reactor configuration, a 1-D mathematical model in steady state conditions is 

developed in MATLAB®, solved with the ode45, with the following assumptions (Manenti et al., 2011): 

- negligible axial dispersion; 

- negligible radial diffusion (concentration, velocity and temperature profiles are assumed constant), 

due to the small ratio of reactor diameter to reactor length, leading to a 1-D model; 

- uniform catalytic particles (constant temperature and pressure profiles within the catalytic pellet, 

due to the small size of the pellet and the relatively low chemical reaction intrinsic rate at the 

moderate temperature level of the reactor): the Weisz-Prater parameter, defined as follows (see Eq. 

II.33) (Fogler, 2004): 

𝐶𝑤𝑝 =  
𝑟𝑜𝑏𝑠,𝑖 ∙ 𝜌𝑐 ∙ 𝑅𝑝

2

𝐷𝑒 ∙ 𝐶𝑠,𝑖
                                                       (𝐼𝐼. 33) 

is estimated to be << 1 (𝐶𝑤𝑝≈0.03), where robs,i  is the measured value of the reaction rate for             

component i, Cs,i  is the concentration of component i at the pellet surface, De is the effective 

diffusivity, Rp is the pellet radius, ρc is the density of catalyst particle; 

- negligible catalyst deactivation: temperature is lower than levels where sintering phenomena may 

occur (the life cycle of the commercial catalyst is in the order of two years and no sulfur species 

are considered in this case); 

- negligible side reactions except for the reverse water gas shift, due to the high catalyst selectivity; 

- pseudo-homogeneous model: gradients between gas and solid phase are neglected due to the small 

size of particles;  
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The mathematical model is composed of the molar balances, the energy balance and the Ergun equation to 

estimate pressure drop along the reactor. The recycle of gases, with a recycle ratio of 90%, after the 

separation of CH3OH and H2O by condensation, is taken into account in the boundary conditions, which 

establish molar flows and concentrations entering the reactor by adding together the plant feeding stream 

and the recycle stream.  

The material balances for each component in steady state conditions assume that the variation of the 

convective molar flow of each chemical compound matches the corresponding reaction rate (see Eqs. II.34-

II.38):  

𝑑𝐹𝐶𝐻3𝑂𝐻

𝑑𝑤
=  𝑟𝐶𝐻3𝑂𝐻 =  𝑟1                                                                   (𝐼𝐼. 34)  

𝑑𝐹𝐻2𝑂

𝑑𝑤
=  𝑟𝐻2𝑂   =  𝑟1  + 𝑟2                                                              (𝐼𝐼. 35)  

𝑑𝐹𝐶𝑂2

𝑑𝑤
= 𝑟𝐶𝑂2 =  − 𝑟1 −  𝑟2                                                             (𝐼𝐼. 36) 

𝑑𝐹𝐶𝑂

𝑑𝑤
=  𝑟𝐶𝑂  = 𝑟2                                                                              (𝐼𝐼. 37) 

𝑑𝐹𝐻2

𝑑𝑤
= 𝑟𝐻2   = − 3 ∙ 𝑟1  −  𝑟2                                                         (𝐼𝐼. 38) 

where Fi is the molar flow rate of i component (CH3OH, H2O, CO2, CO, H2) in mol/s, r1 and r2 are the 

reaction rates for CH3OH and CO formation, respectively, referred to reactions (1) and (2) and expressed 

by Eqs. II.1 and II.2 in mol/(kg s), w the mass of catalyst in kg. The composition profile for each component 

is then obtained.  

The energy balance and Ergun equations are used to calculate the temperature and pressure profiles, 

respectively from (see Eqs. II.39-II.42): 

𝑑𝑇

𝑑𝑤
=  

𝑈 ∙ 𝑎 ∙ (𝑇𝑗 − 𝑇)

𝐹 ∙ 𝐶𝑝𝑚
−  

∆𝐻1
𝑟𝑥𝑛 ∙ 𝑟1

𝐹 ∙ 𝐶𝑝𝑚
−

∆𝐻2
𝑟𝑥𝑛 ∙ 𝑟2

𝐹 ∙ 𝐶𝑝𝑚
                                       (𝐼𝐼. 39) 

𝑑𝑃

𝑑𝑤
=  −

𝐺

𝜌 ∙ 𝑔𝑐 ∙ 𝑑𝑝
∙ (

1 − 𝜀

𝜀3
) ∙ [

150 ∙ (1 − 𝜀) ∙ 𝜇

𝑑𝑝
+  1.75 ∙ 𝐺] ∙

𝑧

𝑤
                             (𝐼𝐼. 40) 

𝑧

𝑤
=  

1

𝑆 ∙ (1 − 𝜀) ∙ 𝜌𝑐
                                                             (𝐼𝐼. 41)   

𝑎 =  
4

𝑑𝑡 ∙ (1 − 𝜀) ∙ 𝜌𝑐
                                                             (𝐼𝐼. 42)  

where F is the total molar flow rate in mol/s, w is the mass of catalyst in kg, T is the temperature in K, U is 

the global coefficient of heat exchange in J/(m2 s K), a is the specific surface area of heat exchange in 
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m2/(kg cat), Tj is the temperature of the heat exchange fluid in K, Cpm is the average specific heat in J/(mol 

K), ΔHrxn is the heat of reaction  in J/mol, r is the reaction rate for reactions 1 and 2, respectively, in mol/(kg 

s),  P is the pressure in Pa, G is the superficial mass velocity in kg/(s m2), ρ is the gas density in kg/m3, gc 

is a conversion factor in kg/m/s2N, dp is the average equivalent diameter of catalyst pellets in the bed in m, 

𝜀 is the bed porosity, μ is the fluid viscosity in Pa s, z is reactor length in m, dt is the tube diameter in m, S 

the tube cross section surface area in m2, ρc is the density of catalyst pellets in kg/m3.  

II.2.3.2 2-D mathematical model 

A 2-D steady-state mathematical model is developed considering balance equations around the generic, 

toroidal volume element of the reactor with the following assumptions: 

- negligible axial diffusion, due to a particle Reynolds number >> 10 (Leonzio, 2020) and the high 

axial Peclet number (Montebelli et al., 2013);  

- constant temperature and pressure profile within the catalyst pellet, according to the adoption of a 

pseudo-homogeneous reactor configuration (Manenti et al., 2011); 

- negligible catalyst deactivation (Manenti et al., 2011); 

- catalytic particle effectiveness is equal to one, due to the estimated low value of Thiele modulus 

(<1) (Leonzio, 2020); 

- deviations from ideal gas conditions are neglected (fugacity coefficients are almost equal to one at 

the reactor operating conditions) (Graaf and Winkelman, 2016). 

A system of partial differential equations describing the methanol reactor (molar concentrations, energy 

and pressure drop equations) is developed in dimensionless form (see Eqs. II.43-II.45): 

1

𝑟𝑎𝑑
∙

𝜕

𝜕𝑟𝑎𝑑
(𝑟𝑎𝑑 ∙

𝜕𝐶𝑖,𝑎𝑑

𝜕𝑟𝑎𝑑
) −

𝑈𝑧 ∙ 𝑅𝑡𝑜𝑡
2

𝐿𝑡𝑜𝑡 ∙ 𝐷𝑒
∙

𝜕 𝐶𝑖,𝑎𝑑

𝜕𝜉
+

𝑟𝑖

𝑟𝑖,𝑜
∙

𝑟𝑖,𝑜 ∙ 𝑅𝑡𝑜𝑡
2

𝐷𝑟 ∙ 𝐶𝑖𝑛,𝐶𝑂2
= 0                         (𝐼𝐼. 43) 

1

𝑟𝑎𝑑
∙

𝜕

𝜕𝑟𝑎𝑑
(𝑟𝑎𝑑 ∙

𝜕𝑇 𝑎𝑑

𝜕𝑟𝑎𝑑
) − (∑

∆𝐻𝑗 ∙ 𝐷𝑟 ∙ 𝐶𝑖𝑛,𝐶𝑂2

𝐾𝑒 ∙ 𝑇𝑖𝑛
∙

𝑅𝑡𝑜𝑡
2 ∙ 𝒓𝒊,𝒐

𝐷𝑒 ∙ 𝐶𝑖𝑛,𝐶𝑂2
∙

𝒓𝒊,𝒐

𝒓𝒊

2

𝑗=1

−
𝑈𝑧 ∙ (∑ 𝐶𝑝𝑖 ∙ 𝐶𝑖) ∙ 𝑅𝑡𝑜𝑡

2

𝐿𝑡𝑜𝑡 ∙ 𝐾𝑒
∙

𝜕 𝑇 𝑎𝑑

𝜕𝜉
= 0          (𝐼𝐼. 44) 

𝑃𝑖𝑛

𝐿𝑡𝑜𝑡
∙

𝑑𝑃𝑎𝑑

𝑑𝜉
=  −

𝐺

𝜌 ∙ 𝑔𝑐 ∙ 𝑑𝑝
∙ (

1 − 𝜀

𝜀3
) ∙ [

150 ∙ (1 − 𝜀) ∙ 𝜇

𝑑𝑝
+  1.75 ∙ 𝐺]                    (𝐼𝐼. 45) 

where rad is the dimensionless radial coordinate, rad=r/Rtot, Ci,ad is the dimensionless molar concentration of 

component i, Ci,ad =Ci/Cin,CO2, Uz is the superficial gas velocity in m/s, Rtot
 is the radius of reactor tube in 

m, Dr is the radial dispersion coefficient in m2/s, ξ is the dimensionless axial coordinate, ξ= z/Ltot, ri is the 

reaction rate of i component in mol/m3s, ri,o is the reaction rate of i component at the system inlet conditions 

(fresh feed stream composition, reactor inlet temperature and pressure), Cin,CO2  is the inlet concentration of 

CO2 in mol/m3, Tad is the  dimensionless temperature, Tad =T/Tin, ΔHj is the heat of reaction for reaction j in 

J/mol, Ke is the equivalent radial thermal conductivity in J/msK, Cp,i is the heat capacity at constant pressure 
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for component i in J/molK, Ci is the molar concentration of component i in mol/m3, Ltot is the length of 

reactor in m, Pad is the  dimensionless pressure, Pad =P/Pin, Pin is the pressure at inlet conditions in Pa, G is 

superficial mass velocity in kg/(s m2), ρ is gas density in kg/m3, gc is a conversion factor in kg/m/s2N, dp is 

the nominal diameter of catalyst packing in the bed in m, ε is the bed porosity, μ is viscosity in Pa s.  

In the material balance (Eq. II.17), a term with the partial derivative of the superficial velocity, Uz, with the 

reactor axial coordinate should also appear, in order to provide a full account of  the variation of the 

convective molar flux along the reactor length, expressed as follows (see Eq. II.46):  

𝜕 𝑈𝑧 ∙ 𝐶𝑖,𝑎𝑑

𝜕𝜉
                                                                           (𝐼𝐼. 46) 

However, the axial gradient of superficial velocity is neglected in the numerical integration, because it is 

expected to be small in comparison to the remaining terms: as a matter of facts, the overall molar flow rate 

changes no more than 10% along the reactor length, reactor temperature keeps a value quite close to the 

refrigerant fluid temperature and a slight pressure drop is found, as shown by the results described below. 

In the integration procedure, the local value of Uz is expressed as a function of local temperature, pressure 

and molar flowrate, as follows (see Eq. II.47): 

𝑈𝑧 =  𝑈𝑖𝑛 ∙
𝑃𝑖𝑛

𝑃
∙

𝑇

𝑇𝑖𝑛
∙

∑ 𝐹𝑖𝑖

𝐹𝑡𝑜𝑡,𝑖𝑛
                                                            (𝐼𝐼. 47) 

Similar considerations hold also for the overall molar concentration in the term expressing the variation of 

the radial dispersive flux (Eq. II.17).  

In the above equations, some dimensionless numbers are present, as that resembling the Thiele modulus, 

ϕ2
n, when considering the radial dispersion coefficient instead of pellet equivalent diffusivity coefficient 

(Annesini, 2020) (see Eq. II.48): 

𝜙𝑛
2 =

𝒓𝒊,𝒐 ∙ 𝑅𝑡𝑜𝑡
2

𝐷𝑟 ∙ 𝐶𝑖𝑛,𝐶𝑂2
                                                                   (𝐼𝐼. 48) 

where all quantities are defined above, and β number in the energy balance, as the dimensionless heat of 

reaction (Fogler, 2004) (see Eq. II.49): 

𝛽 = − 
∆𝐻𝑗 ∙ 𝐷𝑒 ∙ 𝐶𝑖𝑛,𝐶𝑂2

𝐾𝑒 ∙ 𝑇𝑖𝑛
                                                               (𝐼𝐼. 49) 

where all quantities are also defined above. 𝛽 is positive for exothermic reactions.  

An additional dimensionless number, γ, can be identified in the expression of reaction rates, which is 

sometimes referred to as the Arrhenius number (Fogler, 2004) (see Eqs. II.50-II.51): 

𝑘(𝑇) = 𝐴 ∙ 𝑒
(−

𝐸𝑎
𝑅∙𝑇

)∙(
𝑇𝑖𝑛
𝑇𝑖𝑛

)
= 𝐴 ∙ 𝑒

(𝛾)∙(
𝑇𝑖𝑛
𝑇

)
                                                   (𝐼𝐼. 50) 
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𝑘(𝑇𝑖𝑛) = 𝐴 ∙ 𝑒
(−

𝐸𝑎
𝑅∙𝑇𝑖𝑛

)
= 𝐴 ∙ 𝑒(𝛾)                                                              (𝐼𝐼. 51) 

where A is the pre-exponential factor, Ea is the activation energy in J/mol, R is the ideal gas constant in 

J/molK, T is the temperature in K, Tin the temperature in K at the reactor inlet.  

Boundary conditions set for the partial differential system of equations are fixed at the reactor inlet 

according to the following relations (see Eqs. II.52-II.54): 

𝐶𝑖,𝑎𝑑 =  
𝐶𝑖𝑛,𝑖

𝐶𝑖𝑛,𝐶𝑂2
                                                                                      (𝐼𝐼. 52) 

𝑇𝑎𝑑 = 1                                                                                                 (𝐼𝐼. 53) 

𝑃𝑎𝑑 = 1                                                                                               (𝐼𝐼. 54) 

Boundary conditions at the center of reactor tube (radius equal to 0) are the following (see Eqs. II.55-II.56): 

𝜕𝑇𝑎𝑑

𝜕𝑟𝑎𝑑
= 0                                                                                     (𝐼𝐼. 55) 

𝜕𝐶𝑖,𝑎𝑑

𝜕𝑟𝑎𝑑
= 0                                                                                    (𝐼𝐼. 56) 

Boundary conditions at r = R are expressed by the following relations (see Eqs. II.57-II.58): 

−
𝐾𝑒 ∙ 𝑇𝑖𝑛

𝑅𝑡𝑜𝑡
∙

𝜕𝑇𝑎𝑑

𝜕𝑟𝑎𝑑
= 𝑈 ∙ (𝑇𝑟,𝑎𝑑(𝑅, 𝑧) ∙ 𝑇𝑖𝑛 − 𝑇𝑟𝑒𝑓)                                          (𝐼𝐼. 57) 

𝜕𝐶𝑖,𝑎𝑑

𝜕𝑟𝑎𝑑
= 0                                                                                         (𝐼𝐼. 58) 

where U is the external heat transfer coefficient in J/(s m2 K) (between 1000 J/(s m2 K) and 20000 J/(s m2 

K) (Annesini, 2000)), Tref  is the temperature of refrigerant fluid of 523 K, while other terms are defined in 

previous expressions.   

The partial differential system of equations with the above boundary conditions is solved in MATLAB® by 

using the PDEPE function. Cylindrical coordinates in steady state conditions are considered. To evaluate 

the radial thermal conductivity of the packed bed, the correlation obtained from Specchia and Sicardi (1980) 

is used (see Eq. II.59): 

𝐾𝑒 =  𝐾𝑔· (
𝜀

1.5
+

1 − 𝜀

0.312·𝜀2.32 +
𝐾𝑔

𝐾𝑐𝑎𝑡
·
2
3

)                                                    (𝐼𝐼. 59) 

where 𝜀 is the bed void fraction, Kcat is the thermal conductivity of catalyst, and Kg is the thermal 

conductivity of gas according to the following relation (Lovik, 2001), in kW/(m K) (see Eq. II.60): 
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𝐾𝑔 = 0.01234 ∙ 10−3 + 1.84375 ∙ 10−7 ∙ 𝑇                                           (𝐼𝐼. 60) 

where T is the temperature in K. The radial dispersion coefficient is calculated with the following 

correlation (Smith, 1981) (see Eq. II.61): 

𝐷𝑟 =

𝑑𝑝 ∙ 𝜇
8

(1 + 19.4 ∙ (
𝑑𝑝

𝑑𝑡
)

2

)

                                                               (𝐼𝐼. 61) 

where dp is the catalyst diameter in m, dt is the tube diameter in m and μ is the viscosity in Pa s. The 2-D 

model is developed considering 1 tube of the reactor.  

 

II.3 Results and discussion 

II.3.1 Results of equilibrium analysis for methanol synthesis 

A thermodynamic equilibrium analysis of a methanol reactor in different plant configurations, as i) once-

through reactor, ii) reactor with the recycle of unconverted gases after the separation of CH3OH and H2O 

(R=80%) and iii) membrane reactor (α=0.4), is developed in this section with the aim to evaluate CO2 

conversion to CH3OH, i.e. CH3OH yield, CO2 global conversion and CH3OH selectivity .  

In this analysis, the range of temperature is fixed to be 473-553 K, where the industrial catalyst based on 

Cu/Al2O3/Zn would assure satisfactory reaction rates and the thermodynamic equilibrium of reaction 1 is 

also quite favorable. The commonly suggested range of operating pressure is 15-55 bar.  

The results of this equilibrium analysis are reported in Figure II.4, where it is possible to see that 

temperature has a negative effect, while pressure has a positive effect on CO2 conversion to CH3OH, 

according to the Le Chatelier’s principle (it is an exothermic reaction with reduction of mole number). More 

specifically, Figure II.4a shows CO2 conversion to CH3OH and CH3OH yield varying temperature and 

pressure, for the once-through reactor. The highest CO2 conversion is reached at the lowest examined 

temperature (473 K) and highest examined pressure (55 bar). The results of temperature-dependent analysis 

clearly show the limitations of direct CO2 hydrogenation route, since the maximum attainable CO2 

equilibrium conversion is 38% at the conditions considered here. 

For the reactor with a recycle of gases (R=80%) after the separation of CH3OH and H2O, Figure II.4b shows 

that, at 55 bar and 473 K, CO2 conversion to CH3OH and CH3OH yields are equal to 69%, with reference 

to the plant feed stream. Definitely, the system with a recycle stream of H2-CO2-CO, after the separation of 

CH3OH and H2O, ensures a higher CH3OH yield compared to the process arrangement with a mixture of 

CO2-H2 in the reactor feed stream, examined before.  
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Figure II.4 Equilibrium CO2 conversion to CH3OH and CH3OH yield as a function of temperature and 

pressure, with stoichiometric CO2-H2 ratio (1:3) in the process feeding stream: a) once-through reactor; b) 

reactor with the recycle of unconverted gases (R=80%) after the separation of CH3OH and H2O by 

condensation; c) membrane reactor permeable to steam (Leonzio et al., 2019) 

 

Figure II.4c shows the equilibrium analysis for a membrane reactor designed to separate H2O 

simultaneously to the reaction process. The system ensures a CO2 conversion higher than that in an once-

through reactor, but substantially lower when compared to CO2 conversion predicted in a reactor with the 
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recycle of gases after the separation of condensable compounds. In fact, at the same operating conditions, 

55 bar and 493 K, the equilibrium CO2 conversion to CH3OH is equal to 58%. When compared to the results 

obtained with the once-through reactor, the higher conversion is due to the removal of water that shifts the 

reactions towards products. It is worth noticing here that H2O is also produced by rWGS reaction, so 

selectivity towards methanol is not helped. The positive effect on conversion process due to H2O removal 

is also reported by Zachopoulos and Heracleous (2017).  

The results reported in Figure II.4 show that by combining the separation of reaction products, as H2O and 

CH3OH, and by recycling unconverted gases, CO2 conversion and CH3OH yield can be improved compared 

to other cases. A similar behavior is also reported in the studies of Makertiharta et al. (2017), Struis and 

Stucki (2001).  

The presence of CO in the feeding stream is highly advantageous with respect to the methanol synthesis 

from plain CO2. According to the Vanden Bussche and Froment (1996) reaction mechanism, increasing CO 

concentration makes the equilibrium extent of the second reaction (rWGS) to decrease progressively up to 

the point when it proceeds in the opposite direction, when CO concentration is higher than that at 

equilibrium, and in these conditions WGS contributes to increase CO2 availability and therefore methanol 

yield. Water inhibits methanol synthesis and a further positive effect of CO arises from its ability to 

“scavenge” excess water via water gas shift. Then, the recycle of CO in the feed allows to obtain a higher 

CH3OH yield and carbon conversion at thermodynamic equilibrium.  

As a matter of facts, Figure II.5 shows CH3OH yield and carbon conversion to methanol versus the CO/CO2 

ratio in the feed and the pressure level, at different temperature (the feeding concentration of hydrogen is 

adjusted in each case according to the stoichiometric conditions). It is evident that a higher amount of CO 

in the feed allows to obtain a higher CH3OH yield and carbon conversion at thermodynamic equilibrium. 

Temperature has a negative effect while pressure has a positive effect also on the cases analyzed here. A 

value of CH3OH yield and carbon conversion near to 100% can be obtained only at the lowest temperature 

(473 K) investigated here, while at the highest temperature (553 K) CH3OH yield and carbon conversion 

are equal to 39% at most.   

A maximum in CH3OH production as a function of CO2/CO ratio occurs at CO2 concentration equal to 2-

5 mol% (Lee et al., 1993; Vanden Bussche and Froment, 1996). As reported also by Skrzypek et al. (1995), 

if there is no CO in feed, the mole fraction of methanol in the condensable products does not exceed 0.5, in 

agreement with the stoichiometry of reactions 1 and 2. 

The positive effect of H2 content on the process efficiency is assessed by additional thermodynamic 

calculations, not shown here. At 493 K and 55 bar, in the case of stoichiometric ratio 1:3, carbon dioxide 

conversion is equal to 38% (Figure II.3a), while at the same temperature and pressure carbon dioxide 

equilibrium conversion reaches 54% with a CO2:H2 ratio equal to 1:5. The positive effect of H2 on CO2 

conversion is also reported by Bansode and Urakawa (2014). However, the H2 conversion decreases with 
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the increase of just H2 partial pressure. Khalilpourmeymandi et al. (2017) find that the effect of the relative 

amount of H2 on CH3OH production is higher than that of a relative amount of CO. 

 

 

 

Figure II.4 Equilibrium CH3OH yield and carbon conversion to methanol for the once-through reactor, as 

a function of pressure, at different CO/CO2 ratios, with H2 content in the feed always adjusted to 

stoichiometry; a) T=473 K; b) T=553 K (Leonzio et al., 2019) 

 

The global CO2 conversion as a result of reaction 1 and reaction 2, is also analyzed at the thermodynamic 

equilibrium, as shown in Figure II.6.  
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Figure II.6 Overall CO2 conversion at the equilibrium conditions, as a function of temperature and pressure, 

with CO2-H2 (1:3) in the feeding stream: a) once-through reactor; b) reactor with the recycle of unconverted 

gases (R=80%) after the separation of CH3OH and H2O by condensation; c) membrane reactor permeable 

to steam (Leonzio et al., 2019) 

 

The global CO2 conversion shows a minimum in the range of conditions examined in this work. Comparing 

Figures II.6a and II.4a, as well as for the remaining reactor configurations, shows that, at a lower 

temperature, reaction 1 mainly occurs, so the system reacts selectively to produce CH3OH. In fact, at 473 
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K and 55 bar, CO2 conversion to CH3OH in Figure II.4a is equal to 38% while global CO2 conversion in 

Figure II.6a is only 40%. However, at a higher temperature, CO2 reacts more extensively according to the 

reverse water gas shift (reaction 2) and produces CH3OH in minor quantity. In fact, at 553 K and 55 bar, 

CO2 conversion to CH3OH in Figure II.3a is 13% while the global CO2 conversion in figure II.6a is 25%.  

From Figure II.6, it is also evident that the global CO2 consumption in the reactor with the recycle of gases 

reaches the highest values. In fact, at 493 K and 55 bar, the once-through reactor, the reactor with the 

recycle of unconverted gases and the membrane reactor have respectively a global CO2 conversion equal 

to 40%, 79% and 60%.  

Figure II.7 shows the selectivity to CH3OH for the three reactor configurations. The selectivity to CH3OH 

(reaction 1) decreases with increasing temperature, due to the favored endothermic reverse water gas shift 

reaction to CO (reaction 2). Pressure has a positive effect. At a temperature equal to 493 K and a pressure 

equal to 55 bar, CH3OH selectivity for once-through reactor, reactor with recycle and membrane reactor is 

equal respectively to 96%, 88% and 96%. Then the recycle reactor ensures higher CO2 conversion to 

CH3OH, although slightly lower methanol selectivity.  

 

 

Figure II.7 (Following) 
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Figure II.7 CH3OH selectivity from external CO2-H2 (1:3) feeding stream at different temperatures and 

pressures: a) once-through reactor; b) reactor with the recycle of unconverted gases (R=80%) after the 

separation of CH3OH and H2O by condensation; c) membrane reactor permeable to steam (Leonzio et al., 

2019) 

 

The thermodynamic analysis is used to analyze the behavior of an adiabatic CH3OH reactor fed by CO2 and 

H2, in stoichiometric ratio and with the recycle of unconverted gases after the separation of CH3OH and 

H2O by condensation. The inlet temperature and pressure are of 493 K and 55 bar. It is assumed that the 

reactor exit conditions approach those of equilibrium at 95%. 

The extent of reaction 1 as a function of temperature and the corresponding equilibrium curve are obtained, 

as shown in Figure II.8. Figure II.8a shows the temperature–conversion path of the adiabatic methanol 

reactor with a recycle ratio of gases of 60% after the condensation of CH3OH and H2O. The temperature at 

the outlet of the real reactor is equal to 544 K, while the methanol yield is equal to 27% with reference to 

CO2 in the fresh feed to the plant. Additional results are reported in Table II.2. 

Figure II.8b shows the behavior of the adiabatic reactor with a recycle ratio of gases of 80% after the 

condensation of products (CH3OH and H2O). Compared to the previous case, the temperature at the outlet 

of the adiabatic reactor is slightly different, equal to 547 K, while the extent of reaction 1, or methanol 

yield, is substantially higher, equal to 37%, as shown in Table II.2. Figure II.8c shows the corresponding 

results obtained with a recycle ratio of gases of 90% after the separation of CH3OH and H2O by 

condensation. As shown in Table II.6, the outlet temperature is 550 K, while the effective methanol yield 

is 45%. These results show that an adiabatic methanol reactor with CO2 and H2 in the plant external feed 

allows a higher CH3OH yield when increasing the recycle ratio, with a corresponding slight increment of 

the reactor outlet temperature, because of the increased gas flow rate through the reactor and associated 

heat capacity. It is worth noticing here that, with a process feed stream made of CO2 and H2, the heat of 

reaction is lower compared to that with syngas in the feed: it is about half of the heat of reaction obtained 

by using syngas in the feed. In fact, starting from CO2 the heat of reaction is -49 kJ/molCO2, while starting 

from syngas, mainly composed by CO, the heat of reaction is -90.7 kJ/molCO.  
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Figure II.8 Extent of reaction 1-vs-temperature trajectory for an adiabatic CH3OH reactor with the recycle 

of gases after the separation of CH3OH and H2O by condensation (orange line), and corresponding 

thermodynamic equilibrium limit as a function of temperature (blue line): a) R=60%; b) R=80%; c) R=90% 

(Leonzio et al., 2019) 
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Table II.6 Calculated performance indicators for the adiabatic CH3OH reactor and for the whole process, 

with different recycle ratio of gases after the separation by condensation of CH3OH and H2O (Leonzio et 

al., 2019) 

Recycle ratio 60% 80% 90% 

CO2 flow rate, at the inlet (mol/h) reactor/plant 1.70/1 2.28/1 2.77/1 

CO2 flow rate, at the  outlet (mol/h) reactor/plant 1.306/0.617 1.78/0.513 2.19/0.427 

CO flow rate, at the inlet (mol/h) reactor/plant 0.11/0 0.264/0 0.42/1 

CO flow rate, at the outlet (mol/h) reactor/plant 0.22/0.11 0.37/0.11 0.53/0.1 

H2 flow rate, at the inlet (mol/h) reactor/plant 5.07/3 7.12/3 8.97/3 

H2 flow rate, at the outlet (mol/h) reactor/plant 4.15/2.07 5.89/1.76 7.47/1.49 

MeOH production (mol/h) 0.284 0.388 0.478 

Temperature, reactor inlet (K) 493 493 493 

Temperature, reactor outlet (K) (*) 544 547 550 

CO2 conversion  (%) reactor/plant 23.4/47.8 21.9/63.5 20.93/78.1 

MeOH yield(%) reactor/plant 16.7/26.9 17/36.8 17.25/45.4 

MeOH selectivity (%) reactor/plant 71.2/59.4 77.6/61.1 82.4/61.2 

             (*) calculated as 95% of CO2 conversion at the equilibrium 

 

II.3.2 Results of the 1-D mathematical kinetic model for a methanol reactor 

The 1-D model is validated considering the work of Yusup et al. (2010). At first, a comparison between a 

1-D model with and without the axial dispersion term (0.2 m2/s) in the molar balance equations is 

developed. Results show a slight difference between the two models, in agreement with the assumption 

made in different literature works suggesting to neglect axial dispersion term in the methanol reactor 

(Manenti et al., 2011, 2013; Meyer et al., 2016;). 

This model is useful to investigate the main effects of different variables, as the global heat transfer 

coefficient at the wall.  

In the literature, different values for this coefficient are reported: 1000 J/(s m2 K) by Bohn (2011), 500 J/(s 

m2 K) by Groppi et al. (2012) and 250 J/(s m2 K) by Luyben (2010). The presence of catalyst pellets 

increases the heat transfer coefficient at the wall of a packed bed considerably above that in an empty tube, 

at similar gas flow rate (Smith, 1981). This large increase is due to mixing and turbulence induced by 

particles and is quite difficult to predict it accurately as a function of process conditions, although some 

correlations have been proposed. For this reason, a sensitivity analysis is performed varying the value of 

global heat exchange coefficient over the whole range considered in the literature, and also varying the 

temperature of the isothermal heat exchange fluid. 

Figure II.9 shows temperature axial profiles inside the methanol reactor obtained with different values of 

the global heat exchange coefficient (300 J/(s m2 K) in Figure II.8a, 600 J/(s m2 K) in Figure II.8b and 1000 

J/(s m2 K) in figure II.8c). In each figure, a value equal to 490 K, 510 K and 523 K is assumed for the 

isothermal heat exchange fluid. 
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Figure II.9 Calculated temperature profiles inside the CH3OH reactor for different values of heat exchange 

fluid temperature and global heat exchange coefficient: a) 300 J/(s m2 K); b) 600 J/(s m2 K); c) 1000 J/(s m2 

K) (Leonzio et al., 2019) 

 

Results show that a value equal to 523 K for the heat exchange fluid ensures to have the best results in 
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spot becomes more pronounced, as expected. As a matter of facts, Figure II.9a shows that, with a reduced 

value of this coefficient and with the intermediate temperature level for the heat exchange fluid (510 K), a 

second hotspot appears at the entrance of the reactor due to high initial rate of reaction 1 and associated 

heat release. Moreover, inside the reactor there are two opposite reactions, one exothermic and one 

endothermic. In all cases examined here, temperature inside the reactor tends asymptotically to the 

temperature of the isothermal heat exchange fluid.   

Fixing the value of global heat exchange coefficient to 1000 J/(s m2 K), Figure II.10a shows CO2 conversion 

along the reactor, as predicted at different values of the isothermal heat exchange fluid, while Figure II.10b 

shows CH3OH selectivity at corresponding conditions. More data are reported in Table II.7.  

 

 

 

Figure II.10 Additional numerical results obtained with a global heat exchange coefficient equal to 1000 

J/(s m2 K) and at different values of heat exchange fluid temperature: a) Overall CO2 conversion in the 

reactor; b) CH3OH selectivity in the reactor (Leonzio et al., 2019) 
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Table II.7 Calculated performance indicators for the nearly isothermal CH3OH reactor and the whole 

process with a value of global heat exchange coefficient equal to 1000 J/(s m2 K) and at different 

temperature of isothermal heat exchange fluid (Leonzio et al., 2019)  

Temperature isothermal heat exchange fluid (K) 523.0 510.0 490.0 

CO2 flow rate at the reactor inlet (mol/s) 83.2 92.9 116.7 

CO2 flow rate at the reactor outlet (mol/s) 65.2 75.4 101.8 

CO2 flow rate at plant inlet (mol/s) 25.0 25.0 25.0 

CO2 flow rate at plant outlet (mol/s) 6.5 7.5 10.2 

MeOH production (mol/s) 13.4 12.1 6.9 

Temperature, reactor inlet (K) 498.0 498.0 498.0 

Temperature, reactor outlet (K) 523.6 510.8 490.6 

CO2 conversion, in the whole process (%) 73.9 69.8 59.3 

CO2 conversion, in the reactor (%) 21.6 18.8 12.7 

MeOH yield, in the whole process (%) 53.6 48.6 27.4 

MeOH yield, in the reactor (%) 16.1 13.1 5.9 

MeOH selectivity, in (%) 74.4 69.5 46.3 

 

CO2 conversion at the outlet of the reactor is equal to 21.6%, 18.8% and 12.7% for an isothermal heat 

exchange fluid temperature equal to 523 K, 510 K and 490 K, respectively. CH3OH selectivity is equal to 

74.4%, 69.5% and 46.3% for values of isothermal heat exchange fluid temperature equal to 523 K, 510 K 

and 490 K, respectively. CO2 conversion and CH3OH selectivity are both referred to the reactor inlet stream 

calculated under each process conditions. It is worth mentioning here that, as the outlet reactor temperature 

increases, CH3OH selectivity tends to level off, because of the increasing importance of reaction 2.  

On the other hand, when considering a lower value of global heat exchange, equal to 300 J/(s m2 K), Figure 

II.11a shows CO2 conversion at different values of isothermal heat exchange fluid temperature, while Figure 

II.11b shows the corresponding CH3OH selectivity.  

Additional data are reported in Table II.8. At the outlet of the reactor, CO2 conversion is equal to 22.1%, 

19.6%, 12.9%, for values of isothermal heat exchange fluid temperature equal to 523 K, 510 K and 490 K, 

respectively. Corresponding CH3OH selectivity at the outlet of reactor is equal to 74.1%, 71.0%, 47.4%, 

respectively.   

These results suggest that, at a fixed temperature of heat exchange fluid, the global heat exchange 

coefficient has negligible influence on CO2 conversion and CH3OH selectivity; this is probably related to 

the fact that, under each operating condition, the temperature reached in the reactor is quite close to the heat 

exchange fluid temperature, the influence of which is largely dominant.  

It is possible to see that CH3OH selectivity, just after a high initial value, is decreasing in the first section 

of the reactor due to the temperature rise. In the second half of the reactor, CH3OH selectivity increases 

monotonically according to the temperature trend.  
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Figure II.11 Additional numerical results obtained with a global heat exchange coefficient equal to 300 J/(s 

m2 K) and at different values of heat exchange fluid temperature: a) Overall CO2 conversion in the reactor; 

b) CH3OH selectivity in the reactor (Leonzio et al., 2019) 

Table II.8 Calculated performance indicators for the nearly isothermal CH3OH reactor and the whole 

process with a value of global heat exchange coefficient equal to 300 J/(s m2 K) and at different temperature 

of isothermal heat exchange fluid (Leonzio et al., 2019) 

Temperature isothermal heat exchange fluid (K) 523.0 510.0 490.0 

CO2 flow rate at the reactor inlet (mol/s) 83.6 90.7 115.7 

CO2 flow rate at the reactor outlet (mol/s) 65.2 73.0 100.8 

CO2 flow rate at plant inlet (mol/s) 25.0 25.0 25.0 

CO2 flow rate at plant outlet (mol/s) 6.5 7.3 10.1 

MeOH production (mol/s) 13.7 12.6 7.1 

Temperature, reactor inlet (K) 498.0 498.0 498.0 

Temperature, reactor outlet (K) 525.0 512.6 491.1 

CO2 conversion, in the whole process (%) 73.9 70.8 59.7 

CO2 conversion, in the reactor (%) 22.1 19.6 12.9 

MeOH yield, in the whole process (%) 54.8 50.4 28.3 

MeOH yield, in the reactor (%) 16.4 13.9 6.1 

MeOH selectivity, in (%) 74.1 71.0 47.4 
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Overall, CO2 conversion and CH3OH selectivity at the reactor outlet, calculated with different values of 

heat exchange fluid temperature, show expected trends. For this reason, the mono-dimensional model, 

despite the well known limitations in the description of local conditions inside the reactor, can be assumed 

as a valid computational tool in this phase of work regarding the technical feasibility of CO2 hydrogenation 

and the choice of operating conditions. 

II.3.3 Results of the 2-D mathematical kinetic model for a methanol reactor 

Due to few available experimental data, the validation of the developed model is limited to the single work 

about syngas hydrogenation to methanol reporting the experimental data of a packed bed reactor 

(Montebelli et al., 2013). These authors describe an industrial packed bed multi-tubular reactor (Lurgy 

type), once-through, externally cooled by cooling water, fed by syngas at the operating conditions shown 

in table 3 of their work. The reactor length is assumed to be equal to 12 m; this datum is not reported in the 

original work by Montebelli et al. (2013). The experimental data and simulation results obtained with the 

2-D model, reported in Table II.9 in terms of CO conversion and CH3OH productivity are close to each 

other: 75% (experimental) vs 73% (calculated) and 1025 ton/day (experimental) vs 1024 (calculated), 

respectively. On the other hand, the outlet temperature calculated by the model is somewhat higher than 

the reported experimental value (547 K vs 515 K): this difference is attributable to the catalyst thermal 

conductivity, the value of which is not known and is assumed equal to that in Table II.1 in simulations. 

 

Table II.9 Comparison between experimental data (Montebelli et al., 2013) and simulation results obtained 

with the 2-D model (Leonzio and Foscolo, 2020) 

 Experimental (Montebelli et al., 2013) Calculated 

CO conversion (%) 75 73 

MeOH productivity (ton/day) 1025 1024 

Outlet temperature (K) 515 547 

 

In addition, to further validate the 2-D model, with reference to the structured packing a comparison is 

made with the corresponding simulations obtained from the 1-D reactor model developed before, by 

calculating the bulk weighted average molar flow rate profile for each compound, according to the 

following relation (see Eq. II.62):  

𝐹𝑏 =  
∫ ∫ 𝑈𝑧(𝑟)𝐹(𝑟, 𝑧)𝑟𝑑𝑟𝑑𝜃

𝑅

0

2𝜋

0

∫ ∫ 𝑈𝑧(𝑟)𝑟𝑑𝑟𝑑𝜃
𝑅

0

2𝜋

0

                                                       (𝐼𝐼. 62) 
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where F is the local molar flow rate in mol/s, Uz the axial velocity in m/s and Fb the weighted average value 

of axial flow rate on the reactor cross section at height z (Bird, 2002). For this validation, the wall heat 

transfer coefficient is set to 1500 J/(s m2 K).  

Figure II.12 shows the bulk weighted average molar flow rate profiles obtained with the 2-D model, while 

Figure II.13 shows the corresponding molar flow rate profiles calculated by the 1-D model: quite small 

differences are noticeable, attributable to slight radial gradients on the tube cross section, which in this case 

are limited by the high value of catalyst thermal conductivity.   

From these two Figures, it is evident that H2 and CO2 molar flow rate decrease, while CH3OH and H2O 

increase along the reactor, respectively. On the other hand, CO is mainly produced in the first section of 

the reactor, by the reverse water gas shift reaction, while increasing the reactor height it is consumed to 

produce CH3OH. Then, a maximum in the profile is present in this case. Figures II.12 and II.13 show that 

a slightly lower production of CH3OH is predicted at the outlet of the reactor by the 1-D model, due to the 

assumption of flat radial profiles.  

 

 

Figure II.12 Bulk weighted average molar flow rates estimated inside a structured CH3OH reactor as a 

function of tube length with the 2-D model (Leonzio and Foscolo, 2020) 



Chapter II: Analysis of methanol reactors with CO2 hydrogenation  

 

101 

 

 

Figure II.13 Gaseous flow rates inside a CH3OH reactor as a function of tube length, calculated at the same 

operating conditions as in Figure II.11 with the 1-D model (Leonzio and Foscolo, 2020) 

 

Figure II.14 shows the temperature profile of gas phase inside the CH3OH reactor, obtained with the 2-D 

model as a function of dimensionless radius and length. On the other hand, Figure II.15 shows the 

temperature profile along the CH3OH reactor calculated with the 1-D model. Considering the outlet 

temperatures and component flow rates, it results that for a structured packed bed reactor with a quite high 

thermal conductivity a fairly good agreement is found between 1-D and 2-D models, as also reported in 

Table II.10. The 2-D model is then validated.  

 

Table II.10 Comparison between the numerical results of 1-D and 2-D model for a structured bed CH3OH 

reactor (bulk weighted average values are considered for the 2-D model) (Leonzio and Foscolo, 2020) 

 Inlet values Outlet values 
 1-D 2-D 1-D 2-D 

Temperature (K) 498 498 525 534 

Flow rate (mol/s)     

CO 0.07 0.07 0.09 0.08 

H2 1.88 1.89 1.62 1.59 

CO2 0.58 0.58 0.48 0.47 

CH3OH 0 0 0.08 0.09 

H2O 0 0 0.10 0.11 
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Figure II.14 Tridimensional profile of temperature inside the structured CH3OH reactor as a function of 

dimensionless length and tube radius (heat exchange fluid temperature=523 K) (Leonzio and Foscolo, 

2020) 

 

 

Figure II.15 Temperature profile along the CH3OH reactor computed with the 1-D model (heat exchange 

fluid temperature=523 K) (Leonzio and Foscolo, 2020) 
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Also, from the temperature profiles in Figure II.14, it is evident that, with the structured packing, reactions 

evolve almost in an uniform way, over the tube cross section, along the second part of the reactor, after the 

hot spot (a slight radial gradient is present). In fact, a high value for the effective radial thermal conductivity 

of catalyst bed is obtained in this case: a relatively slight radial gradient of temperature is present. The 

radial temperature profile in the first section of the reactor, is determined by the fact that the inlet 

temperature is below the heat exchange fluid temperature, so that the heat flow is directed towards the tube 

center. The subsequent hot spot, caused by the exothermic CH3OH reaction, is placed before the middle of 

the reactor length, in fair agreement with predictions obtained with the 1-D model, although more 

pronounced.  

It is possible to evaluate CO2 selectivity to CH3OH (as the ratio between the produced CH3OH and the 

consumed CO2), reactor CH3OH yield (as the ratio between the produced CH3OH and CO2 fed to the 

reactor) and plant CH3OH yield (as the ratio between the produced CH3OH and CO2 fed to the plant) 

predicted by the two models, respectively. With the 2-D model, these parameters are found equal to 82%, 

16% and 56%, respectively. With the 1-D model instead, the calculated values for these parameters are 

respectively 75%, 13% and 50%. 

A lower value of radial thermal conductivity is considered in the simulation for a packed bed, non-structured 

reactor. As shown in Figure II.16, in these conditions, the evaluated radial temperature profile is more steep 

than that found for the structured reactor, and temperature variation along the tube radius is certainly not 

negligible due to a higher resistance to heat transfer. Moreover, compared to the structured reactor, the hot 

spot is less pronounced. Higher temperature values are reached at the center of the reactor tube: the highest 

value is 572 K, at the center of the outlet reactor section. The trend in the first section of the reactor is due 

to the competition between two different reactions: one exothermic and the other endothermic: after 

reaching the temperature of the heat exchange fluid, the temperature decreases due to the endothermic 

reaction and then increases again due to the exothermic reaction. Close to the tube surface, this behavior is 

mitigated by heat transfer with the heat exchange fluid. In fact, the temperature value tends to be close there 

to the heat exchange fluid temperature of 523 K. A slight resistance to heat transfer phenomena is present 

at the wall. 

Figure II.17 shows the weighted average molar flow rate profiles for the non-structured reactor. It is evident 

that a lower molar flow rate of CH3OH (0.0676 mol/s at the reactor outlet) is predicted respect to the 

structured reactor, due to the different temperature profile not favoring the reaction kinetics. In fact, CO2 

selectivity to CH3OH, CH3OH yield for the reactor and for the plant calculated in this case are respectively 

54%, 12% and 42%. 
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Figure II.16 Tridimensional profile of temperature inside the non-structured packed bed CH3OH reactor as 

a function of dimensionless length and tube radius (temperature of the isothermal heat exchange fluid=523 

K) (Leonzio and Foscolo, 2020) 

 

 

Figure II.17 Bulk weighted average molar flow rates as a function of reactor tube length, for a non-

structured catalytic packing (Leonzio and Foscolo, 2020) 
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With the non-structured packing, the approach to equilibrium at the reactor outlet is predicted more 

problematic; as a consequence, slight higher recycle flow rates are required. A higher efficiency of a 

structured reactor compared to a non-structured one is also found in the work of Visconti et al. (2018); their 

simulations show that the performances of structured catalyst beds based on open cell foams and 

honeycomb monoliths exceed that of conventional packed beds, especially in compact cooled multi-tubular 

reactors. 

Similar results are also reported in Phan et al. (2010, 2011): by a comparison with a conventional packed 

bed reactor, the authors claim that the superior activity of a structured reactor is related to its higher radial 

heat transfer rate, which provides a nearly isothermal catalytic bed for all the studied CO conversion levels 

(up to 30%). In a similar way, Montebelli et al. (2013) claim that the computed temperature profiles are 

due the fact that in a structured reactor, heat transfer is mainly due to a conductive mechanism within the 

continuous metallic matrix of the structured substrate. In the literature, there are few attempts to compare 

a structured reactor with a packed bed made of catalyst pellets, analyzing and discussing radial phenomena. 

In fact, the most of published works are about a 1-D methanol reactor model (Manenti et al., 2014; Al-

Kalbani et al., 2016) and a 2-D model is introduced only to compare different kinetic models (Meyer et al., 

2016) and different catalysts (Hartig and Keil, 1993).   

II.3.3.1 Results of sensitivity analysis  

Very few data are available in the open literature about the performance of methanol reactors, specifically 

when CO2 hydrogenation is considered. An extensive sensitivity analysis is performed to demonstrate 

furtherly simulation reliability, by investigating the ability to take into account the influence of key 

operating conditions in a proper quantitative manner. 

A sensitivity analysis is carried out for the structured methanol reactor changing the value of the wall heat 

transfer coefficient. A decrease of the wall heat transfer coefficient to 1000 J/(m2 s K), as it is predictable, 

shows a slight increase of temperature, however without significant variation in molar flow rates and outlet 

compositions. The hot-spot temperature is shifted towards the outlet of the reactor and with a higher value. 

On the other hand, an increase of the heat transfer coefficient to 3000 J/(m2 s K), shows a slight decrease 

of temperature without significant variation of molar flow rates and compositions. The hot-spot temperature 

is shifted towards the inlet of the reactor.  

An additional sensitivity analysis is developed by increasing the inlet temperature of the reactor feed stream 

to 530 K for the structured reactor, with a wall heat transfer coefficient equal to 1500 J/(m2 s K). Figure 

II.18 shows the tridimensional temperature profile inside the CH3OH reactor, predicted as a function of 

dimensionless tube radius and length. Heat exchange fluid temperature is set, as in the previous cases, to 

523 K. It is clear that, close to the inlet section, the temperature decreases to a minimum value in 

combination also with the endothermic reverse water gas shift. After that, the temperature increases to 

achieve the hot spot.  No significant variations are present in the position and temperature level of the hot 
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spot. This trend of temperature influences the molar flow rate of each chemical compound. Figure II.19 

shows the weighted average molar flow rate of CH3OH, H2O, H2, CO and CO2 as a function of length. 

 

 

Figure II.18 Tridimensional profile of temperature inside the structured CH3OH reactor as a function of 

dimensionless length and tube radius (heat exchange fluid temperature=523 K, inlet reactor 

temperature=530 K) (Leonzio and Foscolo, 2020) 

 

 

Figure II.19 Bulk weighted average flow rates inside the structured CH3OH reactor as a functions of tube 

length (heat exchange fluid temperature=523 K, inlet reactor temperature=530 K) (Leonzio and Foscolo, 

2020) 
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Predicted flow rates of CH3OH and H2O at the reactor exit (respectively of 0.09 mol/s and 0.11 mol/s) are 

lower than those in the base case: this temperature profile reduces the average reaction rates in the reactor. 

A greater reactor inlet temperature favors the endothermic reverse water gas shift reaction: at the outlet of 

the reactor, a slightly higher flow rate of CO (0.09 mol/s) is calculated compared to the base case. H2 flow 

rate and CO2 flow rate are respectively of 1.60 mol/s and 0.48 mol/s, slightly higher values compared to 

the base case.   

An additional sensitivity study is performed, by doubling the tube diameter to 0.1016 m, in view of reducing 

investment costs. As it is well known, the tube diameter is an important choice in the design of a catalytic 

reactor with the exchange of heat to a fluid flowing on the shell side: the heat exchange surface area per 

unit tube length is inversely proportional to the tube diameter. Then, as also reported in Montebelli et al. 

(2013), an increase in tube diameter produces a proportional increase of radial heat transfer resistance. In 

order to keep constant the contact time with catalyst and the gas velocity, fresh feeding flow rate in each 

tube and tube number are changed respectively to 9.98 mol/s and 38. Figure II.20 shows the tridimensional 

temperature profile inside the CH3OH reactor as a function of dimensionless radius and length. As discussed 

above, higher temperatures are calculated compared to the base case and a less pronounced hot-spot is 

found. In particular, the hot spot is located at about 2.4 m and slightly exceeds 556 K. Due to a higher 

thermal load per unit of heat transfer surface, with the same external heat exchange coefficient, a more 

pronounced radial temperature gradient is predicted and the computed outlet temperature is higher.  

 

 

Figure II.20 Tridimensional profile of temperature inside the structured CH3OH reactor as a function of 

dimensionless length and tube radius (heat exchange fluid temperature=523 K, tube radius=0.0508 m) 

(Leonzio and Foscolo, 2020)  
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Figure II.21 shows the weighted average molar flow rate profile along the tube length, for each component. 

At the reactor exit, the calculated molar flow rate of CO, H2, CO2, CH3OH and H2O are respectively 0.48 

mol/s, 6.45 mol/s, 1.83 mol/s, 0.28 mol/s, and 0.50 mol/s.  

 

 

Figure II.21 Bulk weighted average molar flow rates inside the structured CH3OH reactor as a function of 

tube length (heat exchange fluid temperature=523 K, tube radius=0.0508 m) (Leonzio and Foscolo, 2020) 

 

For this reactor system, the calculated CO2 selectivity to CH3OH, CH3OH yield within the reactor and 

within the whole plant are respectively of 57%, 12% and 42%, lower values compared to the base case.  

For the base case structured CH3OH reactor, it is interesting to develop a sensitivity analysis, changing the 

value of the overall dimensionless number β, defined in the Eq. II.46, by varying the value of radial thermal 

conductivity.  

In particular, it is possible to find a limiting value for which the radial temperature profile corresponding 

to the hot spot reactor cross section is flat, then the 1-D and 2-D models provide similar results. Radial 

temperature profiles for the different values of β are shown in Figure II.22. For β of the order of 10-4, or 

lower than that, a flat radial profile is obtained: the 1-D model is able to describe a structured methanol 

reactor satisfactorily. It is worth mentioning here that β=0.0087 is in the base case. 

A similar sensitivity analysis is considered for a structured CH3OH reactor with a tube radius of 0.0508 m. 

In this case, it is found that for values of β lower than 10-5 the 1-D and 2-D models provide similar results.   
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Figure II.22 Radial temperature profile at the hot spot axial coordinate as a function of tube dimensionless 

radius for different values of the dimensionless number β (Leonzio and Foscolo, 2020) 

 

Sensitivity analyses are developed also for the non-structured reactor for which the 2-D model is able to 

predict more pronounced radial gradients. At first, the wall heat transfer coefficient is changed to 1000 

J/(m2 s K) and 3000 J/(m2 s K). No significant variations are present for the component flow rates and 

compositions. As found in the previous sensitivity analysis, for the case with the wall heat transfer 

coefficient of 1000 J/(m2 s K)  a slightly increase of temperature is present, while for the case with the wall 

heat transfer coefficient of 3000 J/(m2 s K) a slightly decrease of temperature is achieved. These results 

confirm what reported in Leonzio (2020), where it is shown the increase of heat specific flux at higher 

values of wall heat transfer coefficient, for a packed bed methanol reactor. Then, with an increase of heat 

specific flux a decrease of reactor temperature is computed, as expected. 

An additional sensitivity analysis is developed by increasing the inlet temperature to 530 K with a value of 

the wall heat transfer coefficient of 1500 J/(m2 s K). The temperature profile is shown in Figure II.23. As 

for the structured reactor, at the inlet reactor, temperature decreases towards a minimum value (higher 

towards the external radius) and then it increases, achieving, in a nearly asymptotic way, values lower than 

those predicted for the base case, at the center of the reactor (569 K). In the regions close to the tube wall, 

temperature drops to that of the refrigerant fluid. 

Figure II.24 shows the bulk weighted average molar flow rate profile for each component. Numerical results 

show that at the outlet of reactor, H2, CO2, CO, H2O, CH3OH flow rate are respectively of 1.64 mol/s, 0.47 

mol/s, 0.12 mol/s, 0.12 mol/s and 0.07 mol/s. Comparing these values with the base case (non-structured 

reactor) indicates that the temperature profile shown in Figure II.22 reduces the productivity of the reactor. 

In fact, a lower amount of CH3OH is produced. To underline the lower efficiency of the system, CO2 

selectivity to CH3OH, reactor CH3OH yield and plant CH3OH yield are calculated and are respectively 
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equal to 53%, 11% and 40%. CO2 conversion is reduced of about 1.3% compared to the base case. These 

results confirm the literature findings by Leonzio (2020), where a lower carbon conversion is found at 

higher inlet temperatures. 

 

Figure II.23 Tridimensional profile of temperature inside the non-structured CH3OH reactor as a function 

of dimensionless length and tube radius (heat exchange fluid temperature=523 K, inlet reactor 

temperature=530 K) (Leonzio and Foscolo, 2020) 

 

 

Figure II.24 Bulk weighted average flow rates inside the non-structured CH3OH reactor as a function of 

tube length (heat exchange fluid temperature=523 K, inlet reactor temperature=530 K) (Leonzio and 

Foscolo, 2020) 
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Finally, an additional study is performed by increasing the tube diameter to 0.1016 m. Figure II.25 shows 

the calculated temperature profile inside the reactor as a function of radius and length. The maximum 

temperature is obtained at the outlet of the reactor and is equal to 577 K. Overall, compared to the base 

case, a wider region of the reactor is predicted to operate at higher temperature, then lower conversion 

efficiencies are obtained (Manenti et al., 2011).  

 

 

Figure II.25 Tridimensional profile of temperature inside the non-structured CH3OH reactor as a function 

of dimensionless length and tube radius (heat exchange fluid temperature=523 K, tube radius=0.0508 m) 

(Leonzio and Foscolo, 2020) 

 

 

In fact, CO2 selectivity to CH3OH, reactor CH3OH yield, plant CH3OH yield are lower and respectively 

equal to 45%, 10.0% and 36%. At the outlet of the reactor, as shown in Figure II.26, H2, CO2, CO, H2O and 

CH3OH calculated flow rates are respectively of 6.59 mol/s, 1.82 mol/s, 0.56 mol/s, 0.52 mol/s and 0.23 

mol/s.  

As a result, for the non-structured CH3OH reactor the overall performance is predicted to decrease with 

increasing tube diameter as in the case of structured reactor, previously considered.  
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Figure II.26 Bulk weighted average molar flow rates inside the non-structured CH3OH reactor as a function 

of tube length (heat exchange fluid temperature=523 K, tube radius=0.0508 m) (Leonzio and Foscolo, 

2020) 

 

II.4 Conclusions 

A study about CO2 hydrogenation to CH3OH is proposed in this chapter. The results show: 

- the technical feasibility to produce CH3OH via CO2 hydrogenation according to the circular 

economy (only CO2 and H2 in the feed); 

- to overcome the thermodynamic limitation of this reaction pathway, an equilibrium analysis shows 

that, the best reactor configuration consists on the recycle of unconverted gases (CO, CO2 and H2) 

after the separation of H2O and CH3OH by condensation: a CO2 conversion of 69% can be achieved 

at 55 bar and 473 K; 

- the use of CO2 and H2 in the feeding stream, instead of a syngas, ensures a lower ΔH for the 

exothermic reacting system and therefore a reduced reactor temperature increase with reference to 

that obtainable in the case of a traditional hydrogenation process, which utilizes a syngas feed 

stream, containing a substantial amount of CO; 

- the 1-D mathematical model allows to characterize the overall behavior of a packed bed catalytic 

reactor operating with recirculation of reactant gases after separation by condensation of products 

(the best reactor configuration):  results show very slight differences between the numerical outputs 

obtained with and without an axial dispersion term in the mole balance equations; 
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- this 1-D model also shows that the effect on the reactor performance of the global coefficient of 

heat exchange with the cooling system is less important than the choice of isothermal heat exchange 

fluid temperature;  

- for the same reactor configuration, fed by CO2 and H2, the 2-D model allows to highlight the effect 

of local fluctuations in temperature and reaction rates for a structured and non-structured reactor 

packing; these differences are definitely more important for the non-structured reactor, across tube 

cross sections, because of stronger resistance to radial heat transfer; 

- a higher efficiency is predicted for a structured reactor, then a lower recycle flow rate is required 

in this case (a given methanol yield can be achieved in a structured packing reactor with a 

comparatively shorter contact time); 

-  feed temperature and the diameter of the reactor tube have a negative effect on the performance of 

both reactor topologies, while the wall heat transfer coefficient has a less negative effect on 

temperature, without a significant variation of molar flow rates; 

- in addition to the validation of the 2-D model, by using the few experimental data available in the 

open literature, the extensive sensitivity analysis carried out allows to check the ability of the 2-D 

model to answer correctly to changes in key operating conditions: as a result, once model 

parameters are properly tuned according to experimental data of a reactor campaign, reliable 

predictions are expected by the model to quantify the effect of different operating conditions and 

to develop accurate control systems. 
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Appendix 

Methanol–from-carbon-dioxide plants investigated in the literature 

Two process schemes for a CH3OH plant are considered and analyzed in ChemCad®: these are reported in 

the literature in the work of Perez-Fortes et al. (2016) and Kiss et al. (2016). In both processes, the recycle 

of unconverted gases (CO, CO2, H2) is present, after the separation of CH3OH and H2O. Figure S1a shows 

the scheme of Perez-Fortes et al. (2016), while Figure S1b shows the scheme of Kiss et al. (2016).  

 

 

 

Figure S1 Process scheme for methanol production according to: a) Perez-Fortes et al. (2016), b) Kiss et al. 

(2016) (green dashed line: boundaries of the reactor section; blue dashed line: boundaries of the plant 

section).  
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In the process of Perez-Fortes et al. (2016), the CO2 feeding stream, captured from a pulverized coal power 

plant, is compressed through four stages of compression with intermediate cooling from 1 bar to 78 bar, 

before to be mixed with compressed H2 at 78 bar. The CH3OH reactor is modelled as an adiabatic plug flow 

reactor, using the kinetics of Vanden Bussche and Froment (1996). The reactor operates at 76 bar and 483 

K (inlet pressure and temperature) with a volume equal to 42 m3 and with 44500 kg of Cu/ZnO/Al2O3  

catalyst arranged in pellets forming a packed bed. A heat exchanger removes the heat of reaction producing 

saturated steam, which expands into two turbines to generate electricity for the CO2 compressors. The 

remaining heat is used to heat cycled water that comes from the condenser of a power plant, assuming that 

the analyzed process is integrated into a power plant. Also, the stream at the exit of the reactor is used to 

pre-heat the feed stream, to provide heat at the bottom of the distillation column and then to pre-heat the 

feeding stream to that column. After this thermal integration, CH3OH and H2O are separated and the 

unconverted gases are partially recirculated.  

In the process of Kiss et al. (2016), the fresh CO2 feeding stream is mixed with the recycle gas stream and 

sent to the feed-effluent heat exchanger. The fresh, wet H2 feed from chlorine production by salt electrolysis 

is pressurized to 45 bar before entering the stripper and then is fed to the reactor. The CH3OH reactor is a 

multi-tubular reactor with the following characteristics: 12 m of length, 810 tubes of 0.06 m of diameter 

containing Cu/ZnO/Al2O3 catalyst. It works in isothermal mode at 523 K and 50 bar. In Kiss et al. (2016),  

the plant is simulated using the kinetic model of Graaf et al. (1988), while in this Thesis the alternative 

kinetic mechanism and reaction rates proposed by Vanden Bussche and Froment (1996) are adopted. The 

stream at the outlet of the reactor is cooled by two heat exchangers and then flashed to separate gases (CO, 

CO2, H2) from the CH3OH-H2O mixture. The gas stream, after a tiny purge, is recirculated to the reactor, 

following compression and mixing with fresh reactants. The CH3OH-H2O mixture is sent to the stripper 

where wet hydrogen is fed in counter-current mode. This dries the hydrogen feed thus removing H2O and 

separates light gases (as H2, CO and CO2) that are completely recycled. The liquid bottom stream of the 

stripper is sent to a distillation column for the separation of CH3OH.  

The two plants are modelled in ChemCad® using RKS thermodynamic model for the plant studied by Perez-

Fortes et al. (2016) and Non Random Two Liquid (NRTL) thermodynamic model for the plant studied by 

Kiss et al. (2016), following the choice made in those respective papers.  

Table S1 shows that a fairly good agreement between literature and simulation data is present, then the 

models developed in this work are both validated.  
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Table S1 Comparison between simulations in ChemCad® and literature data, for the process schemes 

proposed by Kiss et al. (2016) and Perez Fortes et al. (2016) 

 
Perez-Fortes et 

al. (2016) 

Kiss et al. 

(2016) 

Simulation of Perez-

Fortes et al. (2016) 

Simulation of 

Kiss et al. (2016) 

Methanol production 

(kg/h) 
55100 12507 57527 12492 

Water production (kg/h) 31700 7346 31664 6065 

CO2 conversion (%), 

reactor/plant 
22.0/93.9 17.2/100.0 22.0/96.5 27/100.0 

Gross CO2 used 

(kg/kgCH3OH) 
1.37 1.38 1.40 1.37 

[H2]-[CO2]/[CO]+[CO2], 

reactor/plant 
2.30/2.0 1.64/2.00 2.31/2.00 3.7/2.00 

Heat flow due to reaction 

(MW) 
-23.3 -4.5 -23.7 -5.1 

 

Finally, it is worth recalling here that the reaction mechanism and reaction rates suggested by Vanden 

Bussche and Froment (1996) are utilized to obtain the results reported in Table S1, differently from the 

approach by Kiss et al. (2016), who adopt the kinetic model by Graaf et al. (1988). A very close methanol 

throughput is predicted in the simulations of this Thesis, with the same plant configuration, reactant feed 

streams and reactor size, as shown on Table S1. According to the Vanden Bussche and Froment kinetic 

model, the recycle stream is somewhat reduced: this allows for a greater contact time with a consequent 

higher conversion of CO2 in the reaction section of the whole plant.  

 

Kinetic model description 

In the Vanden Busche and Froment kinetic model, the reaction rate kinetic constants have a temperature 

dependency characterized by the well known Arrhenius expression (see Eq. S1)  

𝑘𝑖 = 𝐴 ∙ 𝑒
(

𝐵
𝑅∙𝑇

)
                                                                                    (𝑆1) 

where R is the constant of universal gas law, in J/mol K, T is temperature in Kelvin, while the values of A 

and B  are reported in Table S2 (Vanden Bussche and Froment, 1996).  
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Table S2 Values of reaction rate kinetic constants for the kinetic model of Vanden Bussche and Froment 

(1996) (Leonzio, 2020) 

 A B (J/mol) 

ka (bar-0.5) 0.499 17197 

kb (bar-1) 6.62∙10-11 124119 

kc 3453.38 0 

k1 (mol/kg s bar2) 1.07 36696 

k2 (mol/kg s bar) 1.22∙1010 -94765 
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Nomenclature 

 

Abbreviations 

a = specific surface area of heat exchange in [m2/kgcat] 

A = pre-exponential factor  

Ci = molar concentration of component I [mol/m3] 

Ci,ad = dimensionless molar concentration of component i 

Cin,CO2 = inlet concentration of CO2 [mol/m3] 

Cp,  = heat capacity at constant pressure for component i [J/molK] 

Cpm = average specific heat [J/molK] 

Cs,i = concentration of component i at the pellet surface [mol/m3] 

Cwp = Weisz-Prater parameter 

De = effective diffusivity [m2/s] 

dp = equivalent diameter of catalyst particle in the bed [m] 

Dr = radial dispersion coefficient [m2/s] 

dt = tube diameter [m] 

Ea = activation energy [J/mol] 

F = total molar flow rate [mol/s] 

Fb = bulk weight molar flow rate [mol/s] 

FCH3OH = molar flow rate of methanol [mol/s] 

FCO = molar flow rate of carbon monoxide [mol/s] 

FCO2 = molar flow rate of carbon dioxide [mol/s] 

FH2 = molar flow rate of hydrogen [mol/s] 

FH2O = molar flow rate of water [mol/s] 

Fi = molar flow rate of component i [mol/s] 

Ftotin = total molar flow rate at the inlet of reactor [mol/s] 

G = superficial mass velocity [kg/s m2] 

gc = conversion factor [kg/m/s2N] 

Ltot = length of reactor [m] 

Kcat = thermal conductivity of catalyst [J/msK] 

Ke = equivalent radial thermal conductivity [J/msK] 

Keq1 = equilibrium constant of reaction 1 

Keq2  =equilibrium constant of reaction 2 
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Kg = thermal conductivity of gas [kW/mK] 

k1,k2,kc,ka,kb = reaction costant of methanol synthesis reaction 

Pad = dimensionless pressure 

pCH3OH = partial pressure of CH3OH [bar] 

pCO = partial pressure of CO [bar] 

pCO2 = partial pressure of CO2 [bar] 

Pe,p = Peclet number of catalyst pellet (𝑈𝑧𝑑𝑝/𝐷𝑟) 

pH2 = partial pressure of H2 [bar] 

pH2O = partial pressure of H2O [bar] 

P = pressure [Pa] 

Pr = Prandtl number 

R = ideal gas constant [J/molK] 

rad = dimensionless radial coordinate 

Redpva = Reynold number according the the diameter of catalyst pellet (𝜌𝑣𝑑𝑝/𝜇) 

ri = reaction rate of i component [mol/m3s] 

ri,o  = reaction rate of i component at the system inlet conditions [mol/m3s] 

robs,i = measured value of the reaction rate for component i [mol/m3s] 

Rp is the pellet radius [m] 

Rtot = radius of reactor tube [m] 

r1 = reaction rate of reaction 1 [mol/m3s] 

r2 = reaction rate of reaction 2 [mol/m3s] 

S = tube cross section surface area [m2] 

T = temperature [K] 

Tad = dimensionless temperature 

Tj = temperature of the heat exchange fluid [K] 

U = global coefficient of heat exchange  [J/m2sK] 

Uz = superficial gas velocity [m/s] 

w = mass of catalyst [kg] 

z = reactor length [m]  

Greek letters 

𝛽 = dimensionless heat of reaction 

γ = dimensionless number ( 
𝐸𝑎

𝑅∙𝑇
) 
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ΔHj = heat of reaction for reaction j [J/mol] 

ΔH1
rxn = heat of reaction for reaction 1 [J/mol] 

ΔH2
rxn = heat of reaction for reaction 2 [J/mol] 

ε = bed void fraction  

μ = viscosity [Pas] 

ξ = dimensionless axial coordinate 

ρ = gas density [kg/m3] 

ρc = density of catalyst particle [kg/m3] 

𝜙𝑛
2 = Thiele modulus 
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Chapter III 

 

Design model for CCUS supply chains - Development of a CCUS supply chain for Germany-

Part I 

The mathematical model for the optimal design of a supply chain for carbon dioxide capture, utilization 

and storage is described and applied to Germany, the largest emitter in Europe. Carbon dioxide may be 

stored and/or utilized to produce different compounds: in this application, methanol via methane dry 

reforming. Using a Mixed Integer Linear Programming model, three different cases are considered, 

according to the hydrogen production route required to obtain the right syngas composition: hydrogen by 

external reforming, hydrogen by external water electrolysis, hydrogen by internal steam reforming. Results 

show that the best option is providing hydrogen by water electrolysis, because a higher amount of carbon 

dioxide is consumed to produce the same amount of methanol. The proposed best supply chain produces 

203 Mton/year of methanol then, Germany would be able to satisfy the world methanol demand in  next 

years. Carbon tax and economic incentives are required to reduce the methanol production cost to 340 

€/ton: only in this case the process is economically feasible. 

 

III.1 Introduction 

Germany is the country with the highest greenhouse gas (GHG) emissions in Europe, then urgent solutions 

are need to solve this problem, in order to achieve the environmental target set by the Europe 2020 strategy 

for 2020. Carbon capture and storage (CCS), carbon capture and utilization (CCU) and carbon capture 

utilization and storage (CCUS) supply chains can be a valid solution in this context (Egmond and Hekkert, 

2012 ). In the literature, many studies are considered about the analysis of CCS systems, where carbon 

dioxide (CO2) is captured and stored in different ways, aiming at climate change mitigation (Bruhn et al., 

2016). However, CO2 utilization is also important according to the circular economy (converting a waste 

emission into a resource), avoiding that a great amount of CO2 is only accumulated into oceans or 

underground and reducing fossil raw materials utilization (Bringezu, 2014). However, CO2 utilization 

should not be considered as an alternative technology to CCS, but as a complementary technology to update 

the overall technology (Joshi, 2014). This consideration brings to the development and study of CCUS 

frameworks, where CO2 is stored and used, after its capture and transportation. As already discussed, in the 

literature CCUS supply chains are mainly about CO2 enhanced oil recovery (CO2-EOR) systems, while 

methanol (CH3OH) is the most important product that can be obtained from CO2, with a widespread 

utilization. A study about a CCUS supply chain, where CO2 is hydrogenated to CH3OH production is 

present in the literature (Ochoa Bique, 2018). Production of methanol by means of CO2 hydrogenation is 

actually the subject of Chapter II of this Thesis. However, CH3OH can be produced from CO2 through other 

routes, as methane (CH4) dry reforming (Wang et al., 2019; Dou et al., 2019). The interest here relies to the 

fact that CH4 is progressively becoming more abundant and cheaper thanks to new extraction technologies; 

in addition, its relatively high content of  hydrogen (H2) makes it the best feedstock for a low carbon 
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economy and the transition to fully renewable energy sources. This research, then, wants to fill a gap present 

in the literature, developing a mathematical model of a CCUS supply chain for Germany where CO2 is 

stored and used to produce CH3OH via CH4 dry reforming. For CH3OH synthesis, the ratio H2:CO2 is 2:1 

and not 1:1 as obtained in the syngas then, the additional H2 needed for the reaction is provided by three 

different ways (by external reforming, by external water (H2O) electrolysis, by internal steam reforming) 

that are compared in economic and environmental point of view, to choose the best one. Ten regions with 

higher CO2 emissions are considered in Germany and inside the supply chain, while Altmark is the storage 

site and Leuna the utilization site. CO2 is mainly captured from flue gases of power plants, cement and iron 

and steel industries through different capture technologies. In particular, a deterministic Mixed Integer 

Linear Programming (MILP) model is developed to design and optimize the framework, through the 

minimization of the total costs, then according to the economic point of view, as most of works reported in 

the literature. At this stage, a single optimization is then considered to find the best connection of each 

element inside the supply chain and the amount of captured, transported, stored and used CO2 with the 

amount of produced CH3OH and the best capture technologies. The aim of this work, is then to suggest an 

optimal CCUS framework that is able to reduce CO2 emissions according to the environmental target at the 

minimum costs, satisfying the national CH3OH demand.  

 

III.2 Model development 

III.2.1 Problem statement 

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

- capture plants are located at CO2 sources to avoid the transportation of flue gas and its additional 

costs (Kalyanarengan Ravi et al., 2017); 

- one to one coupling: one source node can be connected to only one capture node in the storage and 

utilization section and each capture node can receive from only one source node (Kalyanarengan 

Ravi et al., 2017);  

- the mode for transporting CO2 is always via pipeline, because it is the most mature technology and 

able to carry a large amount of CO2 at a low costs. When the CO2 stream is pure from corrosive 

contaminants, a pipeline made of carbon steel can be used, while a pipeline made of stainless steal 

is suggested if NOx and SOx or other corrosive compounds are present; moreover, CO2 is generally 

transported in supercritical or liquid phase); 

- CH3OH is produced through via CH4 dry reforming;  

- the framework structure remains constant and the mathematical model is in steady state conditions 

over a horizon of 25 years: the work is focused on the design of the system finding its optimal 
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topology (then it can be supposed that in this relatively short period few changes will affect raw 

materials availability and products demand); 

- CH3OH production amount is constant over time due to the stationary conditions and the short 

considered period, so that it can be sold to a stable price in order to maximize the profit; 

- due to the geological characteristics of the selected storage site that can store a very great amount 

of CO2, only one storage option is chosen in the model;  

- there is one option for CH4 source, because the selected site can satisfy the required demand and 

the developed model is simpler; 

- the reactor for CH4 dry reforming producing syngas,  the reactor for CH3OH production from the 

produced syngas and the additional H2 source are located in the same utilization site; 

- in the case of external production of H2 by CH4 steam reforming, additional CO2 emissions are 

present (computed from: CH4+2H2O=4H2+CO2) and considered in the developed mathematical 

model;  

- distances between source and utilization/storage sites are calculated from their latitude and 

longitude (Kalyanarengan Ravi et al., 2017);  

- the profitability of the system is estimated by evaluating CH3OH production cost; 

Based on the above assumptions, a mathematical model is developed. The following specifications are 

given: 

- CO2 sources: locations, yearly CO2 emissions, CO2 composition and flow rate of flue gases (Federal 

Ministry for the Environment, 2014); 

- CO2 capture and compression technologies: used materials and costs (Nguyen and Zondervan, 

2018; Zhang et al., 2018); 

- CO2 transportation via pipeline: costs and distances (Serpa et al., 2011; Distance, 2019); 

- CH3OH production plant: location, conversion factor and costs of the considered technology 

(Lochner, 2011; Hermandez and Martin, 2016; Luu et al., 2015);  

- CO2 storage: location, type, capacity and costs (Hendriks, 1994; Hasan et al., 2014; Roehrl and 

Toth, 2009); 

- CH4 source: location and costs (Kühn, et al., 2013; Eurostat, 2016); 

- CH4 transportation via pipeline: costs and distances (Lochner, 2011; Distance, 2019); 

- H2 and steam production: location and costs (Turton et al., 2009; Stadler, 2014); 

- national CH3OH demand to be satisfied and target of CO2 emission reduction to achieve (Ochoa 

Bique et al., 2018; Federal Ministry for the Environment, 2017); 

The following decisions are made:  
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- which sources to be selected from a given set of sources and which CO2 quantity to be captured 

from each selected source; 

- which technologies and materials combination should be used for CO2 capture in each selected 

source; 

- which quantity of CH4 and H2 should be used; 

- for storage and CH3OH production sites, which should be the amount of stored and utilized CO2 

and the amount of produced CH3OH, respectively; 

The objective is to minimize the total costs, which includes CO2 capture and compression costs, CO2 

transportation costs, CO2 storage costs, production costs (steam/H2, CH4 and CH3OH) and CH4 

transportation costs.  

 

III.2.2 CCUS supply chain model 

The supply chain is modelled as a MILP model for which sets, parameters, variables, constraints, equations 

and the objective function are defined in the following sections. AIMMS (Advanced Interactive 

Multidimensional Modeling System) is used as programming environment for the implementation of the 

model.  

III.2.2.1 Sets 

Each element inside the supply chain is represented by an index. The stationary sources are represented by 

‘i’, capture and compression facilities are represented by ‘j’, geological storage and utilization sites as ‘k’.  

III.2.2.2 Parameters 

The parameters used in the CCUS supply chain model are the following: CRmin , the minimum target for 

the overall CO2 reduction (ton/year); CSi , the total CO2 emission from each source i (ton/year); Fi , the total 

flue gas flow rate from each source i (mol/s); XSi, CO2 composition in the flue gas from source i (mol%); 

XLi, the lowest CO2 composition processing limit for the capture plant j (mol%); XHi, the highest CO2 

composition processing limit for the capture plant j (mol%); Ck
max, the maximum storage capacity at the 

storage site k (ton); MeOHdem, the national CH3OH demand that must be satisfied in Germany (ton/year).  

III.2.2.3 Variables 

For the developed model, binary and continuous variables are used. Xi,j,k and Yi,j,k are the considered binary 

variables, with a value of 1 or 0. In particular, they are used to select the CO2 storage site and the CO2 

capture technology/material respectively, when they have a value of 1. Continuous variables have a value 

between 0 and 1: FRi,j,k is used to determine the fraction of CO2 that is sent to the storage site, MRi,j,k is 

considered to determine the fraction of CO2 that it is sent to the utilization site.  
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III.2.2.4 Constraints 

For the developed model, different constraints are taken into account. To ensure that the captured CO2 is 

not divided among different storage sites, the following constraint is used (see Eq. III.1): 

∑ 𝑋𝑖,𝑗,𝑘 ≤ 1

(𝑗,𝑘)∈(𝐽,𝐾)

            ∀ 𝑖 ∈ 𝐼                                                            (𝐼𝐼𝐼. 1) 

where Xi,j,k is the binary variable defined above. In addition, this constraint allows the one to one coupling 

assumption between sources and capture systems in the storage section.  

To ensure that the maximum storage capacity is not exceeded, the following constraint is used (see Eq. 

III.2): 

∑ 𝐶𝑆𝑖 ∙ 𝐹𝑅𝑖,𝑗,𝑘 ≤
𝐶𝑘

𝑚𝑎𝑥

𝑇𝐻
(𝑖,𝑘)∈(𝐼,𝐾)

            ∀ 𝑘 ∈ 𝐾                                       (𝐼𝐼𝐼. 2) 

where CSi is the total CO2 emission from source ‘i’, Ck
max is the maximum storage capacity of the storage 

site ‘k’, TH is the time horizon of the supply chain and FRi,j,k is the continuous variable defined above.  

To ensure that the minimum target of CO2 emissions reduction is achieved, the following constraint is used 

(see Eq. III.3): 

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

(𝑖,𝑗,𝑘)∈(𝐼,𝐽,𝐾)

                                     (𝐼𝐼𝐼. 3) 

where CSi is the total CO2 emission from source ‘i’, FRi,j,k  and MRi,j,k are the continuous variables defined 

above and CRmin is the minimum target of CO2 emissions reduction. To consider the additional CO2 

emissions linked to the external H2 provision through the steam reforming process, in the LHS term of this 

constraint these emissions are subtracted to CO2 utilized within the system.  

To make sure that when a source is selected no more than 90% of CO2 is captured from that source, the 

following restriction is introduced, where FRi,j,k and MRi,j,k are defined above (see Eq. III.4): 

∑ 𝐹𝑅𝑖,𝑗,𝑘 + 𝑀𝑅𝑖,𝑗,𝑘 ≤ 0.9

(𝑗)∈(𝐽)

                   ∀ (𝑖, 𝑘)  ∈ (𝐼, 𝐾)           (𝐼𝐼𝐼. 4)  

Not all the considered technologies can be used to capture CO2 from a source, with a purity of 90% in CO2. 

This depends on the following constraint (see Eq. III.5): 

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

(𝑘)∈(𝐾)

                     ∀ (𝑖, 𝑗)  ∈ (𝐼, 𝐽)   (𝐼𝐼𝐼. 5) 

where XSi is CO2 composition in flue gas from source “i”, XLj, is the lowest CO2 composition processing 

limit for the capture plant “j”, XHj is the highest CO2 composition processing limit for the capture plant “j”  
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and Xi,j,k is the binary variable defined above. This constraint is valid for the storage section, while the 

required purity for the utilization section is achieved in the respective site.  

To ensure that the national CH3OH demand is satisfied the following constraint is used (see Eq. III.6): 

∑ 𝑀𝑅𝑖,𝑗,𝑘 ≥ 𝑀𝑒𝑂𝐻𝑑𝑒𝑚

(𝑖,𝑗,𝑘)∈(𝐼,𝐽,𝐾)

                                                                   (𝐼𝐼𝐼. 6) 

where MeOHdem is the CH3OH demand that must be satisfied and MRi,j,k the methanol production at the 

given plant.  

In the utilization and storage section only one capture technology/material can be chosen for the selected 

CO2 source, as defined in the following constraint (see Eq. III.7): 

∑ 𝑌𝑖,𝑗,𝑘 ≤ 1

(𝑗,𝑘)∈(𝐽,𝐾)

            ∀ 𝑖 ∈ 𝐼                                               (𝐼𝐼𝐼. 7)  

where Yi,j,k is defined above.  

In order to convert the non linear mathematical model in a linear mathematical model through the Glover 

linearization, the following constraints are used (see Eqs. III.8-9): 

0 ∙ 𝑋𝑖,𝑗,𝑘  ≤ 𝐹𝑅𝑖,𝑗,𝑘 ≤ 0.9 ∙ 𝑋𝑖,𝑗,𝑘                       ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                       (𝐼𝐼𝐼. 8) 

0 ∙ 𝑌𝑖,𝑗,𝑘  ≤ 𝑀𝑅𝑖,𝑗,𝑘 ≤ 0.9 ∙ 𝑌𝑖,𝑗,𝑘                       ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                (𝐼𝐼𝐼. 9) 

where FRi,j,k, MRi,j,k, Xi,j,k and Yi,j,k are the variables defined above, while 0.9 is used because at least 90% 

of CO2 is captured from each source. The nonlinearity arises from the equations related to CO2 capture and 

compression costs, where the product between a continuous and a binary variable is present. The continuous 

variable is that related to the amount of captured CO2 sent to the utilization or storage section, used to define 

the amount of treated flue gas, while the binary variable is that related to the choice of CO2 capture 

technology. Applying this linearization method it is possible to consider only a continuous variable in the 

cost equation, with the constraint as defined in Eqs. III.8-III.9. 

III.2.2.5 Equations 

CO2 capture and compression costs (€/year) are calculated as follows (see Eq. III.10): 

𝐶𝐶𝑖,𝑗,𝑘 = 𝐶𝐷𝐶𝑖,𝑗,𝑘 + 𝐶𝐼𝐶𝑖,𝑗,𝑘 + 𝐶𝑂𝐶𝑖,𝑗,𝑘           ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                       (𝐼𝐼𝐼. 10) 

where CDCi,j,k are the flue gas dehydration costs (€/year), CICi,j,k are the investment costs (€/year) and 

COCi,j,k  are the operating costs (€/year). Generally, flue gas is dehydrated via tri-ethylene glycol absorption 

with a cost of 9.28 € per ton of CO2 (including the capital and investment costs) (Kalyanarengan Ravi et 

al., 2017). For the amine absorption, no dehydration operations are necessary. The investment and operating 
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costs are a function of flue gas flow rate and CO2 composition and are calculated as follows (Zhang et al., 

2018) (see Eqs. III.11-12): 

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

𝑖,𝑗,𝑘

𝑚𝐼,𝑗     ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)              (𝐼𝐼𝐼. 11) 

𝐶𝑂𝐶𝑖,𝑗,𝑘 =  𝛼𝑜,𝑗 ∙ 𝑌𝑖,𝑗,𝑘 + (𝛽𝑜,𝑗 ∙ 𝑥𝑐𝑜2,𝑖
𝑛𝑜,𝑗 + 𝛾ᵞ𝑜,𝑗) ∙ 𝐹

𝑖,𝑗,𝑘

𝑚𝑜,𝑗           ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)      (𝐼𝐼𝐼. 12) 

where 𝛼𝐼,𝑗, 𝛼𝑜,𝑗, 𝛽𝐼,𝑗, 𝛽𝑜,𝑗, 𝛾𝐼,𝑗 , 𝛾𝑜,𝑗, 𝑛𝐼,𝑗, 𝑛𝑜,𝑗, 𝑚𝑜,𝑗, 𝑚𝐼,𝑗 are fixed parameters for each process and for each 

material, as in Table III.1, xCO2,i is CO2 composition in flue gas, Fi,j,k is flue gas flow rate in mol/s and Yi,j,k 

is the binary variable defined above.  

These expressions are obtained considering a CO2 capture plant followed by a six-stage compression with 

inter-stage cooling to compress CO2 up to 150 bar (Hasan et al., 2012a,b).  

For the ionic liquid absorption, the following equations are used for the investment and operating costs 

(€/year) respectively (Nguyen and Zondervan, 2018) (see Eqs. III.13-14): 

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

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

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

𝑚𝑜,𝑗         ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)       (𝐼𝐼𝐼. 14) 

where 𝛼𝐼,𝑗, 𝛼𝑜,𝑗, 𝛽𝐼,𝑗, 𝛽𝑜,𝑗, 𝛾𝐼,𝑗 , 𝛾𝑜,𝑗, 𝑚𝑜,𝑗, 𝑚𝐼,𝑗 are fixed parameters as in Table III.1, xCO2,i is CO2 

composition in flue gas, Fi,j,k is flue gas flow rate in mol/s and Yi,j,k is the binary parameter defined above.  

 

Table III.2 Data cost for CO2 capture and compression technologies (Zhang et al., 2018) 

Technology Material α β γ n m   

Investment cost ($/year) 

Absorption MEA 7719 67871 901.000 0.660 0.800   

PSA 13X 220462 26720 895.262 0.508 0.804   

VSA 13X 91060 23096 7688.408 0.470 0.763   

Membrane FSC-PVAm 177500 16505 18912.000 0.880 0.770   

Investment cost (€/year) 

Absorption IL 7590.52 2606878.23 33119.84  0.67   

Operating cost ($/year) 

Absorption MEA 0 24088 0 1.000 1.000   

PSA 13X 0 11352 3115.833 1.000 0.974   

VSA 13X 0 8167 1580.419 0.590 0.985   

Membrane FSC-PVAm 0 11619 0 0.210 1.000   

Operating cost (€/year) 

Absorption IL 33172.59 897224.41 187421.22  0.65   
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A linear model for CO2 transportation costs via pipeline as proposed by Serpa et al. (2011) is used. The 

total costs comprise the investment (TICi,j,k) and operating costs (TOCi,j,k) according to the following 

equation (see Eq. III.15):  

𝑇𝐶𝑖,𝑗,𝑘 = 𝐶𝐶𝑅·𝑇𝐼𝐶𝑖,𝑗,𝑘 + 𝑇𝑂𝐶𝑖,𝑗,𝑘                       ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                   (𝐼𝐼𝐼. 15) 

where CCR is the capital cost recovery, calculated at an interest rate, r, of 10% and 25 years, y 

(r(1+r)y/(1+r)y-1), and cost terms respectively in M€ and in M€/year are equal to (see Eqs. III.16-III.17): 

𝑇𝐼𝐶𝑖,𝑗,𝑘 = (𝛼𝑡 ∙ 𝐶𝑆𝑖 ∙ 𝐹𝑅𝑖,𝑗,𝑘/𝑀𝑅𝑖,𝑗,𝑘 + 𝛽𝑡 ∙ 𝑋𝑖,𝑗,𝑘/𝑋𝑚𝑖,𝑗,𝑘) ∙ 𝐹𝑇 ∙ (𝐷𝑖,𝑘/𝑑𝑖,𝑘 + 16)   ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)   (𝐼𝐼𝐼. 16) 

𝑇𝑂𝐶𝑖,𝑗,𝑘 = 4% ∙ 𝑇𝐼𝐶𝑖,𝑗,𝑘                   ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                       (𝐼𝐼𝐼. 17) 

where αt=0.019 and βt=0.533 (Serpa et al., 2011), Di,k and di,k are the distances between source and storage 

sites and between source and utilization sites, FT is a terrestrial factor equal to 1.2 (Broek et al., 2010), 16 

km are added to distance to consider an additional transportation path (Dahowski et al., 2004), Xi,j,k is the 

variable defined above as MRi,j,k and FRi,,j,k, Xmi,j,k is a parameter equal to 0 if MRi,j,k is 0 else it is 1, CSi is 

the amount of CO2 in Mton/year. The operational costs are taken as 4% of investment costs (Kalyanarengan 

Ravi et al., 2017).  

CO2 storage costs (€/year) are calculated as the sum of investment costs (SICi,j,k) and operating costs 

(SOCi,j,k) (see Eq. III.18): 

𝑆𝐶𝑘 = 𝐶𝐶𝑅·𝑆𝐼𝐶𝑘 + 𝑆𝑂𝐶𝑘                         ∀ (𝑘)  ∈ (𝐾)                   (𝐼𝐼𝐼. 18) 

with CCR defined above and where the investment costs (€) are calculated according to the following 

relation (Hendriks, 1994) (see Eq. III.19):  

𝑆𝐼𝐶𝑘 = (𝑚 ∙ 𝑑𝑤𝑒𝑙𝑙 + 𝑏) ∙ 𝑁𝑤𝑒𝑙𝑙
𝑏𝑢𝑖𝑙𝑑

𝑘
             ∀ (𝑘) ∈ (𝐾)               (𝐼𝐼𝐼. 19) 

where, m and b are parameters respectively equal to 1.53 M€/km and 1.23 M€, dwell is the depth of the well 

CCR is the capital cost recovery (calculated considering an interest rate of 10% and 25 years) and 𝑁𝑤𝑒𝑙𝑙
𝑏𝑢𝑖𝑙𝑑 

is the number of wells that should be built (Hasan et al., 2014) (see Eq. III.20):  

𝑁𝑤𝑒𝑙𝑙
𝑏𝑢𝑖𝑙𝑑

𝑘
=  

∑ 𝐶𝑆𝑖 ∙ 𝐹𝑅𝑖,𝑗,𝑘(𝑖,𝑗)∈(𝐼,𝐽)

𝐼𝐶
               ∀ (𝑘) ∈ (𝐾)                   (𝐼𝐼𝐼. 20) 

depending on the maximum injection capacity per well IC and stored CO2. Operating costs (€/year) are 

calculated as 4% of the investment costs (Kalyanarengan Ravi et al., 2017) (see Eq. III.21):  

𝑆𝑂𝐶𝑘 = 4% ∙ 𝑆𝐼𝐶𝑘                     ∀ (𝑘) ∈ (𝐾)                      (𝐼𝐼𝐼. 21) 

CH4 production costs from natural gas are close to 0.32 €/m3 (Eurostat, 2016). When the additional H2 is 

provided externally to the system, the amount of CH4 required by the process is calculated considering that 



Chapter III: Design model for CCUS supply chains-Development of a CCUS supply chain for Germany-Part I 

 

132 

 

it is equi-molar to the consumed amount of CO2, as in the following relation (Luu et al., 2015) (see Eq. 

III.22): 

𝐶𝐻4 + 𝐶𝑂2 + 2𝐻2  = 2𝐶𝐻3𝑂𝐻                           𝛥𝐻 = 65.72 𝑘𝐽/𝑚𝑜𝑙                              (𝐼𝐼𝐼. 22)   

When the additional H2 is provided by steam, the amount of CH4 required by the process is calculated 

according to the following global relation (see Eq. III.23): 

3𝐶𝐻4 + 𝐶𝑂2 + 2𝐻2𝑂 = 4𝐶𝐻3𝑂𝐻                     𝛥𝐻 = 296.38 𝑘𝐽/𝑚𝑜𝑙                             (𝐼𝐼𝐼. 23)   

CH4 transportation costs via pipeline include the costs for compressors and pipeline, then operative and 

investment costs. According to Lochner (2011), a linearized expression for these costs (€/km) is the 

following (see Eq. III-24): 

𝐶𝐻4𝑇 = 150130 ∙ 𝑚𝐶𝐻4                                                        (𝐼𝐼𝐼. 24) 

where mCH4 is the annual capacity in billion cubic meter.  

The costs for CH3OH production via CH4 dry reforming are 0.32 €/kg (Hernandez and Martin, 2016). The 

amount of produced CH3OH can be obtained by the knowledge of CO2 sent to the utilization section and 

according to Eqs. III.22 and III.23.  

Regarding the additional H2 required to balance properly the syngas composition, the knowledge of its 

amount is given by Eq. III.22, when H2 is provided externally to the system. H2 production cost via CH4 

steam reforming is 2.94 €/kg, while via H2O electrolysis is 8.82 €/kg (Stadler, 2014). When H2 is provided 

by steam reforming internally to the system, the required amount of steam is given by Eq. III.23. Steam 

production cost is fixed to 26 €/ton (Turton et al., 2009).  

III.2.2.6 Objective function 

The objective function of the developed mathematical model is defined by the following relation (see Eq. 

III.25): 

𝜙 =  ∑ 𝐶𝐶𝑖,𝑗,𝑘 + 𝑇𝐶𝑖,𝑗,𝑘 + 𝑆𝐶𝑘 + 𝑀𝑒𝑂𝐻𝑃𝑘 + 𝐻2𝑃𝑖,𝑗,𝑘/𝐻2𝑂𝑃𝑖,𝑗,𝑘 + 𝐶𝐻4𝑃𝑖,𝑗,𝑘 + 𝐶𝐻4𝑇𝑖,𝑗,𝑘

(𝑖,𝑗,𝑘)

         (𝐼𝐼𝐼. 25) 

where CCi,j,k are CO2 capture and compression costs, TCi,j,k are CO2 transportation costs, SCk are CO2 

storage costs, MeOHPk are CH3OH production costs, H2P,i,j,k/H2OP,i,j,k are H2/steam production costs, 

CH4Pi,j,k are CH4 production costs, CH4Ti,j,k are CH4 transportation costs. 

A general scheme for the CCUS supply chain model is shown in Figure III.1. 
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Figure III.3 Structure of the MILP supply chain model (Leonzio and Zondervan, 2020) 

 

III.2.3 Case study 

In this section, the data of CO2 sources, storage and utilization sites in Germany are presented. An accurate 

analysis about CO2 emissions in Germany is reported in Figure III.2 

 

Figure III.2 CO2 emissions evolution by sector in Germany (Federal Ministry for the Environment, 2017) 

 

CO2 emissions for the year 2016 are of 906 Mton and according to the environmental protection policy they 

should be reduced to a value lower than 751 Mton in 2020. Then, a minimum target for CO2 emissions 

reduction is set to 160 MtonCO2/year to design and optimize the CCUS supply chain.  

Moreover, the ten regions with higher CO2 emissions are selected, as reported in Table III.2. Northrhine-

Westphalia (307.3 MtCO2/year), Bavaria (80 MtonCO2/year), Baden-Württemberg (69.3 MtonCO2/year), 
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Lower Saxony (69 MtonCO2/year), Brandenburg (55 MtonCO2/year), Saxony (48.7 MtonCO2/year), Hesse 

(42.9 MtonCO2/year), Saxony-Anhalt (27.4 MtonCO2/year), Berlin (19.8 MtonCO2/year), Saarland (19.1 

MtonCO2/year) are the chosen German regions with the respective value of CO2 stationary emissions 

(Federal Ministry for the Environment, 2014). The nodes are located at the capital cities of each region: 

Düsseldorf, Munich, Stuttgart, Hannover, Potsdam, Dresden, Wiesbaden, Magdeburg, Berlin, Saarbrucken 

respectively for Northrhine-Westphalia, Bavaria, Baden-Württemberg, Lower Saxony, Brandenburg, 

Saxony, Hessen, Saxony-Anhalt, Berlin, Saarland. 

It is supposed that power plants, cement industries and steel and iron industries are the main source of CO2. 

In particular, power plants generating flue gases are present in Baden-Württemberg, Lower Saxony, 

Brandenburg, Hessen, Berlin (Energy Charts, 2019; Source watch, 2019). Cement industries are present in 

Saarland and Saxony (Vdz, 2019), while iron and steel industries are located in Northrhine-Westphalia, 

Bavaria and Saxony-Anhalt (Twinnin, 2019). CO2 emission levels are set for each flue gas according to 

(Zhang et al., 2018).  

 

Table III.3 The main sources of CO2 emissions in Germany (Leonzio et al.,2019a) 

German regions  Node Flue gas type 
CO2 emissions 

 (Mton/year) 

CO2 in flue gas 

 (mol%) 

Flue gas 

(mol/s) 

Northrhine-Westphalia Dusseldorf Iron & Steel 307.3 17 1.30∙106 

Bavaria Munich Iron & Steel 80 18 3.2∙105 

Baden-Württemberg Stuttgart Power Plant 69.3 4 1.25∙106 

Lower Saxony Hannover Power Plant 69 14 3.55∙105 

Brandenburg Potsdam Power Plant 55 13 3.05∙105 

Saxony Dresda Cement 48.7 21 1.67∙105 

Hessen Wiesbaden Power Plant 42.9 13 2.38∙105 

Saxony-Anhalt Magdeburg Iron & Steel 27.4 18 1.10∙105 

Berlin Berlin Power Plant 19.8 15 9.51∙104 

Saarland Saarbrucken Cement 19.1 22 6.26∙104 

 

Altmark is chosen as centralized storage site. In geological terms, Altmark is located at the North Germany 

Basin and contains reservoirs suitable for CO2 storage (Rebscher et al., 2006). It is in the federal state of 

Sachsen-Anhalt. The reservoir rocks are located at a depth of 3 km, with an overall storage capacity of 508 

MtonCO2 and maximum injection capacity of a well of 912.5 KtonCO2/year (Ochoa Bique, 2018). Due to 

the great storage capacity, only one storage site is considered for the model. In addition, a centralized CO2 

storage system may offer economic and technical advantages, easily understandable. 

Altmark is also the second largest natural gas field in Europe. For this reason, it is chosen as the main source 

of CH4, needed for the dry reforming reaction (Roehrl and Toth, 2009).  



Chapter III: Design model for CCUS supply chains-Development of a CCUS supply chain for Germany-Part I 

 

135 

 

Leuna has an existing CH3OH plant with a capacity of 660 ton/year: for this reason, it is chosen as CH3OH 

production site through CH4 dry reforming (ICIS, 2019). Only one CH3OH production site is selected in 

the CCUS supply chain, because it is supposed that the site can satisfy the national demand (then with a 

high or infinity capacity). In fact, the first aim of this model is to verify that producing a defined amount of 

CH3OH and storing a defined amount of CO2, from a captured amount of CO2, it is possible to achieve the 

target set by the environmental policy. Distances between stationary CO2 source, utilization and storage 

sites are provided in Table III.3 (Distance, 2019). The distance between Leuna and Altmark is 155 km 

(Distance, 2019).  

 

Table III.4 Distance between CO2 source, utilization and storage sites 

German Sources 
Leuna 

(km) 

Altmark 

(km) 

Northrhine-Westphalia  Düsseldorf 439.6 468.3 

Bavaria Munich 409.7 587.3 

Baden-Württemberg  Stuttgart 457.4 576.5 

Lower Saxony Hannover 196 194.9 

Brandenburg Potsdam 165.5 116.2 

Saxony Dresda 151.3 292.8 

Hesse Wiesbaden 397.2 497.1 

Saxony-anhalt  Magdeburg 133.6 65.3 

Berlin Berlin 194.5 125.3 

Saarland  Saarbrücken 549.9 649.8 

 

 

In the carbon capture section of the CCUS supply chain, different technologies/materials are used to capture 

at most 90% of CO2 from flue gas. For the absorption technology, MEA solution (30%wt), because it is the 

most used solvent, and the ionic liquid, as 1-butyl-3-methylimidazolium acetate ([bmim][Ac]), due to its 

energy and capture efficiency, are used (Rochelle et al., 2011; Nguyen and Zondervan, 2018). For the 

membrane technology, the fixed-site-carrier (FSC) polyvinyl amine (PVAm) material is chosen, because 

of its high permeability to CO2 (Hägg and Lindbråthen, 2005). For the pressure swing adsorption (PSA) 

and vacuum swing adsorption (VSA) technologies, the 13X zeolite is selected as sorption material, because 

it is the most used and experimentally validated (Xiao et al., 2008). 

 

III.3 Results and discussion 

In this section, the results for the proposed CCUS framework for Germany are presented. If the primary 

goal is to achieve an environmental benefit reducing the overall CO2 emission up to a certain level, the 
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design of CCUS is developed minimizing the costs, setting the desired level of CO2 reduction as a 

constraint.  In the analyzed supply chain, 10 CO2 sources, 5 technologies for CO2 capture and compression, 

1 CO2 storage site and 1 CO2 utilization site are considered.  

III.3.1 Results of CCUS supply chain with the addition of hydrogen produced externally to the system 

by steam reforming (Case A) 

The model has 532 (100 Integer) variables and 566 constraints. The CPLEX 12.7.1 is the solver that is 

selected in AIMMS. Typical CPU times are less than a second and solutions are found with 59 iterations. 

The computer processor is 2.5 GHz while the memory is 4 GB.  

Table III.4 shows the amount of CO2 that, from the selected sources, is sent to the storage and utilization 

section.  

Table III.5 Topology of the supply chain model for German regions when H2 is produced externally to the 

system by steam reforming (Case A) (Leonzio et al., 2019b) 

CO2 source Capture technology 
CO2 amount 

(Mton/year) 

To storage 

Magdeburg MEA absorption 20.3 

To utilization 

Dusseldorf MEA absorption 277 

Munich MEA absorption 2.73 

 

Considering also CO2 emissions due to the H2 production by steam reforming, the supply chain treats 878 

Mton/year of CO2 emissions altogether: 20.3 Mton/year of CO2 are sent to the storage site, while 279.73 

Mton/year of CO2 are sent to the utilization site. Magdeburg is the selected CO2 source capturing CO2 

through the MEA absorption, to send it to the storage site. Dusseldorf and Munich are the selected CO2 

sources capturing CO2 through the MEA absorption to send it to the utilization section for CH3OH 

production. Also, it results that, for flue gas flow rates higher than 10 kmol/s (then high flue gas flow rates), 

the absorption technology, in particular MEA absorption, is preferred over other capture technologies, due 

to a lower cost at relative low CO2 compositions. In fact, important factors in the capture and compression 

costs are CO2 composition and flue gas flow rate. Table III.5 shows the optimized costs of the CCUS system 

in Germany, when H2 is produced externally to the system by steam reforming. The total supply chain costs 

are equal to 262 billion€/year. CO2 capture and compression costs are 3.58 billion€/year, 1.37% of the total 

costs. CH4 transportation costs have an influence on the total costs of 1.4%, with a value of 3.69 

billion€/year. CH3OH, H2 and CH4 production costs have a higher influence on the total costs, respectively 

of 50%, 28.5% and 19%.  
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Table III.6 Optimized cost of CCUS supply chain when H2 is produced externally to the system by steam 

reforming (Case A) (Leonzio et al., 2019b) 

CO2 capture and compression costs 3.58 billion€/year 

CO2 transportation costs 5.92 million€/year 

CO2 storage costs 153 million€/year 

MeOH production costs 130 billion€/year 

CH4 provision costs 49.7 billion€/year 

CH4 transportation costs 3.3.69 billion€/year 

H2 provision costs 74.6 billion€/year 

Supply chain total costs 262 billion€/year 

 

 

The storage costs are equal to 153 million€/year. These costs consider only the amount of CO2 and not the 

well characteristics, even if they are functions of the depth of well and the capacity of injected CO2. The 

total CO2 transportation costs to the storage and utilization sites are equal to 5.92 million€/year. The 

assumption of having the capture plants in the same location of source plants allows to neglect the 

transportation costs of flue gas from sources to capture sites in the economic analysis. According to Knoope 

et al. (2013) the pipeline cost is mostly underestimated.  

The amount of required CH4 and H2 are respectively of 102 Mton/year and 25.4 Mton/year. On the other 

hand, 407 Mton/year of CH3OH are produced in the considered CCUS supply chain scheme.   

III.3.2 Results of CCUS supply chain with the addition of hydrogen produced externally to the system 

by water electrolysis (Case B) 

The developed model has 531 (100 Integer) variables and 565 constraints. Also in this case, CPLEX 12.7.1 

is the solver that is selected in AIMMS. Typical CPU times are less than a second and solutions are found 

with 39 iterations. The same computer processor as that of the previous case is used. 

The topology of the CCUS supply chain obtained by optimizing the mathematical model is shown in Table 

III.6, when the additional H2 is produced externally to the system by H2O electrolysis, utilizing renewable 

energy power. The total treated CO2 emissions are 739 Mton/year: 20.3 Mton/year of CO2 are sent to the 

storage while 140 Mton/year of CO2 are used to produce CH3OH.  

Table III.7 Results of the supply chain model for German regions when H2 is produced externally to the 

system by H2O electrolysis utilizing renewable energy power (Case B) (Leonzio et al., 2019b) 

CO2 source Capture technology 
CO2 amount 

(Mton/year) 

To storage 

Magdeburg MEA absorption 20.3 

To utilization 

Dusseldorf MEA absorption 140 
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As shown in Table III.6, Magdeburg is selected as CO2 source for the storage section, while Dusseldorf is 

selected for the utilization section. For both sections, the same capture technology is selected and it is MEA 

absorption, as according to the considerations provided previously. Table III.7 shows the costs of the supply 

chain: the total value is 207 billion€/year. CH3OH, H2 and CH4 production costs contribute to the total costs 

31.4%, 54% and 12%, respectively. In fact, CH3OH, H2 and CH4 production costs are respectively of 65.1 

billion€/year, 112 billion€/year and 24.8 billion€/year. A lower influence is ascribed to other terms. CO2 

capture and compression costs, CO2 transportation costs, CO2 storage costs and CH4 transportation costs 

are respectively of 3.34 billion€/year, 3.16 million€/year, 153 million€/year and 1.85 billion€/year.  

 

Table III.8 Optimized cost of the CCUS supply chain when H2 is produced externally to the system by H2O 

electrolysis utilizing renewable energy power (Case B) (Leonzio et al., 2019b) 

CO2 capture and compression costs 3.34 billion€/year 

CO2 transportation costs 3.16 million€/year 

CO2 storage costs 153 million€/year 

MeOH production costs 65.1  billion€/year 

CH4 provision costs 24.8 billion€/year 

CH4 transportation costs 1.85 billion€/year 

H2 provision costs 112 billion€/year 

Supply chain total costs 207 billion€/year 

 

In this CCUS supply chain, the amount of required CH4 and H2 are respectively of 50.9 Mton/year and 12.7 

Mton/year. Also, 203 Mton/year of CH3OH are produced.  

III.3.3 Results of CCUS supply chain with the addition of hydrogen produced internally to the system 

by steam reforming (Case C) 

As suggested by AIMMS, the developed mathematical model has 531 (100 Integer) variables and 565 

constraints. CPLEX 12.7.1 is the selected solver. Typical CPU times are less than a second and solutions 

are found with 39 iterations. Regarding the computer processor, the same as that of previous cases is used. 

Table III.8 presents the topology of the CCUS supply chain when the addition of H2, to correct syngas 

composition resulting from dry reforming reaction, is provided through a steam reforming process 

internally to the system, according to the global Eq. III.23. It is possible to see that, results are the same as 

that of the supply chain considered under the Case B. In fact, the total treated CO2 emissions are 739 

Mton/year: 20.3 Mton/year are sent to the storage, while 140 Mton/year of CO2 are sent to the utilization. 

Magdeburg is the selected CO2 source, with MEA absorption capture technology, for the storage section, 

while Dusseldorf is the selected CO2 source, with MEA absorption capture technology as well, for the 

utilization section. 
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Table III.9 Results of the supply chain model for German regions when H2 is produced internally to the 

system by steam reforming (Case C) (Leonzio et al., 2019b) 

CO2 source Capture technology 
CO2 amount 

(Mton/year) 

To storage 

Magdeburg MEA absorption 20.3 

To utilization 

Dusseldorf MEA absorption 140 

 

Table III.9 shows the costs related to the CCUS supply chain considered under the Case C.  

 

Table III.10 Optimized costs of the CCUS supply chain with H2 produced internally to the system by steam 

reforming (Case C) (Leonzio et al., 2019b) 

CO2 capture and compression costs 3.34 billion€/year 

CO2 transportation costs 3.16 million€/year 

CO2 storage costs 153 million€/year 

MeOH production costs 130  billion€/year 

CH4 provision costs 74.5 billion€/year 

CH4 transportation costs 5.54 billion€/year 

H2O provision costs 2.97 billion€/year 

Supply chain total costs 217 billion€/year 

 

 

The total costs are 217 billion€/year: CH4 production costs and CH3OH production costs have a higher 

influence. In fact, CH4 production costs (74.5 billion€/year) contribute 34% of the total costs while CH3OH 

production costs (130 billion€/year) contribute 60% of the total costs. Other costs have a less influence on 

the total costs, as illustrated in Table III.9.  

The mathematical model calculates also the required CH4 and steam flow rates. In fact, these are 

respectively of 153 Mton/year and 114 Mton/year. 407 Mton/year of CH3OH are produced.  

III.3.4 Comparison among the different cases analyzed above 

Table III.10 shows the comparison among the different cases analyzed before (Case A, B and C). The 

comparison between the supply chain with H2 provided externally by means of CH4 steam reforming (Case 

A) and the supply chain with H2 produced internally to the system, also by steam reforming (Case C), shows 

that an equal amount of CH3OH is produced (407 Mton/year). However, a higher amount of CH4 is 

consumed in the Case C, because a higher amount of CH4 enters inside the supply chain to ensure the steam 

reforming process.  
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As also explained in the previous section, providing H2 as in the Case A, additional 140 Mton/year of CO2 

are emitted due to the steam reforming reaction (total treated CO2 emissions are 878 Mton/year). Then, in 

order to achieve the minimum target for CO2 emissions reduction, 300 Mton/year of CO2 are captured and 

sent to the utilization or storage site (in particular, 279 Mton/year of CO2 are used). On the other hand, in 

the Case B and Case C, the addition of H2 to syngas does not imply further CO2 emissions externally to the 

system: 160 Mton/year of CO2 are captured, to satisfy the target of CO2 emissions reduction. As shown in 

Tables III.6 and III.8, in Case B and Case C, the total treated CO2 emissions are 739 Mton/year and 140 

Mton/year of CO2 are used for CH3OH production.  

 

Table III.11 Comparison among Cases A (H2 externally by reforming), Case B (H2 externally by 

electrolysis) and Case C (H2 internally by reforming) of the CCUS supply chain in Germany (Leonzio et 

al., 2019b) 

H2 source 
Externally by 

reforming 

Externally by 

electrolysis 

Internally by 

reforming 

CCUS supply chain cost (billion€/year) 262 207 217 

MeOH production (Mton/year) 407 203 407 

CH4 (Mton/year) 102 50.9 153 

H2  (Mton/year) 25.4 12.7  
H2O (Mton/year)   114 

Total CO2 emissions (Mton/year) 878 739 739 

Additional CO2 emissions (Mton/year) 140 0 0 

Total used CO2 (Mton/year) 279 140 140 

Net reduction of CO2 emissions(Mton/year)* 160 160 160 

MeOH production cost with incentives and 

carbon tax (€/ton) 340 340 340 

Carbon tax (€/ton) 80 80 80 

Economic incentives MeOH (€/kWh) 0.044 0.115 0.029 

Economic incentives MeOH (€/tonMeOH) 245 615 161 

Total required incentives (billion€/year) 124 138 78.3 

GW (kgCO2-eq/0.032kgMeOH) 0.01332 0.00732 0.01215 

* Without considering additional CO2 emitted to run the supply chain 

 

It should be mentioned here that, although the amount of CO2 utilized is the same in both Cases B and C, 

the global reaction path is different, as illustrated by Eqs. III.22 and III.23. For Case B, the Eq. III.22 shows 

that the mole ratio between the utilized CO2 and produced CH3OH, CO2:CH3OH, is equal to 0.5. For Case 

C instead, according to the Eq. III.23 that ratio is equal to 0.25, i.e. more CH3OH has to be produced to 

satisfy the same emission target. 

As a result, the Case B (utilization of green H2) is the most favorable, because allows to consume a higher 

amount of CO2 for the same CH3OH production and renewable H2, also with a lower environmental impact. 

The major goal of the supply chain is in fact to reduce CO2 emissions.  
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Then, the contribution to the global warming is calculated for Cases A, B and C and it is respectively of 

0.01332, 0.00732 and 0.01215 kgCO2-eq/0.032 kgMeOH. It is evident that the lowest environmental impact 

is provided by the Case B. That Case is also characterized by the lowest total costs (207 billion€/year vs 

262 billion€/year for the Case A and 271 billion€/year for the Case C). However, the lowest amount of 

CH3OH is obtained in the Case B (203 Mton/year vs 407 Mton/year in the other cases) and the cost of green 

H2 is high, so that the highest economic incentives are required for CH3OH production (615 €/ton vs 245 

€/ton for the Case A and 161 €/ton for the Case C) in order to keep its production cost at the level of 340 

€/ton, acceptable to the market. The value of carbon tax is assumed to be the same in each case (80 €/ton). 

Economic incentives to the production of CH3OH and carbon tax are required to keep the CH3OH 

production cost below its selling price of 408 €/ton. Setting the value of carbon tax at 80 €/ton, economic 

incentives are fixed in order to have a value for CH3OH production cost of 340 €/ton in all cases. It is found 

that for Case A, B and C total incentives (due to the CH3OH production and carbon tax) should be of 124 

billion€/ton, 138 billion€/ton and 78.3 billion€/ton, respectively. Another important point, to be considered, 

is the amount of produced CH3OH. For Case A and C, 407 Mton/year of CH3OH are produced, as already 

shown. For Case B, a lower amount of 203 Mton/year is calculated. Considering that the yearly CH3OH 

demand in Germany is 940 kton/year, this suggests that also from this point of view the Case B is preferred. 

Even compared to the current global CH3OH demand, the production of the supply chain is very high. 

However, in the coming decades the need for CH3OH is expected to grow strongly when new sectors for 

its utilization are considered, for instance transportation fuel, in order to progressively replace fossil energy 

sources. Figure III.3 shows the global CH3OH demand over the last ten years and in the next future (IHS, 

2014). 

 

 

Figure III.3 Actual and forecasted global CH3OH demand (IHS, 2014) 
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The current demand for CH3OH is approximately 100 Mton/year. Southeast Asia is the largest market for 

CH3OH. CH3OH is especially used for the production of formaldehyde (32%) but also in gasoline blending 

(11%), MTBE (10%) and acetic acid (11%), then it is an essential commodity. The prediction in Figure 

III.2 suggests that in the next decade 2025-2035 the global need for CH3OH will approximately increase 

from 180 to 580 Mton/year. A German CCUS supply chain as that designed in this research may become a 

global leader in supplying CH3OH.    

A sensitivity analysis is also carried out to evaluate the influence of carbon tax and economic incentives on 

the CH3OH production cost for the best case, when H2 is produced by H2O electrolysis, exploiting 

renewable energy power.  

An increase of these parameters of 5% is imposed, one by one, and the results are reported in Table III.11. 

A comparison with the base case, in which the CH3OH production cost is equal to 340 €/ton is carried out 

in the residue term. The residue term is defined as the difference between the value obtained in the 

sensitivity analysis and the CH3OH production cost in the base case. Results suggest that economic 

incentives have a higher effect on the CH3OH production cost. An increase equal to 5% of economic 

incentives can reduce by about 10% the CH3OH production cost, making the supply chain more competitive 

with other technologies. Carbon tax has a lower effect on the analyzed response, determining a decrease of 

about 1% on the CH3OH production cost.  

 

Table III.12 Sensitivity analysis for CH3OH production cost (Case B is considered) (Leonzio et al., 2019b) 

Carbon tax Economic incentives 
MeOH production cost 

(€/ton) 

Residue 

(€/ton) 

5%  337 3.28 
 5% 309 30.9 

 

 

Summarizing, to have an attractive dry reforming process for CH3OH production, Germany needs to 

produce an amount of CH3OH greater than 940 kton/year (national demand) and export it. 

 

III.4 Conclusions 

In this chapter, an innovative MILP model is developed to suggest the optimal design of a CCUS supply 

chain in Germany. The model minimizes the total costs, reducing a defined amount of CO2 emissions in 

order to achieve the target set by the environmental policy. As the innovative aspect, the captured CO2 is 

used to produce CH3OH via CH4 dry reforming.  
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Three different cases are considered, which differ among each other for the H2 source needed to adjust 

properly the H2:CO2 ratio needed by the methanol reaction. In one case, H2 is provided externally to the 

system by steam reforming (additional CO2 released to the environment is taken into account to preserve 

the net target for CO2 emissions reduction). In the second case, H2 is provide by H2O electrolysis utilizing 

renewable energy power. Finally, in the third case, H2 is provided internally to the system by steam 

reforming properly combined to dry reforming.  

Results show that MEA absorption technology is the preferred capture system for high flow rate of flue 

gas.  

Also, among the considered cases, it also results that providing green H2 (produced by H2O electrolysis 

utilizing renewable power sources) assures a lower environmental impact in terms of global warming 

(0.0073 kgCO2eq/0.032 kgMeOH), as expected, even if a lower relative amount of CH3OH is produced. 

However, in this case, a higher amount of CO2 is used to produce the same amount of CH3OH. In any case, 

by producing CH3OH through CH4 dry reforming Germany will have an important role inside the world 

CH3OH market for the next future (about 2025-2035), exporting the amount exceeding the national demand. 

When H2 is provided by H2O electrolysis, the CCUS supply chain costs 207 billion€/year and produces 203 

Mton/year of CH3OH. If carbon tax and economic incentives are included, the process can be economically 

feasible, with a CH3OH production cost fixed at 340 €/ton.  
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Nomenclature 

 

Indices 

i = carbon dioxide source 

j = carbon dioxide capture system 

k = carbon dioxide storage site and complementary utilization section 

Abbreviations 

AIMMS = advanced interactive multidimensional modeling system 

CC = carbon dioxide capture and compression costs [€/year] 

CCR = capital cost recovery 

CCUS = carbon capture utilization and storage 

CCU = carbon capture utilization 

CDC = flue gas dehydration costs [€/year] 

CH4P = methane production costs [€/year] 

CH4T = methane transportation costs [€/year] 

CIC = carbon dioxide capture and compression investment costs [€/year] 

COC = carbon dioxide capture and compression operative costs [€/year] 

CO2-EOR = CO2enhanced oil recovery  

GHG = greenhouse gas 

Fi = flue gas flow rate from source i [mol/s] 

H2P/H2OP = hydrogen/steam production cost [€/year] 

IC = maximum injection capacity per well [ton/year] 

IL = ionic liquid 

MEA = monoethanolamine 

MeOHP = methanol production cost [€/year] 

MILP = mixed integer linear programming 

Nbuild
well  = number of well 

PSA = pressure swing adsorption 

SC = carbon dioxide storage costs [€/year] 

SIC = carbon dioxide storage investment costs [€] 

SOC = carbon dioxide storage operative costs [€/year] 

TC = carbon dioxide transportation costs [€/year] 
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TH = time horizon 

TIC = carbon dioxide transportation investment costs [M€] 

TOC = carbon dioxide transportation operative costs [M€/year] 

VSA = vacuum swing adsorption 

Parameters 

b = parameter in SIC [M€] 

Ck
max = maximum storage capacity for storage site k [ton] 

CRmin = minimum target for carbon dioxide reduction [ton/year] 

CSi = carbon dioxide emission from each source i [ton/year] 

Di,k/di,k = distance from sources i to storage/utilization site k [km] 

dwell = depth of well [km] 

Fi/F = flue gas flow rate from each source i [mol/s] 

Ft = terrestrial factor 

m = parameter in SIC [M€/km], CIC and COC 

MeOHdem = national methanol demand [ton/year] 

n = parameter in CIC and COC 

xCO2 = carbon dioxide molar fraction  

Xm = parameter equal to 1 if carbon dioxide is transported to methanol production site 

XSi = carbon dioxide composition in the flue gas emission from source i [mol%] 

XLi = lowest carbon dioxide composition processing limit for capture plant j [mol%] 

XHi = highest carbon dioxide composition processing limit for capture plant j [mol%] 

Variables 

Binary 

Xi,j,k = 1 if carbon dioxide is captured from source i with technology j and sent to storage site k, otherwise 

0 

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

otherwise 0 

Continuous 

MRi,j,k =fraction of captured carbon dioxide from source i with technology j sent to utilization site k 

FRi,j,k = fraction of captured carbon dioxide from source i with technology j sent to storage site k 
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Greek letters 

α = parameter in CIC and COC 

αt = parameter in TIC 

β = parameter in CIC and COC 

βt = parameter in TIC 

γ = parameter in CIC and COC 
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Chapter IV 

 

Development of a CCUS supply chain for Germany-Part II 

In the previous CCUS supply chain suggested for Germany, an amount of methanol greater than the 

national demand is produced. To avoid the export of a great amount of methanol, other compounds may be 

produced inside the system, with the same reduction target of carbon dioxide emissions. In this chapter, an  

innovative and alternative CCUS supply chain is proposed for Germany. In fact, the production of 

methanol, concrete by curing, wheat, lignin for polyethylene, calcium carbonate, urea, polyurethane and 

concrete by red mud is considered from carbon dioxide captured. The proposed framework is modelled as 

a Mixed Integer Linear Programming model, based on that described at the beginning of Chapter III, and 

optimized minimizing the total costs. Results show that for the optimal supply chain the total costs are 97.9 

billion €/year with a net present value of 675 billion € and a payback period of 2.71 years: the economic 

profitability may be ensured only by carbon tax. A Monte Carlo simulation is carried out to evaluate the 

uncertainty regarding the selling price of carbon dioxide based products and their national demand. 

 

IV.1 Introduction 

As already discussed, Germany is the country with the highest greenhouse gas (GHG) emissions in Europe. 

Moreover, it is shown that, carbon capture utilization and storage (CCUS) supply chains can be a valid 

solution to reduce emissions and to achieve the target set by the environmental policy. With these 

considerations, in the previous chapter, a CCUS supply chain producing methanol (CH3OH) via methane 

(CH4) dry reforming is proposed. However, an amount of CH3OH greater than the national demand is 

produced, in order to achieve the minimum target of carbon dioxide (CO2) emissions reduction.  

In order to reduce the amount of produced CH3OH, the captured CO2 can be used to produce many other 

compounds. In the literature, as discussed in the introduction of this Thesis, different pathways are studied 

to valorize CO2 as a waste and to produce then other compounds. In particular, Patricio et al. (2017) provide 

an estimate of the potential CO2 utilization in Europe. It is reported that, the potential use of CO2 in concrete 

curing is 22.5 Mtpa, in horticulture 22 Mtpa, in lignin 8.4 Mtpa, in propylene polymer 8.3 Mtpa, in mineral 

carbonation 5.3 Mtpa, in urea fertilizer 3.9 Mtpa, in methanol 2 Mtpa, in polyurethane 0.3 Mtpa, and in 

bauxite residue carbonation 0.2 Mtpa. These are then the products with a higher potentiality to be obtained 

by CO2 in Europe.  

Specific data are provided for Germany. In fact, for this country, the potential use of CO2 in methanol is of 

1.33 Mtpa, in mineral carbonation is of 1.34 Mtpa, in concrete curing is of 2.15 Mtpa, in urea is of 0.7 

Mtpa, in lignin treatment is of 0.7 Mtpa, in polyurethane of 0.1 Mtpa, in concrete by red mud is of 0.03 

Mtpa, in propylene polymer is of 0.1 Mtpa, while in horticulture is of 0.5 Mtpa (Patricio et al., 2017).  

According to these considerations, at this research stage, an innovative CCUS supply chain is proposed for 

Germany to avoid that it will have a dominant role inside the global CH3OH market. According to the work 

of Patricio et al. (2017), it is supposed that CO2 is used to produce methanol by means of the hydrogenation 
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reaction, urea, concrete by curing, wheat, lignin for polyethylene, calcium carbonate, polyurethane and 

concrete by red mud. Among the suggested CO2-based products, polyurethane and not propylene is chosen 

due to the high level of interest by researchers on its production from CO2 (Von der Assen et al., 2015), 

while wheat is considered among other horticulture products due to the great production in Germany 

(Germany is the second largest producer in Europe, (World-Grain, 2019)).   

A similar CCUS system was not considered in the literature before, then the novelty of the work is evident. 

For the model, the same CO2 source and storage sites of the previous case are considered, while for each 

CO2-based product two utilization sites are taken into account. The deterministic Mixed Integer Linear 

Programming (MILP) model is developed minimizing the total costs of the system, setting the target of 

CO2 emissions reduction as a constraint. The economic objective function is taken into account. As in the 

previous case, the aim of this research is to design the best carbon supply chain (finding the best connection 

among each element of the framework, the amount of captured, used and stored CO2, and the amount of 

each produced compound) able to reduce CO2 emissions at the minimum cost, satisfying the national 

demand of the considered products, before it is realized at industrial scale.  

 

IV.2 Model development 

IV.2.1 Problem statement 

Main assumptions to develop the mathematical model of this innovative CCUS supply chain are the 

following: 

- one to one coupling: one source node can be connected to only one capture node in the storage and 

utilization section and each capture node can receive from only one source node (Kalyanarengan 

Ravi et al., 2017);  

- CO2 capture plants are located at CO2 source sites to avoid the transportation of flue gas with 

additional costs;  

- CO2 is transported always via pipeline, as the most economical way to transport a large amount of 

CO2 and other options are not considered; 

- CO2 is used for concrete curing, wheat cultivation, lignin treatment for polyethylene production, 

polyurethane production, calcium carbonate production by mineral carbonation, urea fertilizer 

production, methanol production via hydrogenation, concrete production by red mud, in different 

utilization sites located in Germany (Patricio et al., 2017);  

- the CCUS supply chain is in steady state conditions considering a period of 25 years, because the 

aim of this research is to design the framework by finding the optimal topology (it can be supposed 

that in this relatively short period few changes will affect raw materials availability and products 

demand);  
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- the demand of the considered CO2-based products is constant over time, due to the stationary 

conditions and the short considered period (then these can be sold at a stable price making the 

system profitable in an economic sense); 

- the selected storage site can receive a great amount of CO2, then only one storage site is present 

and chosen (as a matter of facts the Altmark geological storage site by alone provides 54% of the 

overall CO2 storage capacity estimated for Germany (Holler and Viebahn, 2011));  

- only two different sites are selected for each chemical product obtained from CO2, then production 

plants are considered with a great or infinity capacity; 

- as suggested in the literature, the distances between CO2 sources and CO2 utilization/storage sites 

are calculated from its respective latitude and longitude (Kalyanarengan Ravi et al., 2017);  

- the profitability of the CCUS supply chain is evaluated by considering the net present value (NPV) 

and the payback period (PBP);   

For the mathematical model, the following inputs are provided: 

- CO2 sources: locations, yearly CO2 emissions, CO2 composition and flow rate of flue gases (Federal 

Ministry for the Environment, 2014); 

- CO2 capture and compression technologies: materials and correlations used for the evaluation of 

costs (Nguyen and Zondervan, 2018; Zhang et al., 2018); 

- CO2 transportation: distances and relative costs (Serpa et al., 2011); 

- conversion factors for the production of chemical compounds by using CO2 (Patricio et al., 2017; 

Von der Assen et al., 2015; Erda et al., 2015); 

- production of chemical compounds by using CO2: location of plants and costs (Colacem, 2019; 

Zimmer, 2012;  Jönsson and Wallberg, 2009; Plastics-Insight, 2019;  Zappa, 2014; Collodi et al., 

2017; Hank et al., 2018; Wheatatlas, 2019; Cemnet, 2019; Chemical-technology, 2019; Kali-gmbh, 

2019; Thyssenkrupp, 2019; Globalsyngas, 2019; Leonzio et al., 2019a; Dadcoalumina, 2019; 

Hydro, 2019; Ineos, 2019; Covestro, 2019; Dow, 2019);  

- CO2 storage: location, type, capacity and costs (Hendriks, 1994; Hasan et al., 2014; Roehrl and 

Toth, 2009); 

- national demand of produced chemical compounds and target of CO2 emissions reduction (Ochoa 

Bique et al., 2018; Vde, 2019; Bloomberg, 2019; Converting, 2019; Alexy et al., 2000; Plastics, 

2019; Wolfgang Tegethoff, 2001; Ourworld, 2019; Tredingeconomics, 2019); 

Solving the mathematical model, the following decisions should be taken: 

- the amount of CO2 captured in each source; 

- the technology and material used for the capture of CO2 from the selected CO2 sources;  

- the amount of each compound produced from CO2; 
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- the utilization site chosen for the production of chemical compounds; 

- the amount of stored/utilized CO2;  

- the best combination between CO2 sources, CO2 capture technologies/materials, CO2 

storage/utilization sites. 

The objective function minimizes the total costs of the CCUS supply chain, which include CO2 capture and 

compression costs, CO2 transportation costs, CO2 storage costs and production costs of different CO2-baed 

compounds.  

 

IV.2.2 CCUS supply chain model 

To develop the model for the CCUS supply chain, it is necessary to define sets, parameters, variables, 

constraints, equations and objective function.  

IV.2.2.1 Sets 

In the developed mathematical model, it is necessary to define each component of the CCUS supply chain 

with an index. CO2 sources are represented by ‘i’, CO2 capture and compression technologies are 

represented by ‘j’, CO2 storage sites and its complementary utilization section as ‘k’, CH3OH production 

sites are indicated by ‘m’, concrete production sites are represented by ‘c’, wheat production sites are 

represented by ‘w’, lignin treatment sites are represented by ‘l’, polyurethane production sites are presented 

by ‘p’, calcium carbonate production sites are indexed by ‘cc’, urea fertilizer production sites are 

represented by ‘u’, concrete production by red mud sites are represented by ‘cr’.  

IV.2.2.2 Parameters 

Several parameters are used in the suggested model, as the following: CRmin , the minimum target for the 

overall CO2 reduction (ton/year); CSi , the total CO2 emission from each source i (ton/year); Fi , the total 

flue gas flow rate from each source i (mol/s); XSi, CO2 composition in the flue gas from source i (mol%); 

XLi, the lowest CO2 composition processing limit for the capture plant j (mol%); XHi, the highest CO2 

composition processing limit for the capture plant j (mol%); Ck
max, the maximum storage capacity at the 

storage site k (ton); MeOHdem, the national CH3OH demand that must be satisfied in Germany (ton/year), 

Concretedem the national concrete demand that must be satisfied in Germany (ton/year), Wheatdem the 

national wheat demand that must be satisfied in Germany (ton/year), Lignindem the national lignin demand 

that must be satisfied in Germany (ton/year), Polyurethanedem the national polyurethane demand that must 

be satisfied in Germany (ton/year), Calcium Carbonatedem the national calcium carbonate demand that must 

be satisfied in Germany (ton/year), Ureadem the national urea demand that must be satisfied in Germany 

(ton/year), Concrete by red muddem  the national concrete by red mud demand that must be satisfied in 

Germany (ton/year).  
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IV.2.2.3 Variables 

In this model,  Xi,j,k and Yi,j,k are the binary variables (with a value of 1 or 0) used to select CO2 storage site 

and CO2 capture technology/material respectively when these are 1. Continuous variables with a value 

between 0 and 1 are the following: FRi,j,k to define the fraction of captured CO2 that is sent to the storage; 

Utilizationi,j,k to define the fraction of captured CO2 sent to the utilization; Concretei,j,c to define the fraction 

of captured CO2 used for concrete production; Wheati,j,w to define the fraction of captured CO2 used for 

wheat production; Lignin,ij,l to define the fraction of captured CO2 used for lignin production; 

Polyurethanei,j,p to define the fraction of captured CO2 used for polyurethane production; Calcium 

carbonatei,j,cc to define the fraction of captured CO2 used for calcium carbonate production; Ureai,j,u to define 

the fraction of captured CO2 used for urea production; Methanoli,j,m to define the fraction of captured CO2 

used for CH3OH production; Concrete by red mudi,j,cr to define the fraction of captured CO2 used for 

concrete by red mud production.  

IV.2.2.4 Constraints 

For the development of the mathematical model, the following constraints are used. To ensure that CO2 

captured from each source does not get distributed to multiple storage sites the following constraint is used 

(see Eq. IV.1): 

∑ 𝑋𝑖,𝑗,𝑘 ≤ 1

(𝑗,𝑘)∈(𝐽,𝐾)

            ∀ 𝑖 ∈ 𝐼                                                 (𝐼𝑉. 1) 

where Xi,j,k  is the binary variable as defined above. In this way, the assumption based on one to one coupling 

between sources and capture technology is ensured for the storage section.  

In order not to exceed the maximum storage capacity, the following constraint is used (see Eq. IV.2): 

∑ 𝐶𝑆𝑖 ∙ 𝐹𝑅𝑖,𝑗,𝑘 ≤
𝐶𝑘

𝑚𝑎𝑥

𝑇𝐻
(𝑖,𝑗)∈(𝐼,𝐽)

            ∀ 𝑘 ∈ 𝐾                                       (𝐼𝑉. 2) 

where CSi is the total CO2 emission from source ‘i’, Ck
max is the maximum storage capacity of the storage 

site ‘k’, TH is the time horizon of supply chain and FRi,j,k is the variable defined above. 

To ensure that a minimum target of CO2 emission reduction is achieved, the following constraint is used 

(see Eq. IV.3): 

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

(𝑖,𝑗,𝑘)∈(𝐼,𝐽,𝐾)

                                    (𝐼𝑉. 3) 

where CSi is the total CO2 emission from source ‘i’, FRi,j,k and Utilizationi,j,k are the  continuous variables 

defined above and CRmin is the minimum target of CO2 emissions reduction.  
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To ensure that no more than 90% of CO2 is removed  from the selected source the following constraint is 

used (see Eq. IV.4):  

∑ 𝐹𝑅𝑖,𝑗,𝑘 + 𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑖,𝑗,𝑘 ≤ 0.9

(𝑗)∈(𝐽)

        ∀ (𝑖, 𝑘)  ∈ (𝐼, 𝐾)                        (𝐼𝑉. 4) 

where FRi,j,k  and Utilizationi,j,k  are the  variables defined. 

Not all the considered technologies can be used to capture CO2 from all sources, as some of them are not 

capable to remove up to 90% of CO2 from the feed flue gas and with a product purity of 90% CO2 at least. 

This depends on the composition of CO2 in the feed, as defined by the following constraint (see Eq. IV.5): 

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

(𝑘)∈(𝐾)

                     ∀ (𝑖, 𝑗)  ∈ (𝐼, 𝐽)        (𝐼𝑉. 5) 

where XSi is CO2 composition in flue gas from source “i”, XLj, is the lowest CO2 composition processing 

limit for the capture plant “j”, XHj is the highest CO2 composition processing limit for the capture plant “j”  

and Xi,j,k is the binary variable defined above. According to the above constraint (IV.5), carbon capture 

technologies should ensure a minimum CO2 purity level of 90%, in the storage section. Different purity 

levels, specific for each utilization process, are not considered here, because the distribution of the available 

CO2 feedstock among different utilization processes may change. It is supposed then, that the required CO2 

purity is achieved in the utilization site.  

To ensure that the national demand of each CO2-based product is satisfied, the following constraints are 

used (see Eqs. IV.6-IV.13): 

∑ 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒𝑖,𝑗,𝑐 ≥ 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒𝑑𝑒𝑚

(𝑖,𝑗,𝑐)∈(𝐼,𝐽,𝐶)

                                                            (𝐼𝑉. 6) 

∑ 𝑊ℎ𝑒𝑎𝑡𝑖,𝑗,𝑤 ≥ 𝑊ℎ𝑒𝑎𝑡𝑑𝑒𝑚

(𝑖,𝑗,𝑤)∈(𝐼,𝐽,𝑊)

                                                                   (𝐼𝑉. 7) 

∑ 𝐿𝑖𝑔𝑛𝑖𝑛𝑖,𝑗,𝑙 ≥ 𝐿𝑖𝑔𝑛𝑖𝑛𝑑𝑒𝑚

(𝑖,𝑗,𝑙)∈(𝐼,𝐽,𝐿)

                                                                      (𝐼𝑉. 8) 

∑ 𝑃𝑜𝑙𝑦𝑢𝑟𝑒𝑡ℎ𝑎𝑛𝑒𝑖,𝑗,𝑝 ≥ 𝑃𝑜𝑙𝑦𝑢𝑟𝑒𝑡ℎ𝑎𝑛𝑒𝑑𝑒𝑚

(𝑖,𝑗,𝑝)∈(𝐼,𝐽,𝑃)

                                             (𝐼𝑉. 9) 

∑ 𝐶𝑎𝑙𝑐𝑖𝑢𝑚 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑖,𝑗,𝑐𝑐 ≥ 𝐶𝑎𝑙𝑐𝑖𝑢𝑚 𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑑𝑒𝑚

(𝑖,𝑗,𝑐𝑐)∈(𝐼,𝐽,𝐶𝐶)

                          (𝐼𝑉. 10) 

∑ 𝑈𝑟𝑒𝑎𝑖,𝑗,𝑢 ≥ 𝑈𝑟𝑒𝑎𝑑𝑒𝑚

(𝑖,𝑗,𝑢)∈(𝐼,𝐽,𝑈)

                                                               (𝐼𝑉. 11) 
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∑ 𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙𝑖,𝑗,𝑚 ≥ 𝑀𝑒𝑂𝐻𝑑𝑒𝑚

(𝑖,𝑗,𝑚)∈(𝐼,𝐽,𝑀)

                                                        (𝐼𝑉. 12) 

∑ 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑏𝑦 𝑟𝑒𝑑 𝑚𝑢𝑑𝑖,𝑗,𝑐𝑟 ≥ 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑏𝑦 𝑟𝑒𝑑 𝑚𝑢𝑑𝑑𝑒𝑚

(𝑖,𝑗,𝑐𝑟)∈(𝐼,𝐽,𝐶𝑅)

                      (𝐼𝑉. 13) 

where the amount of each production should be equal or higher than the respective national demand, in 

order to ensure that the minimum target of CO2 emissions reduction is achieved with a limited storage 

capacity.  

To ensure that the amount of captured CO2 sent to the utilization section is divided among different 

utilization sites, respecting then material balances, the following constraint is used (see Eq. IV.14): 

𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑖,𝑗,𝑘 = (𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒𝑖,𝑗,𝑐 + 𝑊ℎ𝑒𝑎𝑡𝑖,𝑗,𝑤 + 𝐿𝑖𝑔𝑛𝑖𝑛𝑖,𝑗,𝑙 + 𝑃𝑜𝑙𝑦𝑢𝑟𝑒𝑡ℎ𝑎𝑛𝑒𝑖,𝑗,𝑝

+ 𝐶𝑎𝑙𝑐𝑖𝑢𝑚𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑖,𝑗,𝑐𝑐 + 𝑈𝑟𝑒𝑎𝑖,𝑗,𝑢 + 𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙𝑖,𝑗,𝑚

+ 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑏𝑦 𝑟𝑒𝑑 𝑚𝑢𝑑𝑖,𝑗,𝑐𝑟 ) ∙ 𝑛𝑠𝑖𝑡𝑒𝑠                          ∀ (𝑖, 𝑗, 𝑘, 𝑐, 𝑤, 𝑙, 𝑝, 𝑐𝑐, 𝑢, 𝑚, 𝑐𝑟)  

∈ (𝐼, 𝐽, 𝐾, 𝐶, 𝑊, 𝐿, 𝑃, 𝐶𝐶, 𝑈, 𝑀, 𝐶𝑅)                                                                                     (𝐼𝑉. 14) 

where Utilizationi,j,k, Concretei,j,c, Wheati,j,w, Lignin,ij,l, Polyurethanei,j,p, Calcium carbonatei,j,cc, Ureai,j,u, 

Methanoli,j,m and Concrete by red mudi,j,cr are the continuous variables defined above, while nsites is the 

number of sites for each utilization. 

In the utilization and storage section only one capture technology/material can be chosen for the selected 

CO2 source, as defined in the following constraint (see Eq. IV.15): 

∑ 𝑌𝑖,𝑗,𝑘 ≤ 1

(𝑗,𝑘)∈(𝐽,𝐾)

            ∀ 𝑖 ∈ 𝐼                                               (𝐼𝑉. 15)  

where Yi,j,k is defined above. In order to convert the nonlinear mathematical model in a linear mathematical 

model through a Glover linearization (see Chapter III), the following constraints are used (see Eqs. IV.16-

IV.17): 

0 ∙ 𝑋𝑖,𝑗,𝑘 ≤ 𝐹𝑅𝑖,𝑗,𝑘 ≤ 0.9 ∙ 𝑋𝑖,𝑗,𝑘                       ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                      (𝐼𝑉. 16) 

0 ∙ 𝑌𝑖,𝑗,𝑘  ≤ 𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑖,𝑗,𝑘 ≤ 0.9 ∙ 𝑌𝑖,𝑗,𝑘                      ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                (𝐼𝑉. 17) 

where FRi,j,k, Utilizationi,j,k, Xi,j,k and Yi,j,k are the variables defined above, while 0.9 is used because at least 

90% of CO2 is captured from each source.  

 

IV.2.2.5 Equations 

CO2 capture and compression costs (€/year) are obtained by the following relation (See Eq. IV.18). 
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𝐶𝐶𝑖,𝑗,𝑘 = 𝐶𝐷𝐶𝑖,𝑗,𝑘 + 𝐶𝐼𝐶𝑖,𝑗,𝑘 + 𝐶𝑂𝐶𝑖,𝑗,𝑘           ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                       (𝐼𝑉. 18) 

where CDCi,j,k  are the flue gas dehydration costs in €/year, CICi,j,k are the investment costs in €/year and 

COCi,j,k  are the operating costs in €/year. Generally, the saturated flue gas is dehydrated via tri-ethylene 

glycol absorption at a cost of 9.28 € per ton of CO2 (including capital and investment costs) (Kalyanarengan 

Ravi et al., 2017). For amine absorption, no dehydration operation is necessary. The investment and 

operating costs as functions of CO2 composition and flue gas flow rate are calculated as follows (Zhang et 

al., 2018) (see Eqs. IV.19-IV.20): 

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

𝑖,𝑗,𝑘

𝑚𝐼,𝑗               ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)         (𝐼𝑉. 19) 

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

𝑖,𝑗,𝑘

𝑚𝑜,𝑗         ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)         (𝐼𝑉. 20) 

where 𝛼𝐼,𝑗, 𝛼𝑜,𝑗, 𝛽𝐼,𝑗, 𝛽𝑜,𝑗, 𝛾𝐼,𝑗 , 𝛾𝑜,𝑗, 𝑛𝐼,𝑗, 𝑛𝑜,𝑗, 𝑚𝑜,𝑗, 𝑚𝐼,𝑗 are fixed parameters for each process and for 

each material, as in Table S1 of Appendix, XCO2,i is CO2 content in flue gas, Fi,j,k is flue gas flow rate in 

mol/s and Yi,j,k is the binary variable defined before.  

For ionic liquid absorption, the following equations are used (see Eqs. IV.21-IV.22) for the investment and 

operating costs (€/year), respectively, also as a function of CO2 composition and flue gas flow rate (Nguyen 

and Zondervan, 2018): 

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

𝑚𝐼,𝑗           ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)     (𝐼𝑉. 21) 

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

𝑚𝑜,𝑗         ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)    (𝐼𝑉. 22) 

where 𝛼𝐼,𝑗, 𝛼𝑜,𝑗, 𝛽𝐼,𝑗, 𝛽𝑜,𝑗, 𝛾𝐼,𝑗 , 𝛾𝑜,𝑗, 𝑚𝑜,𝑗, 𝑚𝐼,𝑗 are fixed parameters, as in Table S1 of Appendix, XCO2,i, is 

CO2 composition in flue gas, Fi,j,k  is flue gas flow rate in mol/s, Yi,j,k is the binary variable defined before. 

The evaluation of CO2 transportation costs via pipeline (M€/year) is proposed by Serpa et al. (2011) as the 

sum of investment (TICi,j,k,c,w,l,p,cc,u,m,cr) and operating costs (TOCi,j,k,c,w,l,p,cc,u,m,cr), according to the following 

equation (see Eq. IV.23):  

𝑇𝐶𝑖,𝑗,𝑘,𝑐,𝑤,𝑙,𝑝,𝑐𝑐,𝑢,𝑚,𝑐𝑟 = 𝐶𝐶𝑅·𝑇𝐼𝐶𝑖,𝑗,𝑘,𝑐,𝑤,𝑙,𝑝,𝑐𝑐,𝑢,𝑚,𝑐𝑟 + 𝑇𝑂𝐶𝑖,𝑗,𝑘,𝑐,𝑤,𝑙,𝑝,𝑐𝑐,𝑢,𝑚,𝑐𝑟        ∀ (𝑖, 𝑗, 𝑘, 𝑐, 𝑤, 𝑙, 𝑝, 𝑐𝑐, 𝑢, 𝑚, 𝑐𝑟)  

∈ (𝐼, 𝐽, 𝐾, 𝐶, 𝑊, 𝐿, 𝑃, 𝐶𝐶, 𝑈, 𝑀, 𝐶𝑅)                                                                                                   (𝐼𝑉. 23) 

With CCR the capital cost recovery, calculated at an interest rate of 10% and 25 years. The investment 

(M€) and operating costs (M€/year) are expressed by the following relations (see Eqs. IV.24-IV.25): 
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𝑇𝐼𝐶𝑖,𝑗,𝑘,𝑐,𝑤,𝑙,𝑝,𝑐𝑐,𝑢,𝑚,𝑐𝑟

= (𝛼𝑡

∙ 𝐶𝑆𝑖 ∙ 𝐹𝑅𝑖,𝑗,𝑘/𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒𝑖,𝑗,𝑐/𝑊ℎ𝑒𝑎𝑡𝑖,𝑗,𝑤/𝐿𝑖𝑔𝑛𝑖𝑛𝑖,𝑗,𝑙/𝑃𝑜𝑙𝑦𝑢𝑟𝑒𝑡ℎ𝑎𝑛𝑒𝑖,𝑗,𝑝/𝐶𝑎𝑙𝑐𝑖𝑢𝑚 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑖,𝑗,𝑐𝑐/𝑈𝑟𝑒𝑎𝑖,𝑗,𝑢/𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙𝑖,𝑗,𝑚

/𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑏𝑦 𝑟𝑒𝑑 𝑚𝑢𝑑𝑖,𝑗,𝑐𝑟 + 𝛽𝑡 ∙ 𝑋𝑖,𝑗,𝑘/𝑋𝑖,𝑗,𝑐/𝑋𝑖,𝑗,𝑤/𝑋𝑖,𝑗,𝑙/𝑋𝑖,𝑗,𝑝/𝑋𝑖,𝑗,𝑐𝑐/𝑋𝑖,𝑗,𝑢/𝑋𝑖,𝑗,𝑚/𝑋𝑖,𝑗,𝑐𝑟  ) ∙ 𝐹𝑇

∙ (𝐷𝑖,𝑘/𝐷𝑖,𝑐/𝐷𝑖,𝑤/𝐷𝑖,𝑝/𝐷𝑖,𝑐𝑐/𝐷𝑖,𝑢/𝐷𝑖,𝑚/𝐷𝑖,𝑐𝑟/𝐷𝑖,𝑙 + 16)       ∀ (𝑖, 𝑗, 𝑘, 𝑐, 𝑤, 𝑙, 𝑝, 𝑐𝑐, 𝑢, 𝑚, 𝑐𝑟)  

∈ (𝐼, 𝐽, 𝐾, 𝐶, 𝑊, 𝐿, 𝑃, 𝐶𝐶, 𝑈, 𝑀, 𝐶𝑅)                                                                                                                                                            (𝐼𝑉. 24) 

𝑇𝑂𝐶𝑖,𝑗,𝑘,𝑐,𝑤,𝑙,𝑝,𝑐𝑐,𝑢,𝑚,𝑐𝑟 = 4% ∙ 𝑇𝐼𝐶𝑖,𝑗,𝑘,𝑐,𝑤,𝑙,𝑝,𝑐𝑐,𝑢,𝑚,𝑐𝑟        ∀ (𝑖, 𝑗, 𝑘, 𝑐, 𝑤, 𝑙, 𝑝, 𝑐𝑐, 𝑢, 𝑚, 𝑐𝑟)   

∈ (𝐼, 𝐽, 𝐾, 𝐶, 𝑊, 𝐿, 𝑃, 𝐶𝐶, 𝑈, 𝑀, 𝐶𝑅)                                                                                                               (𝐼𝑉. 25) 

where αt is 0.019 and βt  is 0.533 (Serpa et al., 2011), Di,k/ Di,c/ Di,w/ Di,l/Di,p/ Di,cc/ Di,u/ Di,m/ Di,cr are the 

distances respectively between CO2 sources and storage, concrete production, wheat production, lignin 

production, polyurethane production, calcium carbonate production, urea production, methanol production, 

concrete by red mud production sites, FT is a terrestrial factor equal to 1.2 (Broek et al., 2010), 16 km are 

added to the distance to consider additional paths related to the process (Dahowski et al., 2004), FRi,j,k 

Utilizationi,j,k, Concretei,j,c, Wheati,j,w, Lignin,ij,l, Polyurethanei,j,p, Calcium carbonatei,j,cc, Ureai,j,u, 

Methanoli,j,m and Concrete by red mudi,j,cr are the continuous variables defined above , CSi is the amount of 

CO2 in Mton/year. The operating costs are taken as 4% of the investment costs, as shown in Eq. IV.25 

(Kalyanarengan Ravi et al., 2017).   

CO2 storage costs (€/year) are calculated considering the investment costs per year (SICk) and the operating 

costs (SOCk) also per year, according to the following relation (See Eq. IV.26): 

𝑆𝐶𝑘 = 𝐶𝐶𝑅·𝑆𝐼𝐶𝑘 + 𝑆𝑂𝐶𝑘                      ∀ (𝑘)  ∈ (𝐾)                                 (𝐼𝑉. 26) 

with CCR defined above. The investment costs (€) are calculated with the following relation (Hendriks, 

1994) (see Eq. IV.27):  

𝑆𝐼𝐶𝑘 = (𝑚 ∙ 𝑑𝑤𝑒𝑙𝑙 + 𝑏) ∙ 𝑁𝑤𝑒𝑙𝑙
𝑏𝑢𝑖𝑙𝑑

𝑘
                  ∀ (𝑘)  ∈ (𝐾)                       (𝐼𝑉. 27) 

where m and b are parameters respectively equal to 1.53 M€/km and 1.23 M€ (Hendriks, 1994), dwell is the 

depth of the well, and 𝑁𝑤𝑒𝑙𝑙
𝑏𝑢𝑖𝑙𝑑 is the number of wells which is needed to be built per year (Hasan et al., 

2014) (see Eq. IV.28):  

𝑁𝑤𝑒𝑙𝑙
𝑏𝑢𝑖𝑙𝑑

𝑘
=  

∑ 𝐶𝑆𝑖 ∙ 𝐹𝑅𝑖,𝑗,𝑘(𝑖,𝑗)∈(𝐼,𝐽)

𝐼𝐶
                       ∀ (𝑘)  ∈ (𝐾)           (𝐼𝑉. 28) 

depending on the maximum injection capacity per well, IC and stored CO2. The operating costs (€/year) 

are 4% of investment costs (Kalyanarengan Ravi et al., 2017) (see Eq. IV.21):  

𝑆𝑂𝐶𝑘 = 4% ∙ 𝑆𝐼𝐶𝑘                     ∀ (𝑘) ∈ (𝐾)                               (𝐼𝑉. 29) 
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For the production costs and selling prices of each CO2-based product and the conversion factors of these 

compounds from CO2, it is possible to consider Table IV.1.  

 

Table IV.1 Production cost, selling price and conversion factor for different CO2-based products (Leonzio 

et al., 2019b) 

CO2 utilization Production cost Selling price Conversion factor 

Concrete curing 
21.8 €/ton  

(Colacem, 2019) 
77 €/ton  

(Colacem, 2019) 
0.03 tonCO2 per ton of produced block                

(Patricio et al., 207) 

Wheat 
159 €/ton  

(Zimmer, 2012) 

175 €/ton  

(Zimmer, 2012) 

451-565 mgCO2 per kg of wheat                                                    

(Erda et al., 2005) 

Lignin 
15.4 €/ton  

(Jonsson and Wallberg, 2009) 
500 €/ton  

(Sikdar et al., 1990) 
0.22 tonCO2 per ton of produced lignin                 

(Patricio et al., 207) 

Polyurethane 

6377 €/ton  

(Plastics-Insight, 2019;              
Dow, 2019) 

7966 €/ton  

(Plastics-Insight, 2019;             
Dow, 2019) 

0.3 kgCO2 per kg of polyurethane                        

(von der Assen et al., 2015) 

Calcium carbonate 
65,2 €/ton  

(Zappa, 2014) 

120 €/ton  

(Zappa, 2014) 

0.25 tonCO2 per ton of steel slag (*)                          

(Patricio et al., 207) 

Urea  
257 €/ton  

(Collodi et al., 2017) 
287 €/ton  

(Fao, 2019) 
0,74 tonCO2 per ton of urea                                    

(Patricio et al., 207) 

Methanol 
608 €/ton  

(Hank et al., 2018) 

408 €/ton  

(Emshng-tech, 2019) 

1.7 tonCO2 per ton of produced 

methanol (Patricio et al., 207) 

Concrete by red mud 
20.95 €/ton  

(Colacem, 2019) 
77 €/ton  

(Colacem, 2019) 
0.053 tonCO2 per ton of red mud                            

(Patricio et al., 207) 

(*)it has been also assumed that 0.30 ton of CaCO3 salable on the market are obtained per ton of steel slag.  

 

IV.2.2.6 Objective function 

Equation IV.30 shows the objective function for the analyzed CCUS supply chain model (see Eq. IV.30): 

∅ =  ∑ 𝐶𝐶𝑖,𝑗,𝑘 + 𝑇𝐶𝑖,𝑗,𝑘,𝑐,𝑤,𝑙,𝑝,𝑐𝑐,𝑢,𝑚,𝑐𝑟 + 𝑆𝐶𝑘 + 𝐶𝑃𝑐 + 𝑊𝑃𝑤 + 𝐿𝑃𝑙 + 𝑃𝑃𝑝 + 𝐶𝐶𝑃𝑐𝑐

(𝑖,𝑗,𝑘,𝑐,𝑤,𝑙,𝑝,𝑐𝑐,𝑢,𝑚,𝑐𝑟)

+ 𝑈𝑃𝑢 + 𝑀𝑃𝑚 + 𝐶𝑅𝑃𝑐𝑟                                                                                                      (𝐼𝑉. 30) 

where CCi,j,k are CO2 capture and compression costs, TCi,j,k,c,w,l,p,cc,u,m,cr  are CO2 transportation costs, SCk 

are CO2 storage costs, MPm are CH3OH production costs, CPc are concrete curing production costs, WPw 

are wheat production costs, LPl are lignin production costs, PPp are polyurethane production costs, CCPcc 

are calcium carbonate production costs, UPu are urea production costs, CRPcr are concrete by red mud 

production costs.  

 

IV.2.3 Case study 

The analysis of CO2 emissions, CO2 sources selected for the CCUS supply chain in Germany and the target 

for emissions reduction that should be achieved are already discussed in the respective sections of the 

previous chapter. These considerations are true also for the selected CO2 storage site, as Altmark.  



Chapter IV: Development of a CCUS supply chain for Germany-Part II 

 

160 

 

For each chemical compound, two utilization sites are selected: Ennigerloh and Hannover for concrete 

curing, because conventional concrete industries are already present there (Cemnet, 2019), Munich and 

Hannover for wheat cultivation (Wheatatlas, 2019), Cologne and Münchsmünster for lignin utilization, 

because conventional polyethylene plants are already present there (Ineos, 2019; Chemical-technology, 

2019), Schwarzheide and Leverkusen for polyurethane production, because industries producing 

polyurethane in a conventional way are present there (Chemical-technology, 2019; Covestro, 2019), 

Salzgitter and Bremen for calcium carbonate production because traditional industries for calcium 

carbonate are present there (En.stahl, 2019), Kassel and Hagen for urea production because conventional 

plants for urea production are present there (Kali-gmbh, 2019; Thyssenkrupp, 2019), Leuna and Wesseling 

for methanol production because conventional methanol plants are present there (Globalsyngas, 2019; ICIS, 

2019), Rackwitz and Hamburg for concrete production by red mud because alumina plants are already 

present there (Dadcoalumina, 2019; Hydro, 2019). The selected CO2 sources are reported in figure IV.1a, 

while CO2 utilization and storage sites chosen for the CCUS supply chain are shown in Figure IV.1b. 

 

 

Figure IV.1 a) Selected CO2 sources; b) Selected CO2 utilization and storage sites in Germany for the 

developed CCUS supply chain (Leonzio et al., 2019b) 

  

Distances between stationary CO2 source, utilization and storage sites are provided in the Appendix (Tables 

S2-S10).  

In the carbon capture section of the CCUS supply chain, different technologies/materials are used to capture 

at most 90% of CO2 from flue gas. For absorption technology, MEA solution (30%wt), because it is the 

most used solvent, PZ (40% wt), due to its energy efficient and stable thermal performance, and ionic liquid 

(1-butyl-3-methylimidazolium acetate), due to its energy and capture efficiency are used (Rochelle et al., 

2011; Nguyen and Zondervan, 2018). For membrane technology, POE1 and POE2 materials are selected 

http://www.chemicals-technology.com/


Chapter IV: Development of a CCUS supply chain for Germany-Part II 

 

161 

 

due to their CO2/N2 selectivity, while FSC-PVAm material is chosen, because of its high permeability to 

CO2 (Hägg and Lindbråthen, 2005). For pressure swing adsorption (PSA) and vacuum swing adsorption 

(VSA) technologies, different zeolites are selected as sorption materials: 13X, AHT, MVY, and WEI. The 

first zeolite is the most used, also validated experimentally (Xiao et al., 2008), while the others are selected 

due to their costs (Hasan et al. 2015).  

Table IV.2 shows the national German demand for the selected chemical compounds that the developed 

CCUS supply chain should satisfy.  

 

Table IV.2 National German demand for different CO2-based chemical compounds (Leonzio et al., 2019b) 

CO2-based product National German demand 

Concrete 5.32 Mton/year (Vdz, 2019) 

Wheat 21.5 Mton/year (Bloomberg, 2019) 

Lignin 0.41 Mton/year (Converting, 2019; Alexy et al., 2000) 

Polyurethane 12.2 Mton/year (Plastics, 2019) 

Calcium carbonate  65.4 Mton/year (Wolfgang Tegethoff, 2001) 

Urea fertilizer 1.48 Mton/year (Ourworld, 2019; Tredingeconomics, 2019) 

Methanol 940 kton/year (Ochoa Bique et al., 2018) 

Concrete by red mud 21.8 Mton/year (Vdz, 2019) 

 

IV.3 Results and discussion 

At first, a sensitivity analysis is carried out varying the national demand of the produced CO2-based 

compounds; secondly, a study considering uncertainties in the demand and the selling price of these 

products is developed through the Monte Carlo simulation. The model, formulated as MILP model, has 

144430 constraints, 110789 variables (280 integer). CPLEX 12.7.1 is the selected solver and the solving 

times are about 6 seconds, with 726 iterations. The used computer contains an Intel Core i-3 processor at 

2.5 GHz with 4 GB of RAM.  

IV.3.1 Results of sensitivity analysis 

From a literature search, the national demand of CO2-based chemical compounds is found, as shown in 

Table IV.2. However, in a realistic vision, the overall demand should not be satisfied by the sustainable 

production suggested here, and the production through a conventional process should be considered. Then, 

a sensitivity analysis is developed changing the national demand fixed in the model, as a percent (10%, 

20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%) of the total national demand for each chemical 

compound.  

The total costs of supply chain, net present value and payback period for all considered cases are listed in 

Table IV.3: increasing the amount of these products according to a percentage of total national demand, the 
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total costs of CCUS supply chain and net present value increase from 29 billion€/year to 103 billion€/year 

and from 113 billion€ to 747 billion€, respectively, while the payback period decreases from 5.82 years to 

2.65 years. In the economic analysis, a carbon tax of 80 €/tonCO2, an interest rate of 4% and taxes at 45% 

are considered.  

Table IV.3 Results of CCUS supply chain optimizations as a function of different values of CO2-based 

compounds national demand  (Leonzio et al., 2019b) 

Percent of total national demand  

(%) 

Total costs   

(Billion€/year) 

NPV  

(Billion€) 

PBP  

(Years) 

10 29 113 5.82 

20 37.2 200 4.25 

30 48.7 265 3.74 

40 57 333 3.41 

50 65.1 343 3.41 

60 73.3 470 3.01 

70 82.3 542 2.89 

80 90 607 2.80 

90 97.9 675 2.72 

100 103 747 2.65 

 

 

Assuming that the best economic case is suggested by the highest value of net present value, in this research 

the best realistic case is when 90% of total demand for each CO2-based compound is produced within the 

CCUS supply chain. The topology of this best CCUS supply chain is shown in Figure IV.2 (the topologies 

of other CCUS chains are shown in the Appendix, see Figures from 1 to 9).  

 

 

Figure IV.2 Results of CCUS supply chain design optimization considering 90% of national demand of 

produced CO2-based chemical compounds (Leonzio et al., 2019b) 
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For the selected best case, shown in Figure IV.2, the trend of cash flows is reported in Figure IV.3, 

considering a life time of the CCUS chain equal to 25 years, with 2 years for the construction. Satisfying 

90% of total national demand, the CCUS supply chain has a total cost of 97.9 billion€/year with a net 

present value of 675 billion€ and a payback period of 2.71 years. As suggested by the payback period, being 

lower than 3 years, the framework is a good and attractive solution due to the use of carbon tax.  

 

 

Figure IV.3 Cash flows diagram for the CCUS supply chain where 90% of national demand of CO2-based 

products is satisfied (Leonzio et al., 2019b) 

 

For this case, CO2 capture and compression costs are 14.9 billion€/year, CO2 transportation costs are 0.46 

billion€/year, CO2 storage costs are 0.153 billion€/year, while the total production costs of different 

compounds are 82.4 billion€/year. Table IV.4 shows the amount of CO2 from each selected CO2 source that 

is sent to the utilization and storage site thought the selected capture technology/material. 

Magdeburg is the source selected for the storage option and in this source site, CO2 is captured through 

MEA absorption. Dresden, Wiesbaden, Berlin, Munich, Potsdam, Magdeburg, Saarbrucken are the sources 

selected for the utilization option, where CO2 is captured through PZ absorption. The target about CO2 

emissions reduction is fulfilled, then 160 MtonCO2/year are reduced by the system (this number considers 

CO2 sent to both utilization and storage section). Among four different capture technologies with different 

materials, only one capture technology with two different materials is selected in the design of this carbon 

supply chain. It is interesting to see how the absorption technology is selected for the storage and utilization 

section with two different materials: MEA for the storage option and PZ for the utilization option. Among 

these, PZ is preferred over MEA, because it is present in more choices with high and low flow rate of 

captured CO2. In fact, as reported by Kalyanarengan Ravi et al. (2017), PZ has a lower cost than MEA, 
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then, it is preferred inside the supply chain. It is possible to suppose that PZ is chosen for all utilization 

options, because the respective selected sources have a similar CO2 composition, between 13 mol% and 22 

mol%.  

However, for the same CO2 source as Magdeburg, two different materials for the absorption are used. This 

suggests that the choice of capture technology/material depends not only on CO2 composition and on flue 

gas flow rate, but also on its final use, as the storage or utilization option. In fact, the design of the CCUS 

supply chain, as a multi-scale process, is developed not in a hierarchical way (step by step starting from 

micro-scale decisions, as the choice of materials, to arrive at kilometer scale as the supply chain 

optimization) but in a simultaneous way (by considering simultaneous selection of materials and processes 

for CO2 capture, CO2 sources, utilization and sequestration sites), then considering the overall system in 

tandem (Papadopoulos and Seferlis, 2017). This is an important result for the design of a supply chain 

including both CO2 utilization and storage site: the selection of a capture technology/material depends on 

CO2 composition, flue gas flow rate and CO2 final use.  

Even if the singular capture option of MEA absorption can have a higher cost than other 

technologies/materials as PZ absorption (Hasan et al., 2015), inside the CCUS supply chain after the overall 

optimization, MEA absorption can have a lower cost and then it is the preferred option by considering the 

destination of CO2.  

 

Table IV.4 Topology of CCUS supply chain optimization where 90% of national demand of CO2-based 

products is satisfied (Leonzio et al., 2019b) 

CO2 source Capture technology/material 
CO2 amount  

(Mton/year) 

To storage 

Magdeburg MEA Absorption 20.32 

To utilization 

Dresda PZ Absorption 43.83 

Wiesbaden PZ Absorption 38.61 

Berlin PZ Absorption 0.99 

Munich PZ Absorption 1.44 

Potsdam PZ Absorption 33.28 

Magdeburg PZ Absorption 4.34 

Saarbruken PZ Absorption 17.19 

 

 

As shown in Figure IV.2, CO2 from Saarbrucken source site is used to produce wheat, concrete, lignin, 

polyurethane, calcium carbonate. CO2 from Potsdam source site is used to produce calcium carbonate and 

concrete by red mud. CO2 from Berlin source site is used for the production of urea fertilizer while CO2 

from Munich source site produces methanol. CO2 from Dresda, Wiesbaden, Magdeburg and Saarbrucken 
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source sites is sent to the calcium carbonate production. The amount of CO2-based chemical compounds 

that is produced is shown in Table IV.5: the national demand is satisfied and a higher amount of calcium 

carbonate is produced.  

Then, Germany is able to export an amount of calcium carbonate, however the produced quantity is lower 

than the global demand of 4500 Mton/year and the European demand 1080 Mton/year (Wolfgang 

Tegethoff, 2001; CCA, 2016). In the base case, the specific cost (€/tonCO2 captured) for all products 

utilization is higher than the corresponding cost of storage: as a results the storage capacity is completely 

exhausted over 25 years (the time horizon of the supply chain), all products but one reach the national 

demand (the minimum production level imposed by constraints) and the product with the cheapest 

production cost (calcium carbonate) is obtained at a rate about double than the national demand, although 

lower than the European demand.  

 

 

Table IV.5 Amount of CO2-based chemical compounds produced inside the CCUS supply chain (Leonzio 

et al., 2019b) 

CO2-based chemical compound 
Production     

 (Mton/year) 

Methanol 0.85 

Concrete curing 4.79 

Wheat 19.35 

Lignin 0.38 

Polyurethane 11.00 

Calcium Carbonate 120 

Urea 1.34 

Concrete by red mud 19.15 

 

 

IV.3.2 Results considering the uncertainties 

The selling price and the national demand of CO2-based chemical compounds show generally variations. 

Ozkir and Basligil (2013) underline the complicate nature of a carbon supply chain, characterized by a high 

level of uncertainties. For this reason for the best supply chain defined above, an analysis is developed, by 

changing these two parameters (selling price and national demand of CO2-based chemical compounds) in 

the range between -50% and +50% of the base case values, mentioned before (Table IV.1).  

Table IV.6 shows the results obtained by changing the selling price of CO2-based chemical compounds.  
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Table IV.6 Results of  CCUS supply chain by changing the selling price of CO2-based chemical compounds 

compared to the base case (Leonzio et al., 2019b) 

 

Variation of selling price  

(%) 

NPV  

(Trillion€) 

PBP  

(years) 

(-50) 0.266 3.79 

(-40) 0.348 3.38 

(-30) 0.430 3.12 

(-20) 0.511 2.94 

(-10) 0.593 2.82 

base case 0.675 2.72 

(+10) 0.756 2.64 

(+20) 0.838 2.58 

(+30) 0.920 2.53 

(+40) 1 2.49 

(+50) 1.08 2.45 

 

How it should be, by increasing the selling price for each compound, the NPV increases while the PBP 

decreases. On the other hand, by decreasing the selling price, the NPV decreases while the PBP increases. 

With the value of mean (0.675 trillion€ and 2.86 years), standard deviation (0.271 trillion€ and 0.42 years), 

maximum (1.08 trillion€ and 3.79 years) and minimum (0.266 trillion€ and 2.45 years) obtained by 

sensitivity analysis, a Monte Carlo simulation is carried out by means of RiskAMP software by using a 

normal distribution. Figure IV.4a and IV.4b show respectively the frequency and the cumulative probability 

for NPV, while Figure IV.5a and IV.5b show the frequency and the cumulative probability for PBP, 

respectively. Considering the uncertainty of selling price for CO2-based compounds, the most probable 

values for NPV and PBP are in the range between 1.1 and 1.2 trillion€ and 3.85 years, respectively.   

 

 

Figure IV.4 Results of NPV according to the Monte Carlo simulation with uncertainty in the selling price 

of CO2-based chemical compounds: a) frequency; b) cumulative probability (Leonzio et al., 2019b) 
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Figure IV.5 Results of PBP according to the Monte Carlo simulation with uncertainty in the selling price 

of CO2-based chemical compounds: a) frequency; b) cumulative probability (Leonzio et al., 2019b) 

 

The sensitivity analysis is focused on the utilization section of the supply chain: as a matter of fact, the 

overall amount of captured CO2 cannot be reduced because of the environmental constraint and a similar 

consideration is true for the stored fraction (already at its maximum level in the base case). So, when a 

change is imposed in the global quantity of CO2 transformed into products, the quantity of each product is 

affected to reach the objective at minimum costs. Table IV.7 shows the results obtained by changing the 

national demand of CO2-based chemical compounds between -50% and +50% of base case values, defined 

before (Table IV.2). By increasing the national demand for each compound, the NPV increases while the 

PBP decreases. On the other hand, by decreasing the national demand, the NPV decreases while the PB 

time increases. 

 

Table IV.7 Results of CCUS supply chain by changing the national demand of CO2-based chemical 

compounds compared to the base case (Leonzio et al., 2019b) 

Percent of national demand  

(%) 

Total cost  

(Billion€/year) 

NPV  

(Billion€) 

PBP  

(years) 

(-50) 61 368 3.29 

(-40) 68.2 429 3.11 

(-30) 76 491 2.97 

(-20) 83.4 547 2.87 

(-10) 90.8 613 2.79 

base case 97.9 675 2.72 

(+10) 106 736 2.66 

(+20) 110 805 2.61 

(+30) 120 860 2.57 

(+40) 125 926 2.53 

(+50) 126 982 2.50 
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Also in this case, a Monte Carlo simulation is developed to evaluate the uncertainty regarding the national 

demand of chemical compounds. The value of mean (0.676 trillion€ and 2.78 years), standard deviation 

(0.205 trillion€ and 0.25 years), maximum (982 billion€ and 3.28 years) and minimum (613 billion€ and 

2.5 years) are considered for normal distribution. Figure IV.6a and IV.6b show the frequency and 

cumulative probability for NPV, while Figure IV.7a and IV.7b present the frequency and cumulative 

probability for PBP. It is found that considering the variation about the national demand of CO2-based 

chemical compounds, the most probable values for NPV and PBP are, respectively, in the range of 1.04 

and 1.12 trillion€ and 3.32 years.  

 

 

Figure IV.6 Results of NPV according to the Monte Carlo simulation with uncertainty in the national 

demand of CO2-based chemical compounds: a) frequency; b) cumulative probability (Leonzio et al., 2019b) 

 

Figure IV.7 Results of PBP according to the Monte Carlo simulation with uncertainty in the national 

demand of CO2-based chemical compounds: a) frequency; b) cumulative probability (Leonzio et al., 2019b) 

 

It is possible to deduce from the values of PBP that in the two considered scenarios the CCUS supply chain 

is economically feasible considering the use of carbon tax.  
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IV.4 Conclusions 

An innovative CCUS supply chain is proposed for Germany, which should solve the environmental 

problem related to CO2 emissions. To avoid the production of a large amount of CH3OH, as found in the 

previous study, in this framework, different compounds are considered to be produced from CO2. In 

particular, the products with a higher potentiality according to the literature are taken into account: 

methanol, concrete by curing, wheat, lignin for polyethylene, calcium carbonate, urea, polyurethane and 

concrete by red mud. A similar CCUS scheme has not been considered in the literature so far.  

The proposed mathematical model is a MILP type and it is able to design the supply chain minimizing the 

total costs setting the amount of CO2 that should be reduced as a constraint. In the optimal design, the total 

costs of the CCUS supply chain are 97.9 billion€/year with a NPV of 675 billion€ and a PBP of 2.71 years. 

Results show that for high flue gas flow rate, absorption is the preferred capture technology, while PZ is 

the preferred material (capture costs are in the order of 100 €/ton CO2 captured). Moreover, the selection 

of CO2 capture technology/material is also depending on the final use of CO2 due to the simultaneous 

optimization of supply chain. A sensitivity analysis according to the Monte Carlo simulation is performed 

to evaluate the uncertainty about the selling price and national demand of CO2-based chemical compounds. 

Variations between -50% and +50% compared to the base case are evaluated. Considering the uncertainty 

of selling price, the most probable values for NPV and PBP are in the range between 1.1 and 1.2 trillion€ 

and 3.85 years, respectively.  Considering the uncertainty of national demand, the most probable values for 

NPV and PBP are respectively in the range of 1.04 and 1.12 trillion€ and 3.32 years. Profitable solutions 

are in any cases ensured due to the carbon tax only.   
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Appendix 

 

Table S1 Cost data for capture and compression technologies (Zhang et al., 2018; Nguyen and Zondervan, 

2018) 

Process Material α β γ n m   

investment cost ($/year) 

Absorption MEA 7719 67871 901.000 0.660 0.800   

Absorption PZ 0 59956 226.932 0.566 0.800   

PSA 13X 220462 26720 895.262 0.508 0.804   

PSA AHT 214535 17833 4607.297 0.744 0.813   

PSA MVY 162447 22468 6408.791 1.000 0.797   

PSA WEI 142320 19332 6076.357 0.610 0.779   

VSA 13X 91060 23096 7688.408 0.470 0.763   

VSA AHT 113969 24939 2659.383 0.468 0.786   

VSA MVY 119259 21652 8101.014 1.000 0.795   

VSA WEI 180953 15644 7751.257 0.874 0.802   

Membrane FSC 

PVAm 

177500 16505 18912.000 0.880 0.770   

Membrane POE-1 568 19151 29669.274 0.778 0.735   

Membrane POE-2 53960 19967 28462.417 0.656 0.744   

investment cost (€/year) 

Absorption IL 7590.52 2606878.23 33119.84  0.67   

operating cost ($/year) 

Absorption MEA 0 24088 0 1.000 1.000   

Absorption PZ 0 26825 0 0.945 0.966   

PSA 13X 0 11352 3115.833 1.000 0.974   

PSA AHT 0 7040 983.893 0.626 1.000   

PSA MVY 0 7265 1328.677 0.756 1.000   

PSA WEI 0 6398 1257.721 0.554 0.991   

VSA 13X 0 8167 1580.419 0.590 0.985   

VSA AHT 0 8545 1725.654 0.842 0.996   

VSA MVY 0 9117 1839.193 1.000 1.000   

VSA WEI 0 7378 1493.500 0.753 1.000   

Membrane FSC 

PVAm 

0 11619 0 0.210 1.000   

Membrane POE-1 0 12798 0 0.134 0.980   

Membrane POE-2 0 13556 0 0.135 0.984   

operating cost (€/year) 

Absorption IL 33172.59 897224.41 187421.22  0.65   
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Table S2 Distance between German carbon sources and wheat utilization 

sites (Distance, 2019) 

CO2 Source CO2 Utilization Distance (km) 

 

Northrhine-Westphalia  Düsseldorf Munich 486.91 

Bavaria Munich Munich 0 

Baden-Württemberg  Stuttgart Munich 190.53 

Lower Saxony Hannover Munich 488.69 

Brandenburg Potsdam Munich 485.67 

Saxony Dresda Munich 359.59 

Hesse Wiesbaden Munich 324.7 

Saxony-anhalt  Magdeburg Munich 443.86 

Berlin Berlin Munich 504.92 

Saarland  Saarbrücken Munich 356.65 

    

CO2 Source CO2 Utilization Distance (km) 

Northrhine-Westphalia  Düsseldorf Hannover 239.96 

Bavaria Munich Hannover 488.69 

Baden-Württemberg  Stuttgart Hannover 401.45 

Lower Saxony Hannover Hannover 0 

Brandenburg Potsdam Hannover 226.24 

Saxony Dresda Hannover 312.58 

Hesse Wiesbaden Hannover 274.66 

Saxony-anhalt  Magdeburg Hannover 131.9 

Berlin Berlin Hannover 249.91 

Saarland  Saarbrücken Hannover 398.02 

Table S3 Distance between German carbon sources and concrete curing 

utilization sites (Distance, 2019) 

CO2  Source CO2 Utilization Distance (km) 

Northrhine-Westphalia  Düsseldorf Hannover 239.96 

Bavaria Munich Hannover 488.69 

Baden-Württemberg  Stuttgart Hannover 401.45 

Lower Saxony Hannover Hannover 0 

Brandenburg Potsdam Hannover 226.24 

Saxony Dresda Hannover 312.58 

Hesse Wiesbaden Hannover 274.66 

Saxony-anhalt  Magdeburg Hannover 131.9 

Berlin Berlin Hannover 249.91 

Saarland  Saarbrücken Hannover 398.02 

    

CO2  Source CO2 Utilization Distance (km) 

Northrhine-Westphalia  Düsseldorf Ennigerloh 109.93 

Bavaria Munich Ennigerloh 483.28 

Baden-Württemberg  Suttgart Ennigerloh 349.82 

Lower Saxony Hannover Ennigerloh 130.94 

Brandenburg Potsdam Ennigerloh 349.81 

Saxony Dresda Ennigerloh 405.45 

Hesse Wiesbaden Ennigerloh 195.66 

Saxony-anhalt  Magdeburg Ennigerloh 248.97 

Berlin Berlin Ennigerloh 375.12 

Saarland  Saarbrücken Ennigerloh 298.33 
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Table S4  Distance between German carbon sources and lignin utilization 

sites (Distance, 2019) 

CO2  Source CO2 Utilization Distance (km) 

Northrhine-Westphalia  Düsseldorf Koeln  48.62 

Bavaria Munich Koeln  473.42 

Baden-Württemberg  Stuttgart Koeln  321.21 

Lower Saxony Hannover Koeln  191.65 

Brandenburg Potsdam Koeln  403.69 

Saxony Dresda Koeln  443.66 

Hesse Wiesbaden Koeln  161.46 

Saxony-anhalt  Magdeburg Koeln  301.58 

Berlin Berlin Koeln  429.73 

Saarland  Saarbrücken Koeln  245.87 

    

CO2  Source CO2 Utilization Distance (km) 

Northrhine-Westphalia  Düsseldorf Münchsmünster 445.13 

Bavaria Munich Münchsmünster 70.07 

Baden-Württemberg  Stuttgart Münchsmünster 183.74 

Lower Saxony Hannover Münchsmünster 424.28 

Brandenburg Potsdam Münchsmünster 415.96 

Saxony Dresda Münchsmünster 293.85 

Hesse Wiesbaden Münchsmünster 288.72 

Saxony-anhalt  Magdeburg Münchsmünster 374.28 

Berlin Berlin Münchsmünster 435.57 

Saarland  Saarbrücken Münchsmünster 345.2 

 

 

Table S5 Distance between German carbon sources and polyurethane 

utilization sites (Distance, 2019) 

CO2  Source CO2 Utilization Distance (km) 

Northrhine-Westphalia  Düsseldorf Schwarzheide 492.39 

Bavaria Munich Schwarzheide 405.84 

Baden-Württemberg  Stuttgart Schwarzheide 448.43 

Lower Saxony Hannover Schwarzheide 299.7 

Brandenburg Potsdam Schwarzheide 115.99 

Saxony Dresda Schwarzheide 48.06 

Hesse Wiesbaden Schwarzheide 423.55 

Saxony-anhalt  Magdeburg Schwarzheide 169.39 

Berlin Berlin Schwarzheide 120.33 

Saarland  Saarbrücken Schwarzheide 545.9 

    

CO2  Source CO2 Utilization Distance (km) 

Northrhine-Westphalia  Düsseldorf Leverkusen  26.06 

Bavaria Munich Leverkusen  461.49 

Baden-Württemberg  Stuttgart Leverkusen  295.8 

Lower Saxony Hannover Leverkusen  240.72 

Brandenburg Potsdam Leverkusen  445.38 

Saxony Dresda Leverkusen  471.92 

Hesse Wiesbaden Leverkusen  138.22 

Saxony-anhalt  Magdeburg Leverkusen  343.07 

Berlin Berlin Leverkusen  471.93 

Saarland  Saarbrücken Leverkusen  200.2 
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Table S6 Distance between German carbon sources and calcium carbonate 

utilization sites (Distance, 2019) 

CO2 Source CO2 Utilization Distance (km) 

Northrhine-Westphalia  Düsseldorf Salzgitter 271.44 

Bavaria Munich Salzgitter 454.67 

Baden-Württemberg  Stuttart Salzgitter 385.83 

Lower Saxony Hannover Salzgitter 52.16 

Brandenburg Potsdam Salzgitter 182.34 

Saxony Dresda Salzgitter 260.42 

Hesse Wiesbaden Salzgitter 275.86 

Saxony-anhalt  Magdeburg Salzgitter 82.92 

Berlin Berlin Salzgitter 207.62 

Saarland  Saarbrücken Salzgitter 404.11 

    

CO2 Source CO2 Utilization Distance (km) 

Northrhine-Westphalia  Düsseldorf Bremen 248.08 

Bavaria Munich Bremen 582.82 

Baden-Württemberg  Stuttgart Bremen 478.63 

Lower Saxony Hannover Bremen 100.15 

Brandenburg Potsdam Bremen 296.41 

Saxony Dresda Bremen 405.3 

Hesse Wiesbaden Bremen 335.09 

Saxony-anhalt  Magdeburg Bremen 217.77 

Berlin Berlin Bremen 315.56 

Saarland  Saarbrücken Bremen 445.39 

 

 

Table S7 Distance between German carbon sources and urea utilization sites 

(Distance, 2019) 

CO2  Source CO2 Utilization Distance (km) 

Northrhine-Westphalia  Düsseldorf Kassel 189.8 

Bavaria Munich Kassel 383.78 

Baden-Württemberg  Stuttgart Kassel 283.25 

Lower Saxony Hannover Kassel 118.31 

Brandenburg Potsdam Kassel 272.89 

Saxony Dresda Kassel 296.94 

Hesse Wiesbaden Kassel 163.11 

Saxony-anhalt  Magdeburg Kassel 172.22 

Berlin Berlin Kassel 299.97 

Saarland  Saarbrücken Kassel 291.63 

    

CO2  Source CO2 Utilization Distance (km) 

Northrhine-Westphalia  Düsseldorf Hagen 50.68 

Bavaria Munich Hagen 463.82 

Baden-Württemberg  Stuttgart Hagen 311.73 

Lower Saxony Hannover Hagen 191.75 

Brandenburg Potsdam Hagen 400.95 

Saxony Dresda Hagen 437.81 

Hesse Wiesbaden Hagen 152.05 

Saxony-anhalt  Magdeburg Hagen 298.7 

Berlin Berlin Hagen 427.16 

Saarland  Saarbrücken Hagen 238.72 
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Table S8 Distance between German carbon sources and methanol utilization 

sites (Distance, 2019) 

CO2  Source CO2 Utilization Distance (km) 

Northrhine-Westphalia  Düsseldorf Leuna 364.93 

Bavaria Munich Leuna 355.8 

Baden-Württemberg  Stuttgart Leuna 348.16 

Lower Saxony Hannover Leuna 195.55 

Brandenburg Potsdam Leuna 139.55 

Saxony Dresda Leuna 123.6 

Hesse Wiesbaden Leuna 299.26 

Saxony-anhalt  Magdeburg Leuna 93.42 

Berlin Berlin Leuna 164.11 

Saarland  Saarbrücken Leuna 425.17 

    

CO2  Source CO2 Utilization Distance (km) 

Northrhine-Westphalia  Düsseldorf Wesseling 46.88 

Bavaria Munich Wesseling 446.45 

Baden-Württemberg  Stuttgart Wesseling 276.85 

Lower Saxony Hannover Wesseling 256.22 

Brandenburg Potsdam Wesseling 454.96 

Saxony Dresda Wesseling 473.96 

Hesse Wiesbaden Wesseling 121.84 

Saxony-anhalt  Magdeburg Wesseling 352.89 

Berlin Berlin Wesseling 481.75 

Saarland  Saarbrücken Wesseling 177.08 

 

 

Table S9 Distance between German carbon sources and concrete by red mud 

utilization sites (Distance, 2019) 

CO2 Source CO2 Utilization Distance (km) 

Northrhine-Westphalia  Düsseldorf Hamburg 338.62 

Bavaria Munich Hamburg 612.55 

Baden-Württemberg  Stuttgart Hamburg 534.12 

Lower Saxony Hannover Hamburg 132.71 

Brandenburg Potsdam Hamburg 242.59 

Saxony Dresda Hamburg 377.26 

Hesse Wiesbaden Hamburg 404.2 

Saxony-anhalt  Magdeburg Hamburg 192.97 

Berlin Berlin Hamburg 255.73 

Saarland  Saarbrücken Hamburg 523.16 

    

CO2 Source CO2 Utilization  Distance (km) 

Northrhine-Westphalia  Düsseldorf Rackwitz 390.28 

Bavaria Munich Rackwitz 371.16 

Baden-Württemberg  Stuttgart Rackwitz 373.32 

Lower Saxony Hannover Rackwitz 209.61 

Brandenburg Potsdam Rackwitz 117.15 

Saxony Dresda Rackwitz 103.5 

Hesse Wiesbaden Rackwitz 327.33 

Saxony-anhalt  Magdeburg Rackwitz 93.05 

Berlin Berlin Rackwitz 140.22 

Saarland  Saarbrücken Rackwitz 453.12 
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Table S10 Distance between German carbon sources and storage site 

(Distance, 2019) 

CO2 Source CO2  Storage  Distance (km) 

Northrhine-Westphalia Düsseldorf Altmark  371.31 

Bavaria Munich Altmark  527.64 

Baden-Württemberg Stuttgart Altmark  484.29 

Lower Saxony Hannover Altmark  131.63 

Brandenburg Potsdam Altmark  118.96 

Saxony Dresda Altmark  255.17 

Hesse Wiesbaden Altmark  383.76 

Saxony-anhalt Magdeburg Altmark  84.28 

Berlin Berlin Altmark  135.32 

Saarland Saarbrücken Altmark  512.5 
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Figure S4 Results of CCUS supply chain design considering 10% of national demand of produced chemical 

compounds  

 

Figure S5 Results of CCUS supply chain design considering 20% of national demand of produced chemical 

compounds 

 

Figure S6 Results of CCUS supply chain design considering 30% of national demand of produced chemical 

compounds 
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Figure S7 Results of CCUS supply chain design considering 40% of national demand of produced chemical 

compound 

 

Figure S8 Results of CCUS supply chain design considering 50% of national demand of produced chemical 

compounds 

 

Figure S9 Results of CCUS supply chain design considering 60% of national demand of produced chemical 

compounds 
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Figure S10 Results of CCUS supply chain design considering 70% of national demand of produced 

chemical compounds 

 

Figure S11  Results of CCUS supply chain design considering 80% of national demand of produced 

chemical compounds 

 

Figure S12 Results of CCUS supply chain design considering 100% of national demand of produced 

chemical compounds 
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Nomenclature 

 

Indices 

i = carbon dioxide source 

j = carbon dioxide capture system 

k = carbon dioxide storage sites and complementary utilization section 

m = methanol production site 

c = concrete production site 

w = wheat production site 

l = lignin production site 

p = polyurethane production site 

cc = calcium carbonate production site 

u = urea production sit 

cr = concrete by red mud production sit 

Abbreviations 

AIMMS = advanced interactive multidimensional modeling system 

CC = carbon dioxide capture and compression capture costs [€/year] 

CCUS = carbon capture utilization and storage [€/year] 

CCP = calcium carbonate production costs 

CCR = capital cost recovery 

CDC = flue gas dehydration costs [€/year] 

CIC = carbon dioxide capture and compression investment costs [€/year] 

COC = carbon dioxide capture and compression operative costs [€/year] 

CP = concrete curing production costs [€/year] 

CRP = concrete by red mud production costs [€/year] 

Fi/F = flue gas flow rate from source i [mol/s] 

GHG = greenhouse gas  

IC = maximum injection capacity per well [ton/year] 

LP = lignin production costs [€/year] 

MEA = monoethanolamine 

MILP = mixed integer linear programming 
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Nbuild
well  = number of well 

NPV = net present value [€] 

PBP = payback period [year] 

PP = polyurethane production costs [€/year] 

PSA = pressure swing adsorption 

PZ = piperazine 

SC = carbon dioxide storage costs [€/year] 

SIC = carbon dioxide storage investment costs [€] 

SOC = carbon dioxide storage operative costs [€/year] 

TC = carbon dioxide transportation costs [€/year] 

TH = time horizon 

TIC = carbon dioxide transportation investment costs [M€] 

TOC = carbon dioxide transportation operative costs [M€/year] 

UP = urea production costs [€/year] 

WP = wheat production costs [€/year] 

Parameters 

b = parameter in SIC [M€] 

Calcium Carbonatedem = national calcium carbonate demand [ton/year] 

Concretedem = national concrete demand [ton/year] 

Concrete by red muddem = national concrete by red mud demand [ton/year] 

Ck
max = maximum storage capacity at the storage site k [ton] 

CRmin = minimum target for carbon dioxide reduction [ton/year] 

CSi = total carbon dioxide emission from each source i [ton/year] 

Di,k/Di,c/Di,w/Di,p/Di,cc/Di,u/Di,m/Di,cr/Di,l = distance from source i to storage k/concrete c/wheat 

w/polyurethane p/calcium carbonate cc/urea u/methanol m/concrete by red mud/lignin l production site 

[km]    

dwell = depth of well [km] 

Fi/F = flue gas flow rate from each source i [mol/s] 

Ft = terrestrial factor 

Lignindem = national lignin demand [ton/year] 

m = parameter in SIC [M€/km], CIC and COC 
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MeOHdem = national methanol demand [ton/year] 

n = parameter in CIC and COC 

Polyurethanedem = national polyurethane demand [ton/year] 

X = parameter equal to 1 if carbon dioxide is transported to a specific utilization site 

xCO2 = carbon dioxide molar fraction  

XSi = carbon dioxide composition in the flue gas emission from source i [mol%] 

XLi = lowest carbon dioxide composition processing limit for capture plant j [mol%] 

XHi = highest carbon dioxide composition processing limit for capture plant j [mol%] 

Ureadem = national urea demand [ton/year] 

Wheatdem = national wheat demand [ton/year] 

Variables 

Binary 

Xi,j,k = 1 if carbon dioxide is captured from source i with technology j and sent to storage site k, otherwise 

0 

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

otherwise 0 

Continuous 

Calcium carbonatei,j,cc = fraction of captured carbon dioxide from source i with technology j sent to 

calcium carbonate production site cc 

Concrete by red mudi,j,cr = fraction of captured carbon dioxide from source i with technology j sent to 

concrete production site by red mud cr 

Concretei,j,c = fraction of captured carbon dioxide from source i with technology j sent to concrete 

production site c 

FRi,j,k = fraction of captured carbon dioxide from source i with technology j sent to storage site k 

Lignin,I,j,l = fraction of captured carbon dioxide from source i with technology j sent to lignin production 

site l 

Methanoli,j,m = fraction of captured carbon dioxide from source i with technology j sent to methanol 

production site m 

Polyurethanei,j,p = fraction of captured carbon dioxide from source i with technology j sent to 

polyurethane  production site p 

Ureai,j,u = fraction of captured carbon dioxide from source i with technology j sent to urea production site 

u 

Utilizationi,j,k = fraction of captured carbon dioxide from source i with technology j sent to overall 

utilization site k 
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Wheati,j,w = fraction of captured carbon dioxide from source i with technology j sent to wheat production 

site w 

Greek letters 

α = parameter in CIC and COC 

αt = parameter in TIC 

β = parameter in CIC and COC 

βt = parameter in TIC 

γ = parameter in CIC and COC 
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Chapter V 

 

Development of a CCUS supply chain for Italy 

The mathematical model for the design of a carbon capture utilization and storage supply chain is applied 

for Italy in this chapter. The Mixed Integer Linear Programming model is considered, to minimize the total 

costs and reduce significantly carbon dioxide emissions, as required by national objectives to mitigate 

climate change. Carbon dioxide can be stored or utilized to produce through a power to gas system methane 

that is fed to the gas grid. In particular, different carbon capture utilization and storage supply chains with 

different storage sites (saline aquifers) are taken into account. Results show that the framework with the 

off-shore Adriatic sea as storage site is the most appropriate system, due to a low supply chain cost and 

the lowest level of economic incentives, as compared to other cases. The total costs of this supply chain are 

7.34·104 million €/year (953 €/tonCO2 captured) and 16.1 Mton/year of methane are produced. The 

suggested supply chain does not result economically favorable without substantial financial incentives (80 

€/tonCO2 for carbon tax and 260 €/MWh for methane production). Comparing the developed supply chains 

that include simultaneous utilization and storage of carbon dioxide with a carbon capture and utilization 

supply chain shows that the latter is economically less favorable. 

 

V.1 Introduction 

The strategic actions for Italy to reduce greenhouse gas emissions (GHG) are as follows: further 

dissemination of renewable energies, promoting of energy-efficiency projects that maximize sustainability 

benefits with the de-carbonization of energy system, doubling public investments allocated for research and 

development of clean-energy technologies, from € 222 million in 2013 to € 444 million in 2021. Also, it is 

necessary to reduce the final energy consumption by a total of 10 Mtoneq, 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 processes can contribute to 

achieve the above objectives, exploiting renewable energies, reducing carbon dioxide (CO2) emissions and 

also satisfying the national methane (CH4) demand (Parra et al., 2017). In a power to gas system, renewable 

electric energy can be transformed into storable CH4 via electrolysis and subsequent CO2 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, reducing CO2 emissions. It is clear that, these systems 

will have an important role inside the green and circular economy (Styring et al., 2011). 

Studies related to the applicability of a power to gas process in Italy are published in the literature. In 

Guandalini et al. (2017), the potential application of a power to gas system using renewable energies is 

considered for the near future of Italy. In Colbertaldo et al. (2018) the role of a power to gas system in an 

integrated multi-energy system (especially transport sector) is studied.  
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The integration of a power to gas system in a carbon capture utilization (CCUS) supply chain has not been 

considered in the literature before. These considerations bring to the development of a CCUS supply chain 

integrated to a power to gas system in Italy. Moreover, the production of CH4 is specifically selected for 

the Italian regions because the potential production of methanol (CH3OH), 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 CH4 demand, producing methane by hydrogenation of CO2. In addition, an existing 

capillary network for CH4 distribution is present in Italy.  

For the supply chain, ten Italian regions, those with grater CO2 emissions, are selected as CO2 sources, 

Verbania is selected as the utilization site with a power to gas plant, while different saline aquifers (Malossa 

San Bartolomeo, Pesaro sea, off-shore Adriatic sea, Cornelia, off-shore Marche, off-shore Calabria ionic 

sea, Sulcis area) are selected as potential storage sites. Seven CCUS supply chain configurations, each with 

a different storage site, are considered to be described through a deterministic Mixed Integer Linear 

Programming (MILP) model. Another point of strength for this work is the comparative evaluation of the 

different carbon supply chains, each of them with different storage sites, and the comparison with a carbon 

capture utilization (CCU) system to understand the importance of the storage site in the management of 

CO2. 

 

V.2 Model development 

V.2.1 Problem statement 

For the developed carbon supply chain, the following assumptions are made:  

- capture plants and CO2 sources are located at the same place, to avoid the transportation of flue gas 

from CO2 source to capture treatment sites; 

- one to one coupling: one source node can be connected to only one capture node in the storage and 

utilization section and each capture node can receive from only one source node (Kalyanarengan 

Ravi et al., 2017);  

- CO2 is transported from source to storage and utilization sites always via pipeline, chosen as the 

most efficient system; 

- CH4 is produced by the catalytic Sabatier reaction with complete CO2 hydrogenation, in a power to 

gas system, where hydrogen (H2) is produced by water electrolysis through proton exchange 

membrane (PEM) electrolyzer using renewable power energy, as solar 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; ENI, 2019); 
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- 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 CH4 that is produced from the captured 

CO2 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;  

- CH4  production is constant over time due to the stationary conditions and it is sent to the gas grid;  

- CH4 produced in the CO2 utilization section can be sold at a stable price, set by market; 

- distances between source and utilization/storage sites are calculated from their latitude and 

longitude (Kalyanarengan Ravi et al., 2017);  

- the profitability of the framework is estimated by evaluating CH4 production cost, including also 

the electrolyzer process; 

- only one storage and utilization site are considered for each supply chain due to the high storage 

capacity and high assumed production capacity;  

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

information is provided:  

-  CO2 sources: locations, yearly CO2 emissions, CO2 composition and flow rate of flue gases (Green 

report, 2017; Green, 2014); 

- CO2 capture and compression technologies: used materials and costs (Nguyen and Zondervan, 

2018; Zhang et al., 2018); 

- CO2 transportation: costs and distances (Serpa et al., 2011; Distance, 2019); 

-  power to gas plant: location and CH4 production cost (Reichert, 2012; Renewable Energy, 2012);  

-  CO2 storage sites: location, type, capacity and costs (Hendriks, 1994; Hasan et al., 2014; Donda et 

al., 2011; Plaisant et al., 2017; Moia et al., 2012); 

The model so developed allows to decide which CO2 sources to use from a given set of sources and the 

yearly CO2 flow rate to be captured from each selected source; which technology and material combinations 

should be used for the CO2 capture process from each selected source; the amount of captured CO2 sent to 

the storage and utilization and the amount of produced CH4.   

The objective function minimizes the total costs, including CO2 capture and compression costs, CO2 

transportation costs, CO2 storage costs, CH4 production costs via power to gas.  

V.2.2 CCUS supply chain model 

To develop a mathematical model as a MILP model for each CCUS and CCU supply chain, sets, 

parameters, variables, constraints, equations and the objective function should be defined, as in the 
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following sections. AIMMS (Advanced Interactive Multidimensional Modeling System) software is used 

to model the supply chains analyzed in this study.  

V.2.2.1 Sets 

Sets are considered to define each element inside the supply chain. CO2 sources are indicated by “i”, CO2 

capture technologies are indicated by “j”, while CO2 geological storage and utilization sites are indicated 

by “k”.  

V.2.2.2 Parameters 

Several parameters are used in the suggested model, as the following: CRmin , the minimum target for the 

overall CO2 reduction (ton/year); CSi , the total CO2 emission from each source i (ton/year); Fi , the total 

flue gas flow rate from each source i (mol/s); XSi, CO2 composition in the flue gas from source i (mol%); 

XLi, the lowest CO2 composition processing limit for the capture plant j (mol%); XHi, the highest CO2 

composition processing limit for the capture plant j (mol%); Ck
max, the maximum storage capacity at the 

storage site k (ton); 

V.2.2.3 Variables 

To select a specific CO2 source, a CO2 capture plant and a CO2 storage site a binary variable Xi,j,k is 

introduced (1, if CO2 from source ‘i’ is captured using a technology/material combination in capture plant 

‘j’ and is stored in storage site ‘k’; 0, otherwise). To choose the CO2 capture technology/material a binary 

variable Yi,j,k is used (1 if CO2 is captured from source ‘i’, with capture technology/material ‘j’ and it is sent 

to the storage/utilization site ‘k’; 0 otherwise). To determine the CO2 fraction that is captured from each 

source, 0-1 continuous variables are used: FRi,j,k (the fraction of CO2 captured from source ‘i’ using capture 

plant ‘j’ and stored to the storage site ‘k’), MRi,j,k (the fraction of CO2 captured from source ‘i’ using capture 

plant ‘j’ and processed in the methane production site ‘k’).  

V.2.2.4 Constraints 

The following constraint for Xi,j,k, the variable defined above, ensures that the captured CO2 is not divided 

in many storage sites (see Eq. V.1)  

∑ 𝑋𝑖,𝑗,𝑘 ≤ 1

(𝑗,𝑘)∈(𝐽,𝐾)

            ∀ 𝑖 ∈ 𝐼                                                             (𝑉. 1) 

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 storage capacity that should be not exceeded through the following 

constraint (see Eq. V.2): 
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∑ 𝐶𝑆𝑖 ∙ 𝐹𝑅𝑖,𝑗,𝑘 ≤
𝐶𝑘

𝑚𝑎𝑥

𝑇𝐻
(𝑗,𝑖)∈(𝐽,𝐼)

            ∀     𝑘 ∈ 𝐾                                     (𝑉. 2) 

where CSi is the total CO2 emission from source ‘i’, Ck
max is the maximum storage capacity of the storage 

site ‘k’, TH is the time horizon of supply chain in year and FRi,j,k is the continuous variable defined above. 

To achieve the minimum target related to CO2 emissions reduction, the following constraint is used (see 

Eq. V.3): 

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

(𝑖,𝑗,𝑘)∈(𝐼,𝐽,𝐾)

                                              (𝑉. 3) 

where CSi is the total CO2 emission from source ‘i’, FRi,j,k and MRi,j,k are the continuous variables defined 

above and CRmin is the minimum target for CO2 emission reduction. 

For each selected source, no more than 90% of CO2 is captured, then the following constraint is set (see 

Eq. V.4)  

∑ 𝐹𝑅𝑖,𝑗,𝑘 + 𝑀𝑅𝑖,𝑗,𝑘 ≤ 0.9

𝑗 ∈ 𝐽

           ∀ (𝑖, 𝑘)  ∈ (𝐼, 𝐾)                                  (𝑉. 4) 

where FRi,j,k and MRi,j,k are the continuous variables defined above.  

Not all the considered technologies can be used to capture CO2 from all sources with a product purity of 

90% for CO2 (Kalayanarengan Ravi et al., 2017). This depends on the composition of CO2 in the feed, and 

the following constraint is considered (see Eq. V.5):   

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

(𝑘)∈(𝐾)

                     ∀ (𝑖, 𝑗)  ∈ (𝐼, 𝐽)                 (𝑉. 5) 

where XSi is CO2 composition in flue gas emission from source “i”, XLj is the lowest CO2 composition 

processing limit for the capture technology “j”, XHj is the highest CO2 composition processing limit for the 

capture technology “j” (mol%). This specific for CO2 purity is assumed for the storage site, while for the 

utilization site the required purity is achieved in the methanol production site.  

Only one capture technology/material should be selected for each CO2 source in the utilization and storage 

section, then the following constraint is set (see Eq. V.6): 

∑ 𝑌𝑖,𝑗,𝑘

(𝑗,𝑘)∈(𝐽,𝐾)

≤ 1                 ∀  𝑖 ∈ 𝐼                                                       (𝑉. 6) 

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

considering the following constrains (see Eqs. V.7-V.8):   

0 ∙ 𝑌𝑖,𝑗,𝑘  ≤ 𝑀𝑅𝑖,𝑗,𝑘 ≤ 0.9 ∙ 𝑌𝑖,𝑗,𝑘                       ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                               (𝑉. 7) 
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0 ∙ 𝑋𝑖,𝑗,𝑘  ≤ 𝐹𝑅𝑖,𝑗,𝑘 ≤ 0.9 ∙ 𝑋𝑖,𝑗,𝑘                       ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                               (𝑉. 8) 

where FRi,j,k, Xi,j,k, MRi,j,k and Yi,j,k are already defined, while 0.9 is used because at most 90% of CO2 is 

captured from each CO2 source.  

The national annual CH4 demand of 70.9 billion m3/year (46.5 Mton/year) (Alverà, 2017), is not a constraint 

of practical relevance, because the overall amount of captured CO2 is not enough to produce CH4 at this 

rate.  

V.2.2.5 Equations 

The total CO2 capture and compression costs (€/year) are obtained by the following relation (see Eq. V.9): 

𝐶𝐶𝑖,𝑗,𝑘 = 𝐶𝐷𝐶𝑖,𝑗,𝑘 + 𝐶𝐼𝐶𝑖,𝑗,𝑘 + 𝐶𝑂𝐶𝑖,𝑗,𝑘           ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                      (𝑉. 9) 

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

operating costs. Generally, the saturated flue gas is dehydrated via tri-ethylene glycol absorption with a 

cost of 9.28 € per ton of CO2 (including capital and investment costs) (Kalayanarengan Ravi et al., 2017). 

For amine absorption, no dehydration is necessary. The investment and operating costs (€/year) are a 

function of flue gas flow rate and CO2 composition and are provided by the following correlations (Zhang 

et al., 2018) (see Eqs. V.10-V.11): 

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)           (𝑉. 10) 

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)      (𝑉. 11) 

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 and material (see table S1 of chapter IV), xCO2,i is CO2 composition in flue gas from source “i”, Fi,j,k 

is flue gas flow rate in mol/s, Yi,j,k  is the binary variable defined above. For absorption with ionic liquids, 

different correlations for the investment and operating costs (€/year) are used, respectively, as follows 

(Nguyen and Zondervan, 2018) (see Eq. V.12-V.13): 

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)    (𝑉. 12) 

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

𝑚𝑂,𝑗
       ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)    (𝑉. 13) 

where 𝛼𝐼,𝑗, 𝛼𝑜,𝑗, 𝛽𝐼,𝑗, 𝛽𝑜,𝑗, 𝛾𝐼,𝑗 , 𝛾𝑜,𝑗, 𝑚𝑜,𝑗, 𝑚𝐼,𝑗 are fixed parameters (see table S1 of chapter IV), xCO2,i is 

CO2 composition in flue gas from source “i”, Fi,j,k is flue gas flow rate in mol/s and Yi,j,k  is the binary 

variable defined above.  

A linear model for CO2 transportation costs is used, as proposed by Serpa et al. (2011). The total costs 

(M€/year) comprise the investment costs (TICi,j,k) and the operating costs (TOCi,j,k) according to the 

following equation (see Eq. V.14):  
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𝑇𝐶𝑖,𝑗,𝑘 = 𝐶𝐶𝑅·𝑇𝐼𝐶𝑖,𝑗,𝑘 + 𝑇𝑂𝐶𝑖,𝑗,𝑘               ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                              (𝑉. 14) 

with CCR the capital cost recovery factor, calculated at an interest rate of 10% and 25 years, while other  

terms (respectively in M€ and M€/year) are (see Eqs. V.15-V.16): 

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)   (𝑉. 15) 

𝑇𝑂𝐶𝑖,𝑗,𝑘 = 4% ∙ 𝑇𝐼𝐶𝑖,𝑗,𝑘                  ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                       (𝑉. 16) 

where αt is 0.019 and βt  is 0.533 (Serpa et al., 2011), Di,k and Pi,k are the distance between source and storage 

sites and between source and utilization sites respectively,FT 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 process 

(Dahowski et al., 2004), Xi,j,k is the binary variable defined before, Pi,j,k is a parameter with a value of 1 if 

CO2 is transported to the utilization section, CSi is the amount of CO2 in Mton/year. The operational costs 

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

The total CO2 storage costs (€/year) comprise the investment costs (SICk) (€) and the operating costs (SOCk) 

(€/year), as in the following relation (see Eq. V.17): 

𝑆𝐶𝑘 = 𝐶𝐶𝑅·𝑆𝐼𝐶𝑘 + 𝑆𝑂𝐶𝑘                             ∀ 𝑘 ∈ 𝐾                               (𝑉. 17) 

with CCR defined above, where the investment costs are calculated as (Hendriks, 1994) (see Eq. V.18):  

𝑆𝐼𝐶𝑘 = (𝑚 ∙ 𝑑𝑤𝑒𝑙𝑙 + 𝑏) ∙ 𝑁𝑤𝑒𝑙𝑙
𝑏𝑢𝑖𝑙𝑑

𝑘
                            ∀ 𝑘 ∈ 𝐾                  (𝑉. 18) 

where m and b are parameters corresponding to 1.53 M€/km and 1.23 M€ respectively (Ochoa Bique, 

2018),  dwell is the depth of the well, and 𝑁𝑤𝑒𝑙𝑙
𝑏𝑢𝑖𝑙𝑑 is the number of wells which need to be built (Hasan et al., 

2014) (see Eq. V.19):  

𝑁𝑤𝑒𝑙𝑙
𝑏𝑢𝑖𝑙𝑑

𝑘
=  

∑ 𝐶𝑆𝑖 ∙ 𝐹𝑅𝑖,𝑗,𝑘(𝑖,𝑗)∈(𝐼,𝐽)

𝐼𝐶
                  ∀ 𝑘 ∈ 𝐾                              (𝑉. 19) 

as a function of stored CO2 and of maximum injection capacity per well. The operating costs (€/year) are 

4% of investment costs (Kalayanarengan Ravi et al., 2017) (see Eq. V.20):  

𝑆𝑂𝐶𝑘 = 4% ∙ 𝑆𝐼𝐶𝑘                               ∀ 𝑘 ∈ 𝐾                                      (𝑉. 20) 

CH4 production costs 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). These high costs are 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 of CH4 production costs and for an electricity cost of the same order of the Italian value, 

the considered CH4 production costs are suggested. Ma et al. (2018) report that CH4 generation costs via 
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power to gas are between 13.5 €/kWh and 17 €/kWh in 2014, based on the electric price of 5 €/kWh. When 

the cost of electricity in Italy is taken into account, the value of 364 €/MWh is obtained for the CH4 

production costs. This last value is comparable with that reported by Reichert (2012). 

Reichert (2012) shows also that the production costs of 1 MWh of H2 via electrolysis are 209 €. Considering 

that to produce 1 MWh of CH4, 1.19 MWh of H2 are required, the corresponding costs for H2 are 250 €. 

Then, 83% of CH4 production costs has to be related to H2 costs. Of course, lower H2 production costs 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.   

V.2.2.6 Objective function 

The objective function of carbon supply chain considering the minimization of the total costs is given as 

(see Eq. V.21): 

∅ =  ∑ 𝐶𝐶𝑖,𝑗,𝑘 + 𝑇𝐶𝑖,𝑗,𝑘 + 𝐶𝐻4𝑃𝑘 + 𝑆𝐶𝑘

(𝑖,𝑗,𝑘)

                                              (𝑉. 21) 

where CCi,j,k are CO2 capture and compression costs, TCi,j,k are CO2 transportation costs, SCk are CO2 

storage costs, CH4Pk are CH4 production costs. In the optimized system, the total costs are minimized with 

the constraint to safeguard the reduction of CO2 emissions required by the climate change issue.  

V.2.3 Case study 

The trend of CO2 emissions in Italy is shown in Figure V.1, where CO2 emissions include power industry, 

additional industrial combustion, non-combustion, buildings and transport emissions.  

 

 

Figure V.1 Trend of carbon dioxide emissions in Italy by sector (Green report, 2017) 
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Even if CO2 emissions in 2016 were lower compared to 1990, in absolute terms (352 Mton CO2 in 2016 

against 423 Mton CO2 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 CO2/kUSD in 1990), a 

CO2 reduction trend could not be found since 2014 (Green report, 2017). In fact, since 2014 CO2 emissions 

have increased, and in 2015 CO2 emissions increased by 1.3% compared to 2014.  

Actually, the national target for CO2 emissions in 2030 is 275 MtonCO2/year (Gracceva et al., 2017).  

Ten Italian regions, those with higher CO2 emissions, are selected as sources for the supply chain, as shown 

in Table V.1.  

 

Table V.1 Data about CO2 source sites for the selected Italian regions inside the supply chain (Green, 2014; 

Zhang, 2018) 

CO2 source 
CO2 emissions 

(Mton/year) 

CO2 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 

 

 

The nodes for the framework are located at the capital cities of each region (selected as CO2 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 CO2 storage sites are selected for the CCUS supply chains: Malossa San Bartolomeo, Pesaro sea, 

off-shore Adriatic sea, Cornelia, off-shore Marche, off-shore Calabria ionic sea, Sulcis area are the storage 

sites, as shown in Figure V.2 (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 CO2 above the critical point. CO2 storage in saline aquifers is considered as a suitable 

technology, probably because it provides the largest potential storage volume (Bachu, 2000; Burnol et al., 

2015). Generally, the estimation of storage capacity in saline aquifers is very complex due to different 

physical and chemical trapping mechanisms, that simultaneously occur at different rates and timescales 

(Bradshaw et al., 2007). Table V.2 characterizes each CO2 storage site, defining the storage capacity, depth 

of well and maximum injection capacity.  
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Figure V.2 CO2 storage and CO2 utilization sites of CCUS and CCU supply chains 

 

Table V.2 Characterization of CO2 storage sites in the CCUS supply chains of Italy (Moia et al., 2012; 

Donda et al., 2011; Plaisant et al., 2017) 

Storage site 
Maximum storage 

capacity (MtonCO2) 

Depth of well 

(m) 

Maximum injection  

capacity (Mton/year) 

Malossa San Bartolomeo  380 1590 0.3 

Pesaro sea 240 1400 0.5 

Off-shore Adriatic sea 820 1400 1 

Cornelia 200 1400 0.5 

Off-shore Marche 400 1270 1 

Off-shore Calabria ionic 100 1280 1 

Area Sulcis 15 1250 0.2 

 

 

Verbania is chosen as CO2 utilization site, replacing an existing biogas plant, producing 27540 m3/day of 

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

is chosen in a site where CH4 could be already produced with a traditional system (the upgrading of biogas). 

Regarding the renewable energy for the electrolyzer system, 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 this region (Colbertaldo et al., 2018; ENI, 2019).  
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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, 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 CO2 between the 

utilization and storage sections. 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 m3/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 V.2, the utilization site chosen for the supply chains is shown on the map of Italy. Overall, the 

study is of course a simplification of the reality and the grid size of supply chain optimization is rather large 

(geographic region). The outcomes of such large grids also lead to “centralized” strategies. 

Distances between stationary CO2 source, utilization and storage sites are provided in Table V.3 (Distance, 

2019). 

 

Table V.3 Distance (km) between CO2 source and storage and utilization sites (Distance, 2019) 

 

Verbania 
Malossa  

San Bartolomeo 

Pesaro 

sea 

Off-shore  

Adriatic sea 
Cornelia 

Off-shore 

 Marche 

Off-shore  

Calabria 

Ionic 

Area  

Sulcis 

Puglia 986.4 894.5 536.8 293.3 493.5 466.3 481.5 1009.2 

Lombardy 102.3 37.6 369.9 577.9 587.3 584.6 1057.3 883.1 

Sicily  1569.2 1477.3 1192.5 1248 1136.2 1109 474.3 465.6 

Lazio 674.5 582.6 300.9 212.2 206.9 303.2 511.4 593.4 

Sardinia 978.8 893.6 912.2 810 815 810.1 942.3  

Veneto 362.2 231.4 297.4 203 326.9 512 1017.4 911.3 

Emilia Romagna 316.6 224.7 235.4 367.3 193.1 231.2 874 760.4 

Piedmont 153 176.1 479.8 720.4 509.9 702.8 1174.3 929.4 

Liguria  220.8 183.3 444.8 670.1 471 660.6 481.8 760.1 

Tuscany 416.7 324.8 255.9 402.1 299 403.7 756 676.4 

 

Regarding capture technology, the absorption using monoethanolamine solution (MEA) at 30wt% or ionic 

liquid (IL) as 1-butyl-3-methylimidazolium acetate ([bmim][Ac]), pressure swing (PSA) and vacuum swing 

(VSA) adsorption using the zeolite 13X, membrane using the fixed-site-carrier (FSC) polyvinyl amine 

(PVAm) are available in the design of supply chains, because these are the most used and more efficient 

(Wang et al., 2011; Nguyen and Zondervan, 2018).  
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V.3 Results and discussion 

The CCUS supply chains taken into account have 7 different CO2 storage sites, with a high storage capacity, 

keeping the same CO2 source and utilization sites. Then, 7 different CCUS supply chains are considered, 

in addition to 1 CCU system.  

To solve the model, CPLEX 12.7.1 is the solver that is selected. 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 V.4, indicating for each considered carbon 

supply chain, the selected CO2 sources, the capture technology/material chosen for each source and the 

amount of CO2 that is stored or used (also shown in Figure V.3). It is possible to see that changing CO2 

storage changes the selected carbon capture technology/material inside the supply chain. In fact, the 

different storage sites have different characteristics influencing, in addition to the different distances, the 

terms inside the objective function and then the results.  

 

Table V.4 Topology of CCUS and CCU supply chains (*For the number see Table V.1) 

Storage site 
Destination of captured CO2 - 

Regions of Capture 

Capture technology in each 

Region 

Yearly rate of CO2 

captured in each Region  

(Mton/year) 

Malossa san Bartolomeo 

(a) 

Utilization 1, 7, 8 

1=Membrane 

7=MEA absorption 

8=MEA absorption 

1=24.4 

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 

Off-shore 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 

Off-shore 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 
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Table V.4 (Continued)    

Storage site 
Destination of captured CO2 - 

Regions of Capture 

Capture technology in each 

Region 

Yearly rate of CO2 

captured in each Region  

(Mton/year) 

Off-shore 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 

(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 - - - 
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Figure V.3 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 off-shore 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. 

The topology of these supply chains is also summarized in Figure V.4.  

 

 

Figure V.4 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 

Adreatico 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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Overall, from the results it is evident that MEA absorption is the most convenient technology for CO2 

capture from flue gas, due to lower costs. 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 due to relative low costs (Hasan et al., 2012; Nguyen and Zondervan, 2018). 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.  

In particular, when Malossa San Bartolomeo is used as storage site, CO2 from Lombardy region is sent to 

the storage using MEA absorption, while Puglia, Emilia Romagna and Piedmont are CO2 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 the highest CO2 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 connection to the 

utilization section, in particular for Emilia Romagna and Piedmont CO2 sources. An additional CO2 source 

in the utilization section is Puglia, treated by a membrane system. For the storage section, this CCUS supply 

chain considers Lombardy as CO2 source using IL absorption. Also in this case, a membrane system is 

selected for the highest CO2 flow rate while IL absorption for the lowest CO2 flow rate.  

In the alternative CCUS supply chain with off-shore Adriatic sea as storage site, MEA absorption is used 

for all selected CO2 sources. Here, Puglia, Emilia Romagna and Piedmont are CO2 sources for the utilization 

section, while Lombardy is CO2 source for the storage section.  

This same condition is present in the CCUS supply chain with Cornelia as storage site. However, Puglia, 

Emilia Romagna, Piedmont are CO2 sources for the utilization section, while Emilia Romagna is CO2 

source for the storage section.  

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

supply chain.  

Also, in the CCUS supply chain with off-shore Calabria Ionic as storage site, MEA absorption is the 

preferred capture technology. In fact, all CO2 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 CO2, due to the lowest flue gas flow rate.  

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

shore Marche and Area Sulcis as storage sites. In the second case, membrane system is used for all CO2 

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

flue gas flow rate and relative low CO2 composition, is used for the storage section. In the first case, 

membrane is also used for two CO2 sources in the utilization section (Puglia and Emilia Romagna), while 

PSA and IL absorption are selected for the other CO2 sources.  
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On the other hand, in the CCU supply chain, the chosen CO2 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 reduction of CO2 emissions is achieved.   

In addition to the topology, an economic analysis is shown in Table V.5 and in Figure V.5. Here costs, 

methane yields, revenues, set carbon tax and economic incentives, net methane production costs are 

presented for each considered supply chain.  

 

Table V.5 Economic results of the analyzed carbon supply chains (* for storage site see Table V.4; ° the 

total costs are not considering carbon tax and economic incentives, then a higher value than revenue is 

obtained. 

Storage 

site (*)  

Cost categories  

(milion€/year) 

Methane 

Yield  

(Mton/year) 

Revenue 

(million€/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 

Methane production 99800  

Total costs° 100700  
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Table V.5 (Continued)      

Storage 

site (*) 

Cost categories  

(milion€/year) 

Methane 

Yield  

(Mton/year) 

Revenue 

(million€/year) 

Carbon 

tax 

(€/ton) 

Economic 

incentives  

(€/MWh) 

net Methane 

production 

costs 

(€/MWh) 

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  
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Figure V.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 off-shore Adriatic sea as storage 

site; d) CCUS supply chain with Cornelia as storage site; e) CCUS supply chain with off-shore Marche as 

storage site; f) CCUS supply chain with off-shore Calabria Ionic as storage site; g) CCUS with Area Sulcis 

as storage site; h) CCU supply chain 

 

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

are as follows: the total costs are 1.017·105  million€/year (301.64 €/MWh or 1321 €/tonCO2 captured) with 

CO2 capture and compression costs of 3.586·102 million€/year, CH4 production costs of 1.011·105 

million€/year, CO2 transportation costs of 1.520 million €/year and 193 million €/year are CO2 storage costs.  

When Pesaro sea is used as storage site in the CCUS supply chain, the optimized total costs are 1.109·105 

million€/year (301.90 €/MWh or 1440 €/tonCO2 captured). In particular, CO2 compression and capture 

costs are 508.30 million€/year, CO2 transportation costs are equal to 1.520 million€/year, CO2 storage costs 

are 67.30 million€/year while CH4 production costs through a power to gas process are 1.103·105 

million€/year.  

For the off-shore Adriatic sea as storage site, the optimized total costs of CCUS supply chain are 7.340·104 

million€/year (304.62 €/MWh or 953 €/tonCO2 captured). CO2 compression and capture costs are 9.994·102 

million€/year, CO2 transportation costs are 1.52 million€/year, CO2 storage costs are 115 million€/year 

while CH4 production costs are 7.23·104 million€/year.  
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For the CCUS supply chain with Cornelia as storage site, the total costs are 1.132·105 million€/year (300.77 

€/MWh or 1470 €/tonCO2 captured), CO2 storage costs and CH4 production costs are respectively 56.11 

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

while CO2 transportation costs are 1.52 million€/year.  

When off-shore Marche is used as storage site, the total costs are 1.007·105 million€/year (302.65 €/MWh 

or 1308 €/tonCO2 captured), while CO2 storage costs and CH4 production costs are respectively 52.80 

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

capture and compression costs are 858 million€/year. 

For the CCUS supply chain with off-shore Calabria Ionic as storage site, the total costs are 1.215·105 

million€/year (304.89 €/MWh or 1577 €/tonCO2 captured). CO2 compression and capture costs are 1.96·103 

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

while CH4 production costs are 1.195·105 million€/year. 

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

€/MWh or 1627 €/tonCO2 captured), including CO2 capture and compression costs (33.34 million€/year), 

CH4 production costs (1.250·105 million€/year), CO2 storage costs (9.80 million€/year) and CO2 

transportation costs (1.52 million€/year). 

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

€/MWh or 1671 €/tonCO2 captured), CO2 compression and capture costs are 2.750·103 million€/year, CO2 

transportation costs are 1.52 million€/year, CH4 production costs are 1.260·105 million€/year, while 28 

Mton/year of CH4 are produced. The supply chain has the highest costs.  

It is possible to see, that the total costs of a carbon supply chain with a power to gas system in the utilization 

section is in the range of 953 €/tonCO2 captured and 1671 €/tonCO2 captured. These high values are due to 

high CH4 production costs that are in the range of 7.23·104 million€/year and 1.26·105 million€/year.   

In fact, as also shown in Figure V.6, from the above analysis is evident that the main item in global costs is 

CH4 production costs with the power to gas process that includes also H2 production by means of 

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

Syring et al., 2013; Hassan et al., 2019). To support these results, Gotz et al. (2016) write that a 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 totals cost of supply chain.  

The relatively high cost of CO2 capture is also reported by Steeneveldt et al. (2006) and Kalayanarengan 

Ravi et al. (2017).  

The amount of CH4 that is produced for all considered supply chains is around 20 Mton/year. In particular, 

the highest amount of CH4 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 CH4 is produced 

in the CCUS supply chain with off-shore Adriatic sea as storage site (16.1 Mton/year). The different amount 
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of produced CH4 depends on storage capacity: if a lower storage capacity is present, a higher amount of 

CH4 is produced with the aim to achieve the same target of CO2 emissions reduction.  

For all analyzed cases, considering that CH4 can be sold at a price of 25 €/MWh (Eurostat, 2018) revenues 

are calculated, as reported in Table V.5. Revenues are between 1.13·105 million€/year and 1.04·104 

million€/year.  

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

for the considered supply chains, the costs for ton of captured CO2 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 H2 in an electrolyzers 

using renewable power. A carbon tax equal to 80 €/tonCO2 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 the total costs of a supply chain is obtained subtracting to 

the optimized total costs carbon tax and economic incentives, while the profit margin is obtained as new 

total costs 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 CH4 produced.  

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 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 CH4 production costs are calculated and estimated to 

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

Net CH4 production cost is influenced by the total costs of supply chain (and by the structure of the supply 

chain defined by a particular storage site) and by the amount of produced CH4. The storage site then 

influences the optimized structure of the system and then its total costs. Keeping constant the global amount 

of captured CO2, at lower total costs, a lower net CH4 production cost is ensured, while a higher amount of 

CH4 ensures a lower net CH4 production cost. The combined effect of these two parameters determines the 

effective CH4 production cost.  

The comparison of different cases shown in Table V.5 shows that the CCUS supply chain with off-shore 

Adriatic sea as storage site ensures to have a low total cost of supply chain, with the lowest value of 

economic incentives, compared to the other cases.  In fact, in this case the estimated net CH4 production 
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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 €/tonCO2 captured, 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), 7.09·105 

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

7.41 Mton/year of H2. 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 Area Sulcis as storage site, even if a lower net CH4 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, CH4 production in Italy is 6 billion m3/year  (3.9 Mton/year) (Global Energy Statistical Yearbook, 

2018), while CH4 demand is 46.5 Mton/year. To satisfy this demand, Italy should import the remaining CH4 

(about 43 Mton/year). Using the CCUS supply chain with off-shore Adriatic sea as storage site, producing 

16.1 Mton/year of CH4 (about 35% of national demand), it is possible to reduce the import of CH4 to 26.9 

Mton/year.   

The obtained results suggest that CO2 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, a plain CCU has not sense. CO2 is 

captured for environmental problems, and to assure a significant reduction of emissions it is necessary to 

store it, because the annual amount of CO2 emitted in the atmosphere is simply much larger than the demand 

of CO2-based products. In CCU systems, the CO2 demand is limited by the amount of chemicals that have 

to be produced, i.e. CO2 sources at smaller scales should be used (IEA and UNIDO, 2011). CO2 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 system is a technology used to improve the development of CCS systems 

through CCUS systems.   

CO2 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 CO2 incorporated in each product will ultimately be 

emitted again into the atmosphere, then, according to the lifetime of each product, CO2 might just 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 
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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 CO2 transportation networks need 

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

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

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

 

V.4 Conclusions 

In this chapter, a power to gas system, producing methane, is integrated in different CCUS supply chains 

(with different storage sites as saline aquifers) and in a CCU supply chain for Italy, that is an European 

Country with noticeable GHG emissions. In literature, no power to gas systems are integrated in a carbon 

supply chain, then the novelty of this investigation is clear.  

The systems are designed through MILP models, minimizing the total costs and reducing the amount of 

CO2 emissions according to the environmental policy.  

Results show that in each CCUS supply chain, financial incentives (related to carbon tax and CH4 

production from renewable energy) are required for the economic feasibility. A comparison of the 

considered frameworks shows that with the supply chain using the off-shore Adriatic sea storage site, the 

supply chain cost is low, with the lowest required economic incentives, then it is the best economic solution. 

For this system, total costs are 7.34·104 million€/year without economic incentives, and 16.1 Mton/year of 

CH4 are produced, so that the net CH4 production cost is 19 €/MWh when a proper level of incentives is 

considered (80 €/ton of avoided carbon dioxide emission and 260 €/MWh of methane produced). In this 

way, Italy can reduce the import of methane substantially, as mentioned above.   

The obtained results show that, a CCU supply chain system is not a good solution, due to the high net CH4 

production cost and the highest level of economic incentives, although a higher CH4 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 CO2 utilization alone is not sufficient to achieve national and 

international climate change mitigation; the support of carbon storage is required.  
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Nomenclature 

 

Indeces 

i = carbon dioxide source 

j = carbon dioxide capture system 

k = carbon dioxide geological storage sites and methane production site 

Abbreviations 

AIMMS = advanced interactive multidimensional modeling system 

CCR = capital cost recovery 

CCUS = carbon capture utilization and storage 

CCU = carbon capture and utilization 

CC = carbon dioxide capture and compression costs [€/year]  

CDC = flue gas dehydration costs [€/year] 

CH4P = methane production costs [€/year] 

CIC = carbon dioxide capture and compression investment costs [€/year]  

COC = carbon dioxide capture and compression operating costs [€/year] 

GHG = greenhouse emissions 

IC = maximum injection capacity per well [ton/year] 

IL = ionic liquid 

MEA = monoethanolamine 

MILP = mixed integer linear programming 

Nbuild
well  = number of well 

PEM = proton exchange membrane 

PSA = pressure swing adsorption 

SC = carbon dioxide storage cost [€/year] 

SIC = carbon dioxide investment storage costs [€] 

SOC = carbon dioxide operating storage costs [€/year] 

VSA = vacuum swing adsorption 

TC = carbon dioxide transportation costs [€/year] 

TH = time horizon 

TIC = carbon dioxide investment transportation costs [M€] 



Chapter V: Development of a CCUS supply chain for Italy 

 

214 

 

TOC = carbon dioxide operating transportation costs [M€/year] 

 

Parameters 

b = parameter in SIC [M€] 

Ck
max  = maximum storage capacity for storage site k [ton] 

CRmin = minimum target for carbon dioxide reduction [ton/year] 

CSi = carbon dioxide emissions from each source i [ton/year] 

Di,k = distance between carbon source and storage site [km] 

Pi,k = distance between carbon source and utilization site [km]  

P = parameter equal to 1 if carbon dioxide is transported to utilization site 

dwell = depth of well [km] 

Fi/F  = flue gas flow rate from each source i [mol/s] 

Ft = terrestrial factor 

m = parameter in SIC [M€/km], in CIC and COC 

n = parameter in CIC and COC 

xCO2 = carbon dioxide molar fraction  

XSi = carbon dioxide composition in the flue gas emission from source i [mol%] 

XLi = lowest composition processing limit for capture plant j [mol%] 

XHi = highest composition processing limit for capture plant j [mol%] 

Variables 

Binary 

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

0 otherwise 

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

site ‘k’, 0 otherwise 

Continuous 

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

site ‘k’ 

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

utilization  site ‘k’ 

Greek letters 

α = parameter in CIC and COC 
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αt = parameter in TIC 

β = parameter in CIC and COC 

βt = parameter in TIC 

γ = parameter in CIC and COC 
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Chapter VI 

 

Development of a CCUS supply chain for the UK 

The UK is the second largest emitter Country of carbon dioxide in Europe, then urgent actions are required 

to mitigate any adverse effect on GHG accumulation in the atmosphere. For this reason, the Mixed Integer 

Linear Programming model is applied in this chapter to develop a carbon capture utilization and storage 

supply chain for the UK. Three different frameworks, with different storage sites (saline aquifers) as Bunter 

Sandstone, Scottish off-shore and Ormskirk Sandstone are taken into account. Several attractive potential 

utilization options are considered: calcium carbonate, concrete, tomatoes, polyurethane, methanol and 

methane production. Total costs are minimized to design and optimize these carbon supply chains, while 

reducing significantly carbon dioxide emissions. Results show that the system with Bunter Sandstone as 

storage site is the most economically profitable solution, due to the highest value of net present value (0.554 

trillion€) and lowest value of payback period (2.85 years). Only carbon tax is needed to have a profitable 

solution from an economic point of view. Total costs are 1.04 billion€/year.  

 

VI.1 Introduction 

Carbon capture utilization and storage (CCUS) supply chains would have an important role for the UK 

economy, improving the de-carbonization of industries, generating low carbon power and allowing the 

production of hydrogen (H2) with a low carbon footprint (Department for business, energy and industrial 

strategy, 2019). CCUS systems can also promote the development of bio-energies. Then, it is clear, that 

these frameworks are vital to the low carbon transformation of the UK and its ambition to establish the 

world’s first net-zero carbon industrial cluster by 2040, and at least one low-carbon cluster by 2030. The 

UK Committee on Climate Change (CCC), underlined that CCUS supply chains are important to meet the 

future targets of emissions reduction (OGC, 2018). Also, this technology could help strengthen the long-

term competitiveness of the UK’s industrial regions, in Scotland, South Wales, Humberside, Merseyside 

and Teesside. On the other hand, CCUS systems generate economic value with also job creation and 

retention (OGC, 2018).  

Another important consideration is that the geology of the UK can support the realization of carbon supply 

chains, as reported by the Global Carbon Capture and Storage Institute (GCCSI), analyzing each nation’s 

suitability and preparedness for CCUS development (GCCSI, 2016). In fact, the UK has valuable resources 

and significant carbon dioxide (CO2) storage capability.  

Today, innovative companies across the UK are developing cutting edge CCUS technologies, there are 

world leading academic institutions focused on driving cost reductions and existing industries have the 

skills and capability required to deploy CCUS at large scale.  

The government has taken first actions to reduce costs of these systems and to consider their deployment 

but no concrete actions or realizations are made.  
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In the literature, a model for a CCUS supply chain integrating carbon and H2 supply chains in the UK and 

producing methanol (CH3OH) by CO2 hydrogenation is developed by Quarton and Samsatli (2020). More 

CO2-based products are not considered to be produced inside a CCUS for the UK. The work presented in 

this chapter wants to overcome this gap. In fact, CO2 utilization routes with a high value of technology 

readiness level (TRL) are taken into account, such as calcium carbonate, concrete, tomatoes and 

polyurethane production (Alberici et al., 2017). Also, CH3OH and methane (CH4) production are 

considered, because these routes are often taken into account in the literature and differ from the previous 

ones for an hydrogenation reaction being involved. Also, a considerable amount of CO2 is expected to be 

consumed for these products in the projections for the year 2030 in the UK (Alberici et al., 2017). Then, a 

deterministic Mixed Integer Linear Programming (MILP) model of a CCUS supply chain for the UK is 

developed, considering regions with higher emissions. In particular, three different frameworks are 

suggested: these have a different storage site, a saline aquifer, such as Bunter Sandstone in the southern 

North Sea, Scottish off-shore in the central North Sea and Ormskirk Sandstone in the Irish East Sea. The 

aim of this work is then to design and optimize these CCUS supply chains minimizing total costs while 

reducing a significant amount of CO2, according to the environmental target. The best case is then chosen 

for the UK.  

 

VI.2 Model development 

VI.2.1 Problem statement 

In order to develop the mathematical model the following assumptions are made: 

- one to one coupling: one source node can be connected to only one capture node in the storage and 

utilization section and each capture node can receive from only one source node (Kalyanarengan 

Ravi et al., 2017);  

- to avoid the transportation of flue gas with additional costs, CO2 sources and capture plants are 

located at the same site (Kalyanarengan Ravi et al., 2017); 

- within the supply chain CO2 is transported via pipeline because, it is the most mature infrastructure 

able to transport high flow rates of CO2 at low costs; 

- CO2 is assumed to produce polyurethane, concrete, calcium carbonate and tomatoes as well as 

CH3OH and CH4 (Alberici et al., 2017); 

- the supply chain is considered to be operating at steady state conditions for a period of 25 years: 

the work is focused on the design of the system finding its optimal topology; 

- the demand for CO2-based products is considered constant over time and these can be sold at a 

stable selling price (Hasan et al., 2015; Zhang et al., 2018): the supply chain is evaluated at an 

average time disregarding major fluctuations for the design of production plants; 
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- only one storage site is present inside the CCUS supply chain able to store an amount of CO2 equal 

to emissions that need to be reduced to achieve the minimum target imposed by the environmental 

policy; 

- for the utilization section, no more than two production sites are considered for each CO2-based 

product, then production plants are considered with a great or infinity capacity; 

- distances between nodes inside the supply chain are evaluated according to their latitude and 

longitude (Kalyanarengan Ravi et al., 2017); 

- the economic feasibility is found through the calculation of the net present value (NPV) and 

payback period (PBP); 

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

- CO2 sources: type, location and yearly CO2 and flue gas emissions (Department of Business, 

Energy and Industrial Strategy, 2018; NAEI, 2019); 

- CO2 capture and compression process: materials and technologies with respective total costs 

(Nguyen and Zondervan, 2018; Zhang et al., 2018); 

- CO2 transportation: distances and respective costs (Serpa et al., 2011; NHC, 2019);  

- for each CO2-based product a conversion factor is taken into account (Patricio et al., 2017; Ancona 

et al., 2019; Von der Assen et al., 2015; Department for Environment Food and Rural Affairs, 

2019);  

- CO2 utilization: location and production costs (Hank et al., 2018; Reichert, 2012; Van der Velden, 

2019; Colacem 2019; Zappa, 2014; Sheldon, 2017; Natural gas, 2019; Prea, 2019; Basf, 2019; 

Apsgroup, 2019; MPA, 2019; Hanson, 2019; BCCF, 2019);  

- CO2 storage: location and respective costs (Bentham, 2006; Kolstera et al., 2018; Babaei et al., 

2016; Kirk, 2005; Gammer et al., 2011; Hendriks, 1994);   

- National demand for each product and CO2 reduction targets (Reportlinker, 2019; EIA, 2019; ONS, 

2019; Britishgrowers, 2019; MPA, 2019; Bide et al., 2019); 

The mathematical model is able to provide the optimal connection between CO2 sources, CO2 utilization 

and storage sites. CO2 sources are selected with the respective capture technologies/materials and connected 

with the utilization and storage section. The optimal amount of captured and transported CO2 is determined 

in addition to the amount of each CO2-based product.  

The objective is to minimize total costs, which include CO2 capture and compression costs, CO2 

transportation costs, CO2 storage costs and production costs of the different CO2-based products.   

 

 

http://www.nhc.noaa.gov/
http://reportlinker,/
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VI.2.2 CCUS supply chain model 

In this section, sets, parameters, variables, constraints and equations are defined for the model of the CCUS 

supply chain. The model is a MILP type and it is solved by using AIMMS (Advanced Interactive 

Multidimensional Modeling System) software.  

VI.2.2.1 Sets 

Each element inside the CCUS supply chain is identified by an index. CO2 sources are represented by ‘i’, 

CO2 capture and compression technologies are represented by ‘j’, CO2 storage sites and its complementary 

utilization section as ‘k’, CH3OH plants are indicated by ‘m’, power to gas plants are indicated by ‘g’, 

polyurethane plants are indicated by ‘p’, tomatoes production sites are indicated by ‘t’, concrete plants are 

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

VI.2.2.2 Parameters 

The parameters used in the CCUS supply chain model are the following: CRmin , the minimum target for 

the overall CO2 reduction (ton/year); CSi , the total CO2 emission from each source i (ton/year); Fi , the total 

flue gas flow rate from each source i (mol/s); XSi, CO2 composition in the flue gas from source i (mol%); 

XLi, the lowest CO2 composition processing limit for the capture plant j (mol%); XHi, the highest CO2 

composition processing limit for the capture plant j (mol%); Ck
max, the maximum storage capacity at the 

storage site k (ton); 

VI.2.2.3 Variables 

Continuous and binary variables are used to define the model for the CCUS supply chain. To select the 

storage site and the capture technology/material the following binary variables are introduced respectively: 

Xi,j,k and Yi,j,k.. Continuous variables are introduced to define the fraction of captured CO2 that is sent to the 

storage (FRi,j,k), to the utilization (Utilizationi,j,k), to CH3OH production (Methanoli,j,m), to CH4 production 

(Methanei,j,g), to polyurethane production (Polyurethanei,j,p), to tomatoes growing (Tomatoi,j,t), to concrete 

curing (Concretei,j,c) and to calcium carbonate production (CalciumCarbonatei,j,d). A value between 0 and 1 

is assumed for these continuous variables.  

VI.2.2.4 Constraints 

The following constraints are introduced in the mathematical model. CO2 cannot be sent to multiple storage 

sites, then the following constraint is used (see Eq. VI.1): 

∑ 𝑋𝑖,𝑗,𝑘 ≤ 1

(𝑗,𝑘)∈(𝐽,𝐾)

            ∀ 𝑖 ∈ 𝐼                                                   (𝑉𝐼. 1) 

with Xi,j,k the binary variable already defined. In addition, this inequality ensures the one to one coupling 

between CO2 sources and capture technologies in the storage section. 
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CO2 storage site is characterized by a defined storage capacity that cannot be exceeded, then the following 

constraint is used (see Eq. VI.2): 

∑ 𝐶𝑆𝑖 ∙ 𝐹𝑅𝑖,𝑗,𝑘 ≤
𝐶𝑘

𝑚𝑎𝑥

𝑇𝐻
(𝑖,𝑗)∈(𝐼,𝐽)

            ∀ 𝑘 ∈ 𝐾                                   (𝑉𝐼. 2) 

where CSi  is the total CO2 emissions from source ‘i’, Ck
max is the maximum storage capacity of the storage 

site ‘k’, TH is the time horizon of supply chain in year and FRi,j,k is the variable defined above. 

The defined CCUS supply chain should achieve the minimum target for CO2 emissions reduction, then this 

constraint is defined as (see Eq. VI.3): 

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

(𝑖,𝑗,𝑘)∈(𝐼,𝐽,𝐾)

                                    (𝑉𝐼. 3) 

with CSi the total CO2 emissions from  source ‘i’, FRi,j,k and Utilizationi,j,k the variables defined above and 

CRmin the minimum target of CO2 emissions reduction. The whole amount of CO2 that is captured and sent 

to the utilization and storage section should be higher than the minimum target for emissions reduction. 

For a selected CO2 source, not all CO2 can be processed by a selected capture technology: at most only 90% 

of CO2 can be captured, as defined by the following constraint (see Eq. VI.4): 

∑ 𝐹𝑅𝑖,𝑗,𝑘 + 𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑖,𝑗,𝑘 ≤ 0.9

(𝑗)∈(𝐽)

          ∀ (𝑖, 𝑘)  ∈ (𝐼, 𝐾)             (𝑉𝐼. 4) 

with FRi,j,k and Utilizationi,j,k the continuous variables defined above. 

Not all the considered technologies can be used to capture CO2 with a product purity of 90% for CO2. This 

depends on the composition of CO2 in the feed, as defined by the following constraint (see Eq. VI.5): 

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

(𝑘)∈(𝐾)

                     ∀ (𝑖, 𝑗)  ∈ (𝐼, 𝐽)                 (𝑉𝐼. 5) 

where XSi is CO2 composition in flue gas emissions from source i, XLj, is the lowest limit of processing 

composition for the capture plant j, XHj is the highest limit of processing composition for the capture plant 

j, Xi,j,k is the variable defined above. This constraint is required for the storage section, while in the 

utilization section a purity higher or lower than 90% can be required and achieved in the respective site.  

The amount of CO2 that is sent to the utilization section is divided among the different utilization options, 

according to the following material balance constraint (see Eq. VI.6): 

𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑖,𝑗,𝑘 = (𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒𝑖,𝑗,𝑐 + 𝑇𝑜𝑚𝑎𝑡𝑜𝑖,𝑗,𝑡 + 𝑃𝑜𝑙𝑦𝑢𝑟𝑒𝑡ℎ𝑎𝑛𝑒𝑖,𝑗,𝑝 + 𝐶𝑎𝑙𝑐𝑖𝑢𝑚𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑖,𝑗,𝑑

+ 𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙𝑖,𝑗,𝑚 + 𝑀𝑒𝑡ℎ𝑎𝑛𝑒𝑖,𝑗,𝑔+ ) ∙ 𝑛𝑠𝑖𝑡𝑒𝑠        ∀ (𝑖, 𝑗, 𝑘, 𝑐, 𝑡, 𝑝, 𝑑, 𝑚, 𝑔)  

∈ (𝐼, 𝐽, 𝐾, 𝐶, 𝑇, 𝑃, 𝐷, 𝑀, 𝐺)                                                                                                     (𝑉𝐼. 6) 
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with Utilizationi,j,k, Methanoli,j,m, Methanei,j,g, Polyurethanei,j,p, Tomatoi,j,t, Concretei,j,c and 

CalciumCarbonatei,j,d, the variables defined above and nsites is the number of each utilization sites.  

In the utilization and storage section, only one capture technology/material can be chosen for the selected 

CO2 source, as defined in the following constraint (see Eq. VI.7): 

∑ 𝑌𝑖,𝑗,𝑘 ≤ 1

(𝑗,𝑘)∈(𝐽,𝐾)

            ∀    𝑖 ∈ 𝐼                                                  (𝑉𝐼. 7)      

with Yi,j,k the binary variable defined before.  

In order to convert the mathematical model to a linear one, a Glover linearization (see Chapter III) is applied 

by using these constraints (see Eqs. VI.8-VI.9): 

0 ∙ 𝑋𝑖,𝑗,𝑘  ≤ 𝐹𝑅𝑖,𝑗,𝑘 ≤ 0.9 ∙ 𝑋𝑖,𝑗,𝑘                       ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)               (𝑉𝐼. 8) 

0 ∙ 𝑌𝑖,𝑗,𝑘  ≤ 𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑖,𝑗,𝑘 ≤ 0.9 ∙ 𝑌𝑖,𝑗,𝑘                       ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)           (𝑉𝐼. 9) 

 where FRi,j,k, Xi,j,k, Utilizationi,j,k and Yi,j,k are already defined, while 0.9 is used because at least 90% of 

CO2 is captured from each CO2 source.  

VI.2.2.5 Equations 

In the mathematical model of carbon supply chain, equations for CO2 capture and compression costs, CO2 

transportation costs and CO2 storage costs are given. CO2 capture and compression costs (€/year) are 

determined according to the following relation (see Eq. VI.10): 

𝐶𝐶𝑖,𝑗,𝑘 = 𝐶𝐷𝐶𝑖,𝑗,𝑘 + 𝐶𝐼𝐶𝑖,𝑗,𝑘 + 𝐶𝑂𝐶𝑖,𝑗,𝑘          ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)           (𝑉𝐼. 10) 

where CDCi,j,k are the flue gas dehydration costs (€/year) equal to 9.28 €/tonCO2 (Kalyanarengan Ravi et 

al., 2017), CICi,j,k are the investment costs (€/year) and COCi,j,k  are the operating costs (€/year). The 

investment and the operating costs expressions are as follows (Zhang et al., 2018) (see Eqs. VI.11-VI.12): 

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

𝑖,𝑗,𝑘

𝑚𝐼,𝑗               ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)              (𝑉𝐼. 11) 

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

𝑖,𝑗,𝑘

𝑚𝑜,𝑗               ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)           (𝑉𝐼. 12) 

where 𝛼𝐼,𝑗, 𝛼𝑜,𝑗, 𝛽𝐼,𝑗, 𝛽𝑜,𝑗, 𝛾𝐼,𝑗 , 𝛾𝑜,𝑗, 𝑛𝐼,𝑗, 𝑛𝑜,𝑗, 𝑚𝑜,𝑗, 𝑚𝐼,𝑗 are fixed parameters for each process and for 

each material (see table S1 of Chapter IV), xCO2,i is CO2 content in flue gas for the selected CO2 source, Fi,j,k 

is flue gas flow rate in mol/s and Yi,j,k is the binary parameter defined before. However, for ionic liquid 

absorption, modified equations can be used (see Eqs. VI.13-VI.14) (Nguyen and Zondervan, 2018): 

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

𝑚𝐼,𝑗               ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)       (𝑉𝐼. 13) 
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𝐶𝑂𝐶𝑖,𝑗,𝑘 =  (𝛼𝑜,𝑗 ∙ 𝐹𝑖,𝑗,𝑘 + 𝛽𝑜,𝑗 ∙ 𝑌𝑖,𝑗,𝑘) ∙ 𝑥𝑐𝑜2,𝑖, + 𝛾𝑜,𝑗 ∙ 𝐹
𝑖,𝑗,𝑘

𝑚𝑜,𝑗      ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)           (𝑉𝐼. 14) 

with 𝛼𝐼,𝑗, 𝛼𝑜,𝑗, 𝛽𝐼,𝑗, 𝛽𝑜,𝑗, 𝛾𝐼,𝑗 , 𝛾𝑜,𝑗, 𝑚𝑜,𝑗, 𝑚𝐼,𝑗 fixed parameters (see table S1 of Chapter IV), xCO2,i, CO2 

composition in flue gas, Fi,j,k  flue gas flow rate in mol/s, Yi,j,k the binary variable  defined above. 

CO2 is transported within the CCUS supply chain via pipeline and the relation to calculate these costs is 

reported by Serpa et al. (2011), where the total costs (TCi,j,k,c,t,p,d,m,g in M€/year) are the sum of the 

investment (TICi,j,k,c,t,p,d,m,g in M€) and the operating costs (TOC i,j,k,c,t,p,d,m,g in M€/year) (see Eq. VI.15): 

𝑇𝐶𝑖,𝑗,𝑘,𝑐,𝑡,𝑝,𝑑,𝑚,𝑔 = 𝐶𝐶𝑅·𝑇𝐼𝐶𝑖,𝑗,𝑘,𝑐,𝑡,𝑝,𝑑,𝑚,𝑔 + 𝑇𝑂𝐶𝑖,𝑗,𝑘,𝑐,𝑡,𝑝,𝑑,𝑚,𝑔                     ∀ (𝑖, 𝑗, 𝑘, 𝑐, 𝑡, 𝑝, 𝑑, 𝑚, 𝑔)  

∈ (𝐼, 𝐽, 𝐾, 𝐶, 𝑇, 𝑃, 𝐷, 𝑀, 𝐺)                                                                                                   (𝑉𝐼. 15) 

where CCR is the capital cost recovery, calculated at an interest rate of 10% and 25 years. The investment 

and operating costs (M€/year) are determined from these relations (see Eq. VI.16): 

𝑇𝐼𝐶𝑖,𝑗,𝑘,𝑐,𝑡,𝑝,𝑑,𝑚,𝑔

= (𝛼𝑡

∙ 𝐶𝑆𝑖 ∙ 𝐹𝑅𝑖,𝑗,𝑘/𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒𝑖,𝑗,𝑐/𝑇𝑜𝑚𝑎𝑡𝑜𝑖,𝑗,𝑡/𝑃𝑜𝑙𝑦𝑢𝑟𝑒𝑡ℎ𝑎𝑛𝑒𝑖,𝑗,𝑝/𝐶𝑎𝑙𝑐𝑖𝑢𝑚 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑖,𝑗,𝑑

/𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙𝑖,𝑗,𝑚/𝑀𝑒𝑡ℎ𝑎𝑛𝑒𝑖,𝑗,𝑔 + 𝛽𝑡 ∙ 𝑋𝑖,𝑗,𝑘/𝑋𝑖,𝑗,𝑐/𝑋𝑖,𝑗,𝑡/𝑋𝑖,𝑗,𝑝/𝑋𝑖,𝑗,𝑑/𝑋𝑖,𝑗,𝑚/𝑋𝑖,𝑗,𝑔 ) ∙ 𝐹𝑇

∙ (𝐷𝑖,𝑘/𝐷𝑖,𝑐/𝐷𝑖,𝑡/𝐷𝑖,𝑝/𝐷𝑖,𝑑/𝐷𝑖,𝑚/𝐷𝑖,𝑔 + 16)       ∀ (𝑖, 𝑗, 𝑘, 𝑐, 𝑡, 𝑝, 𝑑, 𝑚, 𝑔)  

∈ (𝐼, 𝐽, 𝐾, 𝐶, 𝑇, 𝑃, 𝐷, 𝑀, 𝐺)                                                                                                (𝑉𝐼. 16) 

𝑇𝑂𝐶𝑖,𝑗,𝑘,𝑐,𝑡,𝑝,𝑑,𝑚,𝑔 = 4%·𝑇𝐼𝐶𝑖,𝑗,𝑘,𝑐,𝑡,𝑝,𝑑,𝑚,𝑔            ∀ (𝑖, 𝑗, 𝑘, 𝑐, 𝑡, 𝑝, 𝑑, 𝑚, 𝑔)  

∈ (𝐼, 𝐽, 𝐾, 𝐶, 𝑇, 𝑃, 𝐷, 𝑀, 𝐺)                                                                                                                      (𝑉𝐼. 17) 

where αt is 0.019 and βt is 0.533 (Serpa et al., 2011), Di,k/Di,c/Di,t/ Di,p/Di,d/Di,m/ Di,g are the distance 

respectively between CO2 sources and storage site, concrete production site, tomatoes production site, 

polyurethane production site, calcium carbonate production site, CH3OH production site, CH4 production 

site, FT is a terrestrial factor of 1.2 (Broek et al., 2010), 16 km are added to the distance to consider additional 

paths related to process  (Dahowski et al., 2004), FRi,j,k, Methanoli,j,m, Methanei,j,g, Polyurethanei,j,p, 

Tomatoi,j,t, Concretei,j,c and CalciumCarbonatei,j,d, are the continuous variables already defined, Xi,j,k, Xi,j,c, 

Xi,j,t, Xi,j,d, Xi,j,m, Xi,j,g are 1 if the respective continuous variable is not 0, CSi is the amount of CO2 in 

Mton/year. The operating costs are 4% of investment costs (Kalyanarengan Ravi et al., 2017).  

CO2 storage costs (SCk in €/year) are the sum of investment (SICk in €) and operating costs (SOCk in €/year) 

(Kalyanarengan Ravi et al., 2017) (see Eq. VI.18):   

𝑆𝐶𝑘 = 𝐶𝐶𝑅·𝑆𝐼𝐶𝑘 + 𝑆𝑂𝐶𝑘                               ∀ (𝑘) ∈ (𝐾)                     (𝑉𝐼. 18) 

whit CCR defined above. The investment costs are determined from the following relation (Hendriks, 1994) 

(see Eq. VI.19):   
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𝑆𝐼𝐶𝑘 = (𝑚 ∙ 𝑑𝑤𝑒𝑙𝑙 + 𝑏) ∙ 𝑁𝑤𝑒𝑙𝑙
𝑏𝑢𝑖𝑙𝑑

𝑘
           ∀ (𝑘) ∈ (𝐾)                              (𝑉𝐼. 19) 

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

of the well, and 𝑁𝑤𝑒𝑙𝑙
𝑏𝑢𝑖𝑙𝑑 is the number of wells which need to be built evaluated according to this relation 

(Hasan et al., 2014) (see Eq. VI.20):  

𝑁𝑤𝑒𝑙𝑙
𝑏𝑢𝑖𝑙𝑑

𝑘
=  

∑ 𝐶𝑆𝑖 ∙ 𝐹𝑅𝑖,𝑗,𝑘(𝑖,𝑗)∈(𝐼,𝐽)

𝐼𝐶
                 ∀ (𝑘) ∈ (𝐾)                    (𝑉𝐼. 20) 

as a function of the maximum injection capacity per well, IC, and the amount of stored CO2. The operating 

costs are 4% of investment costs (see Eq. VI.21) (Kalyanarengan Ravi et al., 2017).      

𝑆𝑂𝐶𝑘 = 4% ∙ 𝑆𝐼𝐶𝑘                     ∀ (𝑘) ∈ (𝐾)                                     (𝑉𝐼. 21) 

Production costs and selling prices of CO2-based products are shown in Table VI.1.  

 

Table VI.1 Selling price and production cost of CO2-based products for the CCUS supply chain of the UK 

(Leonzio et al., 2020) 

CO2-based product Production cost Selling price 

Methanol 608 €/ton (Hank et al., 2018) 705 €/ton (National Statistics, 2019) 

Methane 300 €/MWh (Reichert, 2012) 0.028 €/kWh (Eurostat, 2019) 

Polyurethane 1349 €/ton 2590 €/ton (National Statistics, 2019) 

Tomato growing 0.85 €/kg (Van den Velden, 2019) 
1.45 €/kg (Department for Environment 

Food and Rural Affairs, 2019) 

Concrete 21.8 €/ton (Colacem, 2019) 32.6 €/ton (RMS, 2019) 

Calcium carbonate 65.2 €/ton (Zappa, 2014) 120 €/ton (Zappa, 2014) 

 

The conversion factors for the compounds produced are: 1.7 tonCO2/tonCH3OH (Patricio et al., 2017), 1 

moleCO2/moleCH4 (Ancona et al., 2019), 0.3 kgCO2/kg polyurethane (von der Assen et al., 2015), 2.6 ton 

tomato/tonCO2 (Patricio et al., 2017; Department for Environment Food and Rural Affairs, 2019), 0.03 

tonCO2/ton concrete (Patricio et al., 2017), 0.25 tonCO2/ton steel slag (Patricio et al., 2017).  

VI.2.2.6 Objective function 

The objective function of the mathematical model for the CCUS supply chain is defined as (see Eq. VI.22): 

∅ = ∑ 𝐶𝐶𝑖,𝑗,𝑘 + 𝑇𝐶𝑖,𝑗,𝑘,𝑐,𝑡,𝑝,𝑑,𝑚,𝑔 + 𝑆𝐶𝑘 + 𝐶𝑃𝑐 + 𝐶𝑃𝑡 + 𝐶𝑃𝑝 + 𝐶𝑃𝑑 + 𝐶𝑃𝑚

(𝑖,𝑗,𝑘,𝑐,𝑡,𝑝,𝑑,𝑚,𝑔)

+ 𝐶𝑃𝑔                                                                                                            (𝑉𝐼. 22) 

where CCi,j,k are CO2 capture and compression costs, TCi,j,k,c,t,p,d,m,g are CO2 transportation costs, SCk are 

CO2 storage costs, CPc are concrete production costs, CPt are tomatoes production costs, CPp are 
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polyurethane production costs, CPd are calcium carbonate production costs, CPm are methanol production 

costs, CPg are methane production costs. This objective function is minimized to design the system.  

 

VI.2.3 Case study 

The European Member Countries have agreed to reduce European emissions by at least 40% below 1990 

levels, by 2030. To achieve this aim, the UK should reduce CO2 emissions by 53% compared to 1990 levels 

(Committee on Climate Change, 2019). In the UK, total CO2 emissions in 1990 were of 596.3 Mton, then 

in 2030 they should be below 320 Mton (Department of Business, Energy and Industrial Strategy, 2019).  

Actually, CO2 emissions are of 357.5 Mton then, to achieve the target for 2030, an additional reduction of 

10.5% is required (Department of Business, Energy and Industrial Strategy, 2018).  

For the CCUS supply chain, only CO2 emissions from industrial and commercial sectors are considered. 

Four regions, represented by their main city, with greater emissions are selected. The regions of interest 

are: Wales (14.2 Mton/year), Scotland (13.3 Mton/year), the North West (15.5 Mton/year), Yorkshire and 

the Humber (18 Mton/year). The nodes are located respectively at Cardiff, Edinburgh, Manchester, Leeds.  

Total CO2 emissions in the CCUS supply chain for these regions are equal to 61 Mton/year. These should 

be reduced by 10.5%, as discussed above. The minimum target of emissions reduction to be obtained by 

the model is 6.4 Mton/year. CO2 is mainly emitted by power plants (NAEI, 2019), whose flue gases have a 

CO2 composition in the range of 4-15 mol% (Zhang et al., 2018), as reported in Table VI.2, which also 

shows flue gas flow rates.  

 

Table VI.2 Characterization of CO2 sources selected for the CCUS supply chain in the UK (Leonzio et al., 

2020) 

Region Node Flue gas type 
CO2 composition 

 (mol%) 

CO2  

(Mton/year) 
Flue gas 

 (mol/s) 

Wales Cardiff Power plant 10 14.2 102313 

Scotland Edinburgh Power plant 12 13.3 79857 

North West Manchester Power plant 14 15.5 79771 

Yorkshire and the Humber Leeds Power plant 13 18 99763 

 

In the UK, CO2 can be stored in oil and gas fields or in saline aquifers (Department of Energy and Climate 

Change, 2010). The first option is the most important storage type for the UK, with low risks, and with 

potentially enough storage capacity. The total storage capacity can be considered in the range of 7.4-9.9 

GtCO2 (Department of Energy and Climate Change, 2010).  

Saline aquifer storages have potentially a large-scale distribution around the UK. The total storage capacity 

in the UK is in the range of 7.1-14.3 GtCO2 (the potential theoretical capacity exceeds those of oil and gas 

http://naei.beis.gov.uk/
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fields) and these are present in the Irish Sea, southern North Sea, and northern/central North Sea 

(Department of Energy and Climate Change, 2010). Because of their much larger capacity, saline aquifers 

are selected in this study for the CCUS supply chain. Three different storage sites near to the selected CO2 

sources are identified, one for each CCUS supply chain: Bunter Sandstone in the southern North Sea, 

Scottish off-shore in the Central North Sea and Ormskirk Sandstone in the Irish East Sea. The main 

characteristics of these storage sites are reported in Table VI.3.  

 

Table VI.3 Data about CO2 storage sites considered for CCUS supply chains of the UK (Leonzio et al., 

2020) 

Storage location Southern North Sea   

Storage area Bunter Sandstone  Bentham (2006) 

Storage site 1\44  Bentham (2006) 

Storage capacity 10 MtonCO2 Bentham (2006) 

Storage depth 1600 m Bentham (2006) 

Injection capacity per well 2 MtonCO2/year Kolstera et al. (2018) 

Storage location Central North sea   

Storage area Scottish off-shore   

Storage site Forties  Babaei et al. (2016) 

Storage capacity 121 MtonCO2 Babaei et al. (2016) 

Storage depth 2217 m Babaei et al. (2016) 

Injection capacity per well 3 MtonCO2/year Babaei et al. (2016) 

Storage location Irish east sea   

Storage area Ormskirk Sandstone  Kirk (2005) 

Storage site 4  Kirk (2005) 

Storage capacity 11.5 MtonCO2 Kirk (2005) 

Storage depth 500 m Kirk (2005) 

Injection capacity per well 2 MtonCO2/year Kirk (2005) 

 

 

CO2 sources and CO2 storage sites are reported in Figure VI.1. 
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Figure VI.13 CO2 source ( ) and CO2 storage site (*) suggested for CCUS supply chains of the UK 

(Leonzio et al., 2020) 

 

In the utilization section, CO2 is used to produce calcium carbonate, concrete, tomatoes, polyurethane, 

CH3OH and CH4. In addition to CH3OH and CH4 obtained from CO2 hydrogenation, for the other 

compounds, the corresponding consumed CO2 is expected to be considerable according to projections for 

the year 2030.  

For the year 2030, the value of UK demand for calcium carbonate, concrete, tomatoes, polyurethane are 

respectively of 5-43 KtonCO2/year, 0-100 KtonCO2/year, 108-2018 KtonCO2/year, 0-100 KtonCO2/year  

(Alberici et al., 2017). All of these processes have also a high value of TRL (Alberici et al., 2017). Tomatoes 

are chosen for horticultural production because, they have the highest production (Department for 
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Environment Food and Rural Affairs, 2019) ahead of cucumbers, peppers and aubergines amongst those 

suggested as agricultural products that can be obtained from CO2 in the UK (Alberici et al., 2017).  

For each CO2-based product, different production sites are suggested. For CH3OH production Billingham 

is selected (Sheldon, 2017), for CH4 production Isle of Grain and Avonmouth are selected (Natural Gas, 

2019), for polyurethane production Manchester (Prea, 2019) and Alfreton (Basf, 2019) are suggested, for 

tomatoes growing Teesside and the Isle of Wight  (Apsgroup, 2019) are considered, for concrete production 

York (MPA, 2019) and Wallasey  (Hanson, 2019) are suggested, while for calcium carbonate production 

Lifford, Birmingham and Fort William are suggested (BCCF, 2019). At maximum two utilization sites are 

considered for each CO2-based product, because the aim is to find a first distribution of CO2 between the 

utilization and storage section in order to reduce emissions. These production sites have then a high 

production capacity. Utilization sites are shown in Figure VI.2.  

 

 

Figure VI.14 CO2 utilization sites suggested for CCUS supply chains of the UK (  methanol production 

site, methane production site, polyurethane production site, tomatoes production site, 

concrete production site, calcium carbonate production site) (Leonzio et al., 2020) 

 

http://prea,/
http://www.hanson.co.uk/
http://www.calcium-carbonate.org.uk/
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The UK national demand of each of these CO2-based products is the following: for CH3OH 1.64·10-4 

Mton/year (Reportlinker, 2019), for methane 51.4 Mton/year (EIA, 2019), for polyurethane 0.15 Mton/year 

(ONS, 2019), for tomatoes 7.5·10-2 Mton/year (Britishgrowers, 2019), for concrete 4.14 Mton/year (MPA, 

2019), for calcium carbonate 6.53·10-1 Mton/year (Bide et al., 2019).  

Distances between stationary CO2 source, utilization and storage sites are provided in the Appendix (Tables 

S1-S5).  

For CO2 capture, the same capture technologies/materials as reported in Chapter IV are considered: 

absorption technology, with materials such as monoethanolamine (MEA) (30%wt), piperazine (PZ) (40% 

wt) and ionic liquids (IL) (1-butyl-3-methylimidazolium acetate) ([bmim][Ac]), membrane technology with 

POE1, POE2 and FSC-PVAm, pressure swing adsorption (PSA) and vacuum swing adsorption (VSA) 

technologies with 13X, AHT, MVY and WEI.   

 

VI.3 Results and discussion 

In this section, results for CCUS supply chains developed for the UK are presented. The models formulated 

as MILP models and developed in AIMMS are solved thorough CPLEX 12.7.1. The model has 6423 (112 

integer) variables and 7614 constraints.  The computer processor is 2.5 GHz with 4 GB memory. 

VI.3.1 Results of the CCUS supply chain with Bunter Sandstone as storage site 

Table VI.4 shows the optimal topology of the CCUS supply chain with Bunter Sandstone as storage site, 

showing the amount of CO2 that is sent to the utilization or storage from the selected source. The optimal 

solution is found in 0.58 seconds and in 54 iterations. 

 

Table VI.4 Topology of the CCUS supply chain in the UK with Bunter Sandstone storage site (Leonzio et 

al., 2020) 

CO2 source CO2 capture technology/material 
CO2 amount 

(Mton/year) 

To storage 

Leeds MEA absorption 0.4 

To utilization 

Leeds PZ absorption 6 

 

 

The system manages 61 Mton/year of CO2 (in the four regions taken in the account in this study) and 

captures 6.4 Mton/year of CO2. 6 Mton/year of CO2 are sent to the utilization section, while 0.4 Mton/year 

of CO2 are sent to the storage. The minimum target for CO2 emissions reduction is achieved. For both cases, 

http://reportlinker,/
http://eia,/
http://ons,/
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Leeds is the selected CO2 source. For the storage section, MEA absorption is the suggested capture 

technology, while for the utilization section PZ absorption is selected. As found in Chapter IV, the 

absorption technology is the preferred choice due to lower costs than for other technologies. The lower 

costs of absorption are also reported in Hasan et al. (2012), comparing absorption, membrane, PSA and 

VSA technologies at different flue gas flow rate and CO2 composition. Also, it is possible to verify that the 

selection of capture material depends on the final use of CO2, in addition to its treated amount, as found in 

Chapter IV of this thesis. For a fixed CO2 composition, as in this case study, PZ material is preferred at 

higher flow rates due to lower costs, as shown by Kalyanarengan Ravi et al. (2017). For lower flow rates, 

the costs of MEA and PZ are comparable and MEA absorption capture technology is suggested.  

As expected the selected CO2 source is connected to a storage site in the Yorkshire and the Humber region 

(with Leeds as main city), because it is nearby. This reduces CO2 transportation costs. In the utilization 

section, CO2 is used to produce calcium carbonate, with the amount of 5.4 Mton/year, higher than the 

national demand (0.653 Mton/year (Bide et al., 2019)), then a substantial fraction of produced calcium 

carbonate should be exported to other Countries. Calcium carbonate is produced at Lifford, Birmingham 

and at Fort William. The graphical topology of this optimized supply chain is shown in Figure VI.3.  

 

 

Figure VI. 3 Topology of the optimized CCUS supply chain with Bunter Sandstone as storage site (

CO2 source site, * CO2 storage site, calcium carbonate production site,         to CO2 storage site,           to 

CO2 utilization site) (Leonzio et al., 2020) 
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CO2 capture and compression costs are 0.687 billion€/year, CO2 transportation costs are 2.16 million€/year, 

CO2 storage costs are 0.765 million€/year, while calcium carbonate production costs are 0.352 billion€/year. 

At optimal conditions, the total costs of this CCUS supply chain are 1.04 billion€/year. CO2 capture and 

compression costs have the highest influence on the total costs, as also found in other supply chains reported 

in the literature (Hasan et al., 2014; Kalyanarengan Ravi et al., 2017; Zhang et al., 2018). Calcium carbonate 

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

An economic analysis is carried out to evaluate the NPV and PBP. For this supply chain, it is found that at 

the optimal conditions, the NPV is 0.554 trillion€, while the PBP is 2.85 years. The system is economically 

profitable only when considering carbon tax (80 €/tonCO2) and without considering other additional 

economic incentives.  

The cost of polyurethane production is covered by confidentiality obligations, then a sensitivity analysis is 

developed in order to verify that the suggested value is not significant for the obtained results. In this 

sensitivity analysis different production costs, lower than the selling price (between 1349 €/ton and 2158 

€/ton), are considered. The results of CCUS supply chain optimization are independent by the polyurethane 

production cost (a total cost of the supply chain of 1.04 billion€/year is obtained in all different exanimated 

cases).  

VI.3.2 Results of the CCUS supply chain with Scottish off-shore as storage site 

The optimal topology of the CCUS supply chain with Scottish off-shore as storage site is reported in Table 

VI.5. 54 iterations are used to solve the model in 0.81 seconds. 

 

Table VI.5 Topology of the CCUS supply chain for the UK with Scottish off-shore as storage site (Leonzio 

et al., 2020) 

CO2 source CO2 capture technology/material 
CO2 amount 

(Mton/year) 

To storage 

Edinburgh VSA-WEI  4.84 

To utilization 

Leeds PZ Absorption 1.56 

 

 

The system involves 61 Mton/year of CO2 (in the four regions taken in the account in this study) and 

captures 6.4 Mton/year from those emissions, according to the established environmental target. In this 

case, 4.84 Mton/year of captured CO2 are sent to the storage section, while 1.56 Mton/year of captured CO2 

are sent to the utilization. For the storage section, Edinburgh is the source selected in this case with VSA 

technology using WEI material as selected capture process. In the utilization section, Leeds CO2 source is 



Chapter VI: Development of a CCUS supply chain for the UK 

 

231 

 

chosen by the model, with PZ absorption as capture technology. Flue gas from Edinburgh has a CO2 

composition of 12 mol%, slightly lower than CO2 composition of flue gas from Leeds (13 mol%). However, 

the flue gas flow rate from Edinburgh is higher than that from Leeds. These results regarding the choice of 

capture technology are in agreement with those reported in the literature by Hasan et al. (2012): at a 

comparable CO2 composition (just above 10 mol%), for relatively low flue gas flow rates the absorption 

technology is the suggested choice, while for relatively high flue gas flow rates the VSA process is 

suggested due to lower costs. Regarding the capture material, PZ is selected due to lower costs at lower 

CO2 compositions for a fixed amount of flue gas flow rate (Kalyanarengan Ravi et al., 2017). The WEI 

zeolite material is chosen because the flue gas flow rate of Leeds is not so high (Zhang et al., 2018).  

As in the previous case study, the selected CO2 source from which CO2 is sent to the storage is the nearest 

site in order to reduce CO2 transportation costs. In the utilization section, CO2 is used to produce calcium 

carbonate (1.4 Mton/year) at Lifford, Birmingham and at Fort William. A somewhat higher amount than 

the national demand is produced, then it would need to be exported to other Countries. The topology of this 

CCUS supply chain is shown in Figure VI.4. 

 

 

Figure VI. 4 Topology of the optimized CCUS supply chain with Scottish off-shore as storage site (

CO2 source site, * CO2 storage site, calcium carbonate production site,          to CO2 storage site,         to 

CO2 utilization site) (Leonzio et al., 2020) 
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The total costs of the supply chain are of 0.425 billion€/year. CO2 capture and compression costs, CO2 

transportation costs, CO2 storage costs and production costs of calcium carbonate are respectively of 0.323 

billion€/year, 3.57 million€/year, 7.76 million€/year and 91.5 million€/year. CO2 capture and compression 

costs have the highest influence on the total costs as in the previous case study and as reported elsewhere 

in the literature (Hasan et al., 2014; Kalyanarengan Ravi et al., 2017; Zhang et al., 2018). Capture and 

compression costs are followed by calcium carbonate production costs, CO2 storage costs and CO2 

transportation costs. A more detailed economic analysis is carried out for the optimized system, in order to 

evaluate its profitability. The NPV and PBP are calculated and are respectively of 0.12 trillion€ and 5.27 

years. In this analysis, only a carbon tax of 80 €/tonCO2 is considered. A profitable system is obtained with 

a PBP period of about 5 years.  

VI.3.3 Results of the CCUS supply chain with Ormskirk Sandstone storage site 

The optimal structure of the CCUS supply chain with the storage site in the East Irish Sea is reported in 

Table VI.6. The optimal solution is found with 54 iterations in 0.8 seconds. 

 

Table VI.6 Topology of the CCUS supply chain for the UK with Ormskirk Sandstone as storage site 

(Leonzio et al., 2020) 

CO2 source CO2 capture technology/material 
CO2 amount  

(Mton/year) 

To storage 

Manchester MEA Absorption 0.46 

To utilization 

Leeds PZ Absorption 5.94 

 

 

The system involves 61 Mton/year of CO2, globally (in the four regions taken in the account in this study) 

and chooses to capture 6.4 Mton/year of these emissions from selected sources. A small amount of CO2 is 

sent to the storage: only 0.46 Mton/year are sent to the Ormskirk Sandstone storage site. 5.94 Mton/year of 

CO2 are sent to the utilization section to produce calcium carbonate. As far as the storage section is 

concerned, Manchester, with a CO2 composition of 14 mol%, is the selected source: once more it is the 

nearest source to the storage site and for this reason it is selected. For the utilization section, Leeds (i.e. the 

Yorkshire and the Humber region with a CO2 composition of 13 mol%) is the chosen CO2 source. For both 

of them absorption technology is the selected process. However, two different capture materials are 

selected: for the storage section, MEA is selected while for the utilization section, PZ solution is suggested. 

As in the first case study (the CCUS supply chain with Bunter Sandstone as storage site), absorption 

technology is selected due to lower costs compared to other capture technologies (Hasan et al., 2012). 
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However, for higher flow rates the PZ solution is the best material because it can ensure lower costs 

compared to MEA (Kalyanarengan Ravi et al., 2017). The optimized topology of this developed CCUS 

supply chain is shown in Figure VI.5. 

 

 

Figure VI.5 Topology of the optimized CCUS supply chain with Ormskirk Sandstone as storage site (

CO2 source site, * CO2 storage site, calcium carbonate production site,         to CO2 storage site,         to 

CO2 utilization site) (Leonzio et al., 2020) 

 

5.35 Mton/year of calcium carbonate are produced in the utilization section (at Lifford, Birmingham and at 

Fort William). Some of the produced calcium carbonate needs to be exported. Inside the optimized supply 

chain, CO2 capture and compression costs are 0.682 billion€/year, CO2 transportation costs are 2.18 

million€/year, CO2 storage costs are 0.477 million€/year, while calcium carbonate production costs are 

0.349 billion€/year. The total costs of the optimized CCUS supply chain are equal to 1.03 billion€/year. As 

already discussed, capture and compression costs mostly influence the total costs, followed by calcium 

carbonate production costs, CO2 transportation costs and CO2 storage costs. To evaluate the economic 

feasibility of the supply chain, the value of NPV and PBP are found. As in previous cases, only a carbon 

tax is considered with a value of 80 €/tonCO2. Results show that the NPV is equal to 0.549 trillion€, while 
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the PBP is 2.86 years. Profitability is ensured by the optimized CCUS supply chain with Ormskirk 

Sandstone as storage site.   

VI.3.4 Comparison among the CCUS supply chains developed above 

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

 

Table VI.7 Comparison among the CCUS supply chains for the UK (Leonzio et al., 2020) 

Storage site Bunter Sandstone Scottish off-shore Ormskirk Sandstone 

Treated CO2 (Mton/year) 61 61 61 

Captured CO2 (Mton/year) 6.4 6.4 6.4 

Minimum target for CO2 reduction (Mton/year) 6.4 6.4 6.4 

Total costs of CCUS supply chain (billion€/year) 1.04 0.425 1.03 

Produced CO2-based product calcium carbonate calcium carbonate calcium carbonate 

Amount of CO2-based product (Mton/year) 5.4 1.4 5.35 

Net present value (trillion€) 0.554 0.12 0.549 

Payback period (years) 2.85 5.27 2.86 

Production cost of CO2-based product (€/ton)(*) 193 304 193 

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

 

The systems consider the same amount of CO2 emissions of 61 Mton/year and capture the same amount of 

CO2 (6.4 Mton/year) from the selected sources according to the minimum target for emissions reduction. 

Only calcium carbonate is produced in these supply chains due to lower production costs to achieve the 

target for CO2 reduction. 5.4 Mton/year, 1.4 Mton/year and 5.35 Mton/year of calcium carbonate are 

produced in the CCUS supply chain with Bunter Sandstone, Scottish off-shore and Ormskirk Sandstone as 

storage site respectively. This amount of calcium carbonate is higher than the national demand so a fraction 

of it should be exported and sold on the international market. The CCUS supply chain with the lowest costs 

is that with Scottish off-shore as storage site. However, it is found that the CCUS supply chain with the 

highest value of NPV and the lowest PB time is that using Bunter Sandstone as storage site. For this 

structure, the NPV is 0.554 trillion€ while the PB time is 2.85 years. Calcium carbonate production cost is 

193 €/ton (without considering economic incentives or a carbon tax). The CCUS supply chain with Bunter 

Sandstone storage site is the best suggested solution according to the model.  

VI.3.5 Further enhancement of CCUS supply chains developed for UK 

In the supply chain models developed in previous sections, the production of a single good (calcium 

carbonate) in substantial excess of the UK national demand is predicted to be obtained by the optimized 

supply chains, because of its low cost in relation to other utilization options and of the limited capacity of 

each CO2 storage site. Market generally would not like such conditions, so a new case study is considered  
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here for the UK. In fact, for the above frameworks it is assumed that for all CO2-based products the 

respective production should not exceed the double of the corresponding national demand. These 

constraints are then introduced into the mathematical model.  

For the CCUS supply chain with Bunter Sandstone as storage site, the new optimal structure, calculated in 

1.36 seconds, is reported in Table VI.8. 

 

Table VI.8 Topology of the CCUS supply chain for the UK with Bunter Sandstone as storage site when 

constraints about the national demand of CO2-based products are taken into account 

CO2 source CO2 capture technology/material 
CO2 amount  

(Mton/year) 

To storage 

Leeds IL Absorption 0.4 

To utilization 

Leeds PZ Absorption 5.999 

Manchester PZ Absorption 0.001 

 

As in the previous cases, the system treats 61 Mton/year of CO2 emissions and captures 6.4 Mton/year of 

CO2, that are sent to the storage Bunter Sandstone (0.4 Mton/year) and to the utilization section (6 

Mton/year). In particular, Leeds is connected with the capture site using IL absorption, while Manchester 

and again Leeds are connected to the utilization section through PZ absorption. As shown in Chapter III, 

the absorption is the preferred technology. Overall, the choice of the capture material depends on the final 

use of CO2, but PZ due to its low costs is the preferred choice.  

The new framework produces CH3OH (328 ton/year), CH4 (1.56 Mton/year), concrete (8.28 Mton/year), 

calcium carbonate (1.31 Mton/year), in an amount equal or lower than the double of respective national 

demand that must to be satisfied. The national demand is satisfied for all products except for CH4. It is 

evident that a situation more friendly for the market is ensured, and the minimum target for CO2 emissions 

reduction according to the environmental policy is satisfied also under this scenario.  

Figure VI.6 shows the optimized topology of the CCUS supply chain with Bunter Sandstone as storage site.  
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Figure VI.6 Topology of the optimized CCUS supply chain with Bunter Sandstone as storage site when 

constraints about the national demand of CO2-based products are taken into account ( CO2 source site, 

* CO2 storage site, calcium carbonate production site,  methanol production site,  methane 

production site,  concrete production site,          to CO2 storage site,         to CO2 utilization site)  

 

Despite a greater flexibility in the offer of CO2-based products on the market, compared to the optimized 

base case, this CCUS supply chain has a higher cost, 8 billion€/year. In particular, CO2 capture and 

compression costs are 0.687 billion€/year, CO2 transportation costs are 2.16 million€/year, CO2 storage 

costs are 0.765 million€/year, CH3OH production costs are 0.2 million€/year, CH4 production costs are 7.04 

billion€/year, concrete production costs are 0.181 billion€/year and calcium carbonate production costs are 

85.2 million€/year. It is evident that CH4 production cost has the highest influence on the total costs of the 

CCUS supply chain, followed by carbon capture and compression costs and concrete production costs. 

However, production of a certain amount of methane is necessary in order to reach the objective to reduce 

carbon dioxide emissions as requested by environmental constraints, under conditions imposed on the 

supply chain. 

It results that economic incentives and carbon tax are required to have a positive NPV. For CH4, CH3OH, 

concrete and calcium carbonate the considered economic incentives are in the order of 270 €/MWh, 0.13 

€/kWh, 0.5 €/ton and 0.5 €/ton. Carbon tax is set at 80 €/ton. Under these assumptions, the value of NPV 
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is 42.3 billion€, while the value of PBP is 4.56 years. For the CCUS supply chain with Scottish offshore as 

storage site, the optimal topology, calculated in 0.55 seconds, is reported in Table VI.9.  

Table VI.9 Topology of the CCUS supply chain for the UK with Scottish offshore as storage site when 

constraints about the national demand of CO2-based products are taken into account 

CO2 source CO2 capture technology/material 
CO2 amount  

(Mton/year) 

To storage 

Edinburgh MEA Absorption 4.84 

To utilization 

Edinburgh PZ Absorption 0.001 

Leeds PZ Absorption 1.55 

 

Overall, 61 Mton/year of CO2 emissions are treated and 6.4 Mton/year of CO2 are captured: 4.84 Mton/year 

of CO2 are sent to the storage section through MEA absorption, while 1.56 Mton/year of CO2 are sent to 

the utilization section considering Edinburgh and Leeds are sources. In this last case, PZ absorption is used. 

Absorption technology is the preferred choice. In the utilization section, concrete (3.61 Mton/year), CH3OH 

(328 ton/year) and calcium carbonate (1.31 Mton/year) are produced. CH3OH and calcium carbonate are 

equal to the double of national demand, while concrete is lower than the respective national demand (4.14 

Mton/year). Figure VI.7 shows the topology of the considered supply chain.  

 

Figure VI.7 Topology of the optimized CCUS supply chain with Scottish offshore as storage site when 

constraints about the national demand of CO2-based products are taken into account ( CO2 source site, 

* CO2 storage site, calcium carbonate production site,  methanol production site,  concrete 

production site,          to CO2 storage site,         to CO2 utilization site)  
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The total costs of this framework is 0.48 billion€/year (higher than the base case).  

In particular, CO2 capture and compression costs are 0.305 billion€/year, CO2 transportation costs are 3.58 

million€/year, CO2 storage costs are 7.76 million€/year, CH3OH production costs are 0.2 million€/year, 

concrete production costs are 78.7 million€/year and calcium carbonate production costs are 85.2 

million€/year. Carbon capture and compression costs have the highest influence on the total costs. The 

system has a positive NPV considering only carbon tax at 80 €/ton. In fact, the value of NPV is 4.55 billion€, 

while the PBP is 3.47 years.  

The same analysis is carried out for the CCUS supply chain with Ormskirk Sandstone as storage site. After 

the optimization achieved in 0.58 seconds, the obtained topology is shown in Table VI.10.  

 

Table VI.10 Topology of the CCUS supply chain for the UK with Ormskirk Sandstone as storage site when 

constraints about the national demand of CO2-based products are taken into account 

CO2 source CO2 capture technology/material 
CO2 amount  

(Mton/year) 

To storage 

Manchester MEA Absorption 0.46 

To utilization 

Manchester PZ Absorption 5.94 

 

 

This framework captures 6.4 Mton/year of CO2 from the selected source at Manchester with two different 

capture technologies (MEA absorption for the storage site and PZ absorption for the utilization section). In 

the utilization section, CO2 is used to produce CH3OH (328 ton/year), CH4 (1.54 Mton/year), concrete (8.28 

Mton/year) and calcium carbonate (1.31 Mton/year). Only CH4 production does not achieve the national 

demand (51.4 Mton/year).  Figure VI.8 describes the obtained topology.  

The total costs of the framework is 7.87 billion€/year (higher than the base case). In particular, CO2 capture 

and compression costs are 0.664 billion€/year, CO2 transportation costs are 2.19 million€/year, CO2 storage 

costs are 0.477 million€/year, CH3OH production costs are 0.2 million€/year, CH4 production costs are 6.9 

billion€/year, concrete production costs are 0.181 billion€/year and calcium carbonate production costs are 

85.2 million€/year. CH4 production costs and carbon capture and compression costs have the higher 

influence on total costs. 

At the same level of economic incentives considered for the CCUS supply chain with Bunter Sandstone as 

storage site, the NPV is positive and equal to 42.1 billion€ while the PBP is 4.54 years.  
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Figure VI.8 Topology of the optimized CCUS supply chain with Ormskirk Sandstone as storage site when 

constraints about the national demand of CO2-based products are taken into account ( CO2 source site, 

* CO2 storage site, calcium carbonate production site,  methanol production site,  methane 

production site,  concrete production site,          to CO2 storage site,         to CO2 utilization site)  

 

Overall, the obtained results suggest that it is possible to diversify the production in the UK avoiding a 

great amount of only one product. In this case, for the CCUS supply chain with Scottish offshore as storage 

site, economic incentives are not required and only carbon tax is needed to have a positive NPV. On the 

other hand, the other frameworks ensure also CH4 production, however economic incentives are necessary. 

Among the two systems with a comparable PBP, the supply chain with Bunter Sandstone as storage site 

allows to have a higher value of NPV.  

 

VI.4 Conclusions 

In this chapter, three different CCUS supply chains for the UK are designed considering different storage 

sites (Bunter Sandstone, Scottish off-shore and Ormskirk Sandstone). These systems are modelled as MILP 

models and optimized through the minimization of total costs. Products for which the production process 

has a high value for TRL are considered: calcium carbonate, tomatoes, concrete and polyurethane. In 

projections for the year 2030, these products also meet a high national demand in terms of consumed CO2. 

CH3OH and CH4, obtained from CO2 hydrogenation reaction with renewable hydrogen, are also considered, 

as in many literature studies. 
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Results show that the CCUS supply chain with Bunter Sandstone as storage site is the most economically 

profitable system, due to the highest value of NPV (0.554 trillion€/year) and the lowest value of PB time 

(2.85 years), considering only carbon tax, at a value of 80 €/tonCO2. The supply chain costs 1.04 

billion€/year and reduces 6.4 Mton/year of CO2 emissions. The captured CO2 is used to produce 5.4 

Mton/year of calcium carbonate, an amount greater than the national demand then, a proportion should be 

exported. All the considered CCUS supply chains are economically feasible considering only carbon tax.  

To avoid the production of a great amount of calcium carbonate, the mathematical model is updated 

considering constraints about the production of CO2-based products (this should not exceed the double of 

the corresponding national demand). In this case, more compounds are produced at a rate acceptable to the 

market, and only the system with Scottish offshore as storage site requires carbon tax to have a positive 

NPV. For the other case studies, economic incentives are also needed.  

It has been shown how using a mathematical model to find the optimal configuration of alternative carbon 

dioxide storage and utilization chains, studies can be undertaken to find strategies for achieving the stringent 

CO2 reduction targets that the UK seeks to achieve.  
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Appendix 

 

Table S1 Distances between CO2 sources and storage sites (NHC, 2019) 

Cardiff Bunter Sandstone 475 km 

Cardiff Forties 819 km 

Cardiff Ormskirk Sandstone 286 km 

    

Edinburgh Bunter Sandstone 341 km 

Edinburgh Forties 414 km 

Edinburgh Ormskirk Sandstone 179 km 

    

 Manchester Bunter Sandstone 287 km 

 Manchester Forties 587 km 

 Manchester Ormskirk Sandstone 144 km 

    

Leeds Bunter Sandstone 227 km 

Leeds Forties 570 km 

Leeds Ormskirk Sandstone 207 km 

 

 

 

 

 

Table S2 Distances between CO2 source and utilization sites (NHC, 2019) 

Cardiff Billingham 384.24 km 

Cardiff London 211.52 km 

Cardiff Isle of Grain 269.06 km 

Cardiff Avonmouth  47.41 km 

Cardiff Manchester  263.97 km 

Cardiff Alfreton 217.5 km 

Cardiff Isle of Wight  157.6 km 

Cardiff York 309.84 km 

Cardiff Wallasey 216.29 km 

Cardiff Lifford 141.65 km 

Cardiff Fort William 606.71 km 

 

Table S3 Distances between CO2 source and utilization sites (NHC, 2019) 

Edinburgh Billingham 188.38 km 

Edinburgh London 518.15 km 

Edinburgh Isle of Grain 546.35 km 

Edinburgh Avonmouth  489.88 km 

Edinburgh Manchester  233.11 km 

Edinburgh Alfreton 322.69 km 

Edinburgh Isle of Wight  585.38 km 

Edinburgh York 244.04 km 

Edinburgh Wallasey 266.98 km 

Edinburgh Lifford 380.24 km 

Edinburgh Fort William 166.44 km 
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Table S4 Distances between CO2 source and utilization sites (NHC, 2019) 

 Manchester Billingham 107.43 km 

 Manchester London 290.91 km 

 Manchester Isle of Grain 325.25 km 

 Manchester Avonmouth  262.12 km 

 Manchester Manchester  0 km 

 Manchester Alfreton 95.56 km 

 Manchester Isle of Wight  352.41 km 

 Manchester York 78.97 km 

 Manchester Wallasey 67.23 km 

 Manchester Lifford 147.32 km 

 Manchester Fort William 382.76 km 

 

Table S5 Distances between CO2 source and utilization sites (NHC, 2019) 

Leeds Billingham 76.18 km 

Leeds London 284.02 km 

Leeds Isle of Grain 313.85 km 

Leeds Avonmouth  279.62 km 

Leeds Manchester  41.88 km 

Leeds Alfreton 89.96 km 

Leeds Isle of Wight  359.37 km 

Leeds York 37.15 km 

Leeds Wallasey 107.6 km 

Leeds Lifford 158.27 km 

Leeds Fort William 392.42 km 
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Nomenclature 

 

Indices 

i = carbon dioxide source 

j = carbon dioxide capture system 

k = carbon dioxide storage site and complementary utilization section 

m = methanol production site 

g = methane production site 

p = polyurethane production site 

t = tomato production site 

c = concrete production site 

d = calcium carbonate production site 

Abbreviations 

AIMMS = advanced interactive multidimensional modeling system 

CC = carbon dioxide capture and compression costs [€/year]  

CDC = flue gas dehydration costs [€/year] 

CIC = carbon dioxide capture and compression investment costs [€/year]  

COC = carbon dioxide capture and compression operating costs [€/year] 

CCUS = carbon capture utilization and storage  

CP  = concrete production costs [€/year] 

CP  = tomato production costs [€/year] 

CP  = polyurethane production costs [€/year] 

CP  =  calcium carbonate production costs [€/year] 

CP  = methanol production costs [€/year] 

CP  = methane production costs [€/year] 

IC = maximum injection capacity per well [ton/year] 

IL = ionic liquid 

MEA = monoethanolamine 

MILP = mixed integer linear programming 

NPV = net present value 

PBP = payback period 

PSA = pressure swing adsorption 
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PZ = piperazine 

SC = carbon dioxide storage cost [€/year] 

SIC = carbon dioxide investment storage costs [€] 

SOC = carbon dioxide operating storage costs [€/year] 

TC = carbon dioxide transportation costs [€/year] 

TH = time horizon 

TIC = investment carbon dioxide transportation costs [M€] 

TOC = operating carbon dioxide transportation costs [M€/year] 

TRL = technology readiness level 

VSA = vacuum swing adsorption 

Variables 

Continuous variables 

FRi,j,k = fraction of captured carbon dioxide from source i with technology j sent to storage site k 

Utilizationi,j,k = fraction of captured carbon dioxide from source i with technology j sent to overall 

utilization site k 

Methanoli,j,m = fraction of captured carbon dioxide from source i with technology j sent to methanol 

production site m 

Methanei,j,g = fraction of captured carbon dioxide from source i with technology j sent to methane 

production site g 

Polyurethanei,j,p = fraction of captured carbon dioxide from source i with technology j sent to 

polyurethane production site p 

Tomatoi,j,t = fraction of captured carbon dioxide from source i with technology j sent to tomato growing t 

Concretei,j,c = fraction of captured carbon dioxide from source i with technology j sent to concrete curing c 

CalciumCarbonatei,j,d = fraction of capture carbon dioxide from source i with technology j sent to calcium 

carbonate production site d  

Binary variables 

Xi,j,k = 1 if carbon dioxide is captured from source i with technology j and sent to storage site k, otherwise 

0 

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

otherwise 0 

Parameters 

b = parameter in SIC 

Ck
max = maximum storage capacity for storage site k [ton] 

CRmin = minimum target for overall carbon dioxide reduction [ton/year] 
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CSi  = carbon dioxide emissions from source i [ton/year] 

Di,k/Di,c/Di,t/Di,p/Di,d/Di,m/Di,g = distance from source i to storage k/concrete c/tomato t/polyurethane 

p/calcium carbonate d/methanol m/methane g production site [km]    

dwell = depth of well [km] 

Fi/F = flue gas flow rate from source i [mol/s] 

Ft = terrestrial factor 

m = parameter in SIC 

m = parameter in CIC and COC 

n = parameter in CIC and COC 

X = parameter equal to 1 if carbon dioxide is transported to a specific utilization site 

xCO2 = carbon dioxide molar fraction 

XLi = lowest composition processing limit for capture technology j [mol%] 

XHi = highest composition processing limit for capture technology j [mol%] 

XSi = carbon dioxide composition in the flue gas emission from source i [mol%] 

Greek letters 

α = parameter in CIC and COC 

αt = parameter in TIC 

β = parameter in CIC and COC 

βt = parameter in TIC 

γ = parameter in CIC and COC 
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Chapter VII 

 

Definition of a new objective function for CCUS supply chains 

A more complete and realistic objective function than that in the previous studies is considered and 

minimized in order to determine the optimal design of carbon capture utilization and storage systems. The 

objective function includes carbon tax remission, economic incentives and revenues that are subtracted 

from total costs. Then mixed integer linear programming models with this new objective function are 

developed for a carbon capture utilization and storage supply chain in Germany, Italy and the UK, 

considering for each of them the same utilization and storage options as in the previous studies. For each 

framework, the most significant values of cost parameters on the market referred to the last years are 

considered in a scenario analysis. Results show that carbon tax influences only the total value of the 

objective function while, economic incentives and revenues have a significant effect also on the topology of 

the supply chain. 

 

VII.1 Introduction 

For the carbon capture utilization and storage (CCUS) supply chains of Germany, Italy and the UK 

previously examined, the objective function of the mathematical model is represented by total costs that 

are minimized. It is found that economic incentives obtained for a sustainable production, and carbon tax 

remission, the importance of which is already underlined in the literature, are required to have a profitable 

solution from an economic point of view (for the framework in Italy and in Germany producing only 

methanol (CH3OH) carbon tax remission and economic incentives are required, for the framework in the 

UK and in Germany producing more products only carbon tax remission is needed). Moreover, for these 

systems, CO2-based products can be sold generating revenues.  

Then, for a more complete and realistic description of these systems, carbon tax, revenues and economic 

incentives are considered in the objective function and subtracted to total costs (CO2 capture and 

compression costs, CO2 storage costs, CO2 transportation costs and production costs of CO2-based 

products). This new objective function is minimized in order to design carbon supply chains and find their 

best topology. A more complex objective function is therefore suggested than those reported in the 

literature, considering generally total costs only.   

It is necessary to keep in mind and put more attention on the uncertainties of these models deriving by 

decades-long time horizons, such as climate conditions, geophysical properties of storage reservoirs, 

economic parameters and environmental policies. The complicated and dynamic nature of a supply chain 

determines a high level of uncertainty on decisions concerning it, as also reported by Ozkir and Basligil 

(2013).  

Then, the aim of the research work described in this chapter is to develop a deterministic mixed integer 

linear programming (MILP) model for CCUS supply chains considered for Italy, Germany and the UK as 

in the previous studies with this new objective function, in order to have a more realistic design.  
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In addition, as an innovative point, in line with what is reported and suggested in the literature about the 

uncertainty, different levels of economic incentives, carbon tax and revenues are considered, aiming to 

evaluate their effect on the supply chain design. As another objective of this work, the influence of the 

market on the design of these frameworks is analyzed.  

 

VII.2 Model development 

For the CCUS supply chain of Germany, Italy and the UK the mathematical model is developed as in 

previous, respective Chapters. Only the objective function is changed. The MILP models are solved using 

AIMMS software (Advanced Interactive Multidimensional Modeling).  

VII.2.1 Objective function 

Revenues, economic incentives and carbon tax are included in the expression of the objective function: the 

maximum profit is sought for the system. For CCUS supply chains in Italy and in Germany producing only 

methanol (CH3OH) via methane (CH4) dry reforming, the objective function ϕ is the following (see Eq. 

VII.1): 

𝜙 = 𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 − 𝑟𝑒𝑣𝑒𝑛𝑢𝑒𝑠 − 𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑐 𝑖𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒𝑠 − 𝑐𝑎𝑟𝑏𝑜𝑛 𝑡𝑎𝑥 𝑟𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛       (𝑉𝐼𝐼. 1) 

For the CCUS supply chain producing different products in Germany and in the UK, the objective function 

ϕ is (see Eq. VII.2): 

𝜙 = 𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 − 𝑟𝑒𝑣𝑒𝑛𝑢𝑒𝑠 − 𝑐𝑎𝑟𝑏𝑜𝑛 𝑡𝑎𝑥 𝑟𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛                          (𝑉𝐼𝐼. 2) 

When no economic incentives are required for the profitability of a CCUS system, as it is the case of these 

supply chains (see Chapters IV and VI), then a simplification of the objective function is considered.  

In both equations, total costs are given by CO2 capture and compression costs, CO2 transportation costs, 

CO2 storage costs and production costs of different CO2-based products. Economic incentives are 

obtainable because of the sustainable production route of products, while carbon tax is avoided to the extent 

of the captured CO2. Revenues are obtained from selling the obtained CO2-based products. These objective 

functions are minimized in order to design the best supply chain. 

VII.2.2 Case study 

For the CCUS supply chain of Italy, Germany and the UK, the case study has been discussed in the previous, 

respective Chapters. It is interesting here to analyze the variation of the market. Then, for CCUS supply 

chains of Italy, the carbon tax is considered over three different levels: 20 €/tonCO2, 80 €/tonCO2 and 140 

€/tonCO2
 (OECD, 2013), while economic incentives assume these values: 240 €/MWh, 270 €/MWh and 

300 €/MWh (Leonzio and Zondervan, 2020).   
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For the CCUS supply chain of Germany producing only CH3OH, the variation of carbon tax is at three 

different levels: 20 €/tonCO2, 80 €/tonCO2 and 140 €/tonCO2
 (OECD, 2013), while economic incentives 

assume a value of 0.092 euro/kWh, 0.111 euro/kWh and 0.129 euro/kWh (Leonzio et al., 2019a). Methanol 

selling price is supposed to be between 90 €/ton and 540 €/ton (Mikulski, 2018). 

For the CCUS supply chain in Germany producing methanol, urea, concrete, wheat, polyurethane, calcium 

carbonate and lignin, the carbon tax is changed as in the previous case study, while economic incentives 

are not considered in this case, due to the economic convenience of selling CO2-based products. However, 

selling prices are changed. The lowest value of selling price for methanol, concrete, wheat, lignin, 

polyurethane, calcium carbonate and urea is fixed at 90 €/ton, 34 €/ton, 125 €/ton, 480 €/ton, 6384 €/ton, 

108 €/ton, 253 €/ton, respectively; while the highest selling price for methanol, concrete, wheat, lignin, 

polyurethane, calcium carbonate and urea is fixed at 540 €/ton, 138 €/ton, 260 €/ton, 750 €/ton, 7250 €/ton, 

132 €/ton and 369 €/ton, respectively (Mikulski, 2018; European Commission, 2019; Gosselink, 2011; 

PlasticsInsight, 2019; PCI, 2019; Fao, 2019; WSDOT, 2019). 

For the CCUS supply chain of the UK, the carbon tax is considered to be equal to 20 €/tonCO2, 80 €/tonCO2 

and 140 €/tonCO2
 (OECD, 2013), respectively. Economic incentives are not required, then only selling 

prices are changed. For methanol, methane, polyurethane, tomatoes, concrete and calcium carbonate the 

lowest selling price assumed inside the market is respectively 690 €/ton, 0.0178 €/kWh, 2260 €/ton, 1.12 

€/kg, 15.18 €/ton, 108 €/ton. On the other hand, the highest selling price of these is respectively 3510 €/ton, 

0.028 €/kWh, 2590 €/ton, 2.68 €/kg, 153 €/ton and 132 €/ton (Office for National Statistics, 2019; 

Department for Business, Energy and Industrial Strategy, 2019; Department for Environment, Food and 

Rural Affairs, 2019; WSDOT, 2019; PCI, 2019). 

 

VII.3 Results and discussion 

In this section, the results are presented of sensitivity analyses for CCUS supply chains in Italy integrated 

by a power to gas system, for the CCUS supply chain in Germany producing CH3OH via CH4 dry reforming 

and different CO2-based compounds, and for the CCUS of the UK producing mainly calcium carbonate. 

The influence of the market on the CCUS supply chains design is evaluated and analyzed. CPLEX 12.7.1 

is the solver that is selected, while the computer processor is 2.5 GHz and the memory is 4 GB.  

VII.3.1 Results for CCUS supply chains in Italy 

A first sensitivity analysis is developed for CCUS supply chains in Italy, changing carbon tax and economic 

incentives according to a low level (20 €/ton and 240 €/MWh, respectively for carbon tax and economic 

incentives), medium level (80 €/ton and 270 €/MWh, respectively for carbon tax and economic incentives) 

and high level (140 €/ton and 300 €/MWh, respectively for carbon tax and economic incentives) (OECD, 

2013; Leonzio and Zondervan, 2020). The selling price of methane is set at 25 €/MWh (Eurostat, 2019). 
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Results are reported in Tables S1-S3 of the Appendix. Results show that, changing carbon tax and economic 

incentives, the total value of the objective function and the amount of produced CH4 are changed, and also 

the topology of the system changes. Overall, for all supply chains, the amount of CH4 produced per year is 

between 16.1 Mton/year and 101 Mton/year, while the total value of the objective function ranges between 

15.5 billion€/year and -70 billion€/year. Positive values of the objective function suggest that the system is 

not economically profitable. At the low values of carbon tax and economic incentives, a negative profit is 

present. For the CCUS supply chain with Malossa San Bartolomeo as storage site, the total value of the 

objective function, the amount of CH4 and the avoided (overall captured) CO2 are shown in 3D plots in 

figure VII.1a, VII.1b, and VII.1c respectively.  

 

 

 

Figure VII.1 (Following) 
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Figure VII.1 a) Total value of the objective function; b) Methane production; c) Avoided CO2 as a function 

of carbon tax and economic incentives for the CCUS supply chain of Italy with Malossa San Bartolomeo 

as storage site (Leonzio et al., 2020) 

 

It is possible to see that the overall captured CO2 assumes values between 77 Mton/year and 279 Mton/year, 

the amount of produced CH4 assumes values between 22.5 Mton/year and 101 Mton/year while the total 

value of the objective function is between 2.65 billion€/year and -70.7 billion€/year. Moreover, CH4 

production and avoided CO2 have the same trend, and a positive value of the objective function 

(corresponding to economic loss) is found for a lower amount of CH4 and captured CO2. On the other hand, 

negative values of the objective function are present for higher captured CO2 and CH4 production. In this 

last case, higher values of incomes due to revenues (for selling more CH4) and carbon tax remission are 

ensured. In addition, it is found that a higher CH4 production and corresponding lower CO2 emissions are 

ensured when economic incentives are higher; these results point to the value of “multi-objective 

optimization” considering both economic and environmental aspects in future studies.  

As discussed in the next section, the carbon tax alone has no influence on the amount of produced CH4 and 

captured CO2 (then on the topology of the system), but only on the total value of the objective function.  

To show that the topology is modified in this sensitivity analysis, Table S1, S2 and S3 of the Appendix 

report also the topology of different CCUS supply chains in Italy with different storage sites, all investigated 

at the low, medium and high level of carbon tax and economic incentives, respectively.  

It is evident that, at a high level of these parameters, all CO2 that can be captured in all sources is sent to 

the utilization for CH4 production, maximizing the profit of the system. In fact, at the low and medium 

value of the considered parameters CO2 reduction is of 77 Mton/year (the minimum target to achieve CO2 

reduction required by the environmental policy), while at a high value of considered parameters, 279 
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Mton/year of CO2 are reduced and used in the power to gas system to produce 101 Mton/year of CH4. In 

the first case, a reduced number of sources are selected while in the second case, all sources are selected.  

The effect of the investigated parameters is positive on the amount of captured CO2 and selected carbon 

sources. Considering the structure of the objective function, when carbon tax and economic incentives are 

increased in order to decrease the value of the objective function, revenues should also increase. If revenues 

increase, the amount of produced CH4 increases and so does also the amount of captured CO2 from the 

selected sources.  

Overall, monoethanolamine (MEA) absorption is the preferred choice and pressure swing adsorption (PSA) 

is chosen in one case only. Also in Chapter V, MEA absorption is the best choice due to low costs. The low 

cost for the PSA capture technology is reported also by Kalyanarengan Ravi et al. (2017). Membrane and 

IL absorption are used and preferred for higher carbon dioxide content streams (Hasan et al., 2012).  

The sensitivity analysis carried out above is changing both carbon tax and economic incentives together. It 

is interesting to perform an additional analysis changing only carbon tax according to its low, medium and 

high level, in order to check its specific effect on the results. Selling price of methane and economic 

incentives are respectively of 25 €/MWh and 270 €/MWh. It is found that carbon tax has no effect on the 

topology and methane production: it influences only the total value of the objective function. Table S4 of 

the Appendix shows in more details that the topology of the CCUS supply chain with Malossa San 

Bartolomeo as storage site does not change for all values of carbon tax remission.   

Figure VII.2 and VII.3 show respectively the trend of the total value of the objective function and CH4 

produced, while Figure VII.4 shows the amount of captured CO2 for the different values of carbon tax.  

 

 

Figure VII.2 Trend of the total value of the objective function versus carbon tax for the CCUS supply chain 

with Malossa San Bartolomeo as storage site (Leonzio et al., 2020) 
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Figure VII.3 Trend of methane production versus carbon tax for the CCUS supply chain with Malossa San 

Bartolomeo as storage site (Leonzio et al., 2020) 

 

 

Figure VII.4 Trend of avoided carbon dioxide versus carbon tax for the CCUS supply chain with Malossa 

San Bartolomeo as storage site (Leonzio et al., 2020) 

 

The total value of the objective function ranges between 2.66 billion€/year and -7.05 billion€/year: only at 

high values of carbon tax the system is economically profitable. 22.5 Mton/year of CH4 are produced while 

77 Mton/year of CO2 are avoided. These results confirm that the topology of the CCUS supply chain is 

mainly changed due to the variation of economic incentives, while carbon tax influences only the value of 

the objective function. Then, if it is desirable to have a fixed topology of CCUS supply chain, the 

profitability of the system can be obtained changing the value of carbon tax (high values are preferred, of 

course). 
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The results obtained for this supply chain with Malossa San Bartolomeo as storage site are valid also for 

the other CCUS supply chains in Italy. A comparison between the results of these sensitivity analyses and 

the supply chain of Malossa San Bartolomeo, optimized in Chapter V without considering regulatory and 

market incentives in the objective function, is reported in Table VII.1. 

 

Table VII.13 Comparison between the CCUS supply chain with Malossa San Bartolomeo developed in 

Chapter V and the results obtained in this work with the new objective function (Leonzio et al., 2020) 

  

Total value of 

objective 

function  

(billion€/year) 

CO2 to 

storage  

(Mton/year) 

CO2 to 

utilization  

(Mton/year) 

Captured 

CO2 

(Mton/year) 

Chapter V 101.7 15.2 61.8 77 

This work:     

Variation of economic 

incentives and carbon tax 

low level 12.8 15.2 61.8 77 

medium level -2.43 15.2 61.8 77 

high level -70.7 - 279 279 

Variation of carbon tax 

low level 2.66 15.2 61.8 77 

medium level -2.43 15.2 61.8 77 

high level -7.05 15.2 61.8 77 

 

 

From the comparison presented in Table VII.1, it is evident that in most cases examined here the same CO2 

distribution of the base case is found. Only at the high level of carbon tax and economic incentives CO2 is 

captured from all sources, at the maximum rate, to produce CH4 (279 Mton/year of CO2 are avoided). 

Regarding values assumed by the objective function, a direct comparison between the base case and this 

sensitivity study is not possible, because it is expressed in a different way. As far as this study is concerned, 

increasing the value of carbon tax and economic incentives provides a more negative value of the objective 

function, suggesting a more profitable economic condition.  

VII.3.2 Results for the CCUS supply chain producing methanol in Germany 

For the CCUS supply chain in Germany, producing CH3OH via CH4 dry reforming, a sensitivity analysis 

is carried out changing together carbon tax and economic incentives according to the low (20 €/ton and 

0.092 €/kWh, respectively for carbon tax and economic incentives), medium (40 €/ton and 0.111 €/kWh, 

respectively for carbon tax and economic incentives) and high (140 €/ton and 0.129 €/kWh, respectively 

for carbon tax and economic incentives) levels (OECD, 2013; Leonzio et al., 2019a). CH3OH selling price 

is set at 408 €/ton (Emshng-tech, 2019). Results show that the topology of the system is changed, as in the 

previous study of CCUS supply chains in Italy.  
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In particular, Table S5 of the Appendix shows the total value of the objective function and CH3OH 

production obtained in this analysis for Germany. The value of the objective function is between 16.3 

billion€/year and -197 billion€/year, respectively for the low and high value of the investigated parameters. 

CH3OH production is between 203 Mton/year and 968 Mton/year, respectively for low value and high value 

of carbon tax and economic incentives.  

In a more comprehensive way, Figure VII.5 shows the 3D plots for the value of the objective function 

(Figure VII.5a), CH3OH production (Figure VII.5b) and avoided CO2 (Figure VII.5c) as a function of 

carbon tax and economic incentives. The range of the objective function and CH3OH production are already 

mentioned above, while the avoided CO2 emissions are between 160 Mton/year and 665 Mton/year. The 

captured CO2 and CH3OH production have the same trend as for the supply chain of Italy: they are 

increasing for higher values of economic incentives, while are not affected by carbon tax. An opposite trend 

is found for the value of the objective function that is also influenced by the value of carbon tax. With 

higher economic incentives, a higher amount of CH3OH production is favored, and then a higher amount 

of CO2 is captured producing a higher income from the avoided carbon tax. These factors reduce the value 

of the objective function.   

 

 

 

Figure VII.5 (Following) 



Chapter VII: Definition of a new objective function for CCUS supply chains 

 

258 

 

 

 

 

Figure VII.5 a) Total value of the objective function; b) CH3OH production; c) Avoided CO2 as a function 

of carbon tax and economic incentives for the CCUS supply chain of Germany producing CH3OH (Leonzio 

et al., 2020) 
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Table S6 of the Appendix shows the topology of the supply chain at the low level of the investigated 

parameters, while Table S7 of the Appendix shows the topology at the medium and high level of the 

parameters investigated here. At the low level of carbon tax and economic incentives, 163 Mton/year of 

CO2 are captured and sent to the storage or to the utilization section. The minimum target of CO2 reduction 

is achieved. At the medium and high level of the investigated parameters, all CO2 sources are selected and 

the maximum amount of CO2 is captured and sent to the utilization section. 665 Mton/year of CO2 are 

captured to produce 968 Mton/year of CH3OH. The previous considerations about the CCUS in Italy are 

still valid: carbon tax and economic incentives have a positive effect on the selected sources through 

revenues. Increasing carbon tax and economic incentives, in order to minimize the objective function, 

causes revenues to increase producing more CH3OH with a higher level of CO2 captured from more sources. 

In the optimized supply chain, MEA absorption is the best choice due to a low cost compared to other 

technologies. As in the previous study, an additional sensitivity analysis is performed in order to evaluate 

only the effect of carbon tax on the results. CH3OH selling price and economic incentives are of 408 €/ton 

and 0.111 €/kWh, respectively (Vita et al., 2018; Leonzio et al., 2019a). Figure VII.6 and VII.7 show 

respectively the value of the objective function and the amount of CH3OH produced for different values of 

carbon tax: the amount of CH3OH is constant at 203 Mton/year, as shown in Figure VII.7. As in Figure 

VII.6, the total value of the objective function is between 15.8 billion€/year for a carbon tax of 20 €/ton and 

-2.89 billion€/year for a value of carbon tax of 140 €/ton. Figure VII.8 shows the trend of captured CO2 as 

a function of carbon tax: it is constant (160 Mton/year) as CH3OH production. 

Due to the constant production of  CH3OH, the topology of the supply chain, as for the case study regarding 

Italy, is not influenced by carbon tax: this is shown in Table S8 of the Appendix section.   

 

 

Figure VII.6 Trend of the total value of the objective function versus carbon tax for the CCUS supply chain 

producing only CH3OH in Germany (Leonzio et al., 2020) 
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Figure VII.7 Trend of CH3OH production versus carbon tax for the CCUS supply chain producing only 

CH3OH in Germany (Leonzio et al., 2020) 

 

 

Figure VII.8 Trend of captured CO2 versus carbon tax for the CCUS supply chain producing only CH3OH 

in Germany (Leonzio et al., 2020) 
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through MEA absorption. Also, it is possible to see that changing carbon tax causes the minimum target of 

CO2 reduction to be achieved. If the market has an oscillatory trend, then a sensitivity analysis changing 

the selling price of CH3OH should be considered. The lowest (90 €/ton) and highest price (540 €/ton) of 

CH3OH in last years are taken into account for this study, while carbon tax is set to 80 €/ton and economic 
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incentives to 0.111 €/kWh (Mikulski, 2018). Results show that the topology of the system and CH3OH 

production are changed in addition to the total value of the objective function, as shown in Figure VII.9.  

 

 

Figure VII.9 Trend of the total value of the objective function versus CH3OH selling price for the CCUS 

supply chain producing only CH3OH in Germany (Leonzio et al., 2020) 

 

The value of the objective function is between 51.4 billion€/year and -157 billion€/year, respectively for a 

value of CH3OH selling price of 90 €/ton and 540 €/ton. In the first case, a negative profit is obtained. 

CH3OH production is shown in Figure VII.10: production increases from 203 Mton/year to 968 Mton/year. 

 

 

Figure VI.10 Trend of CH3OH production versus CH3OH selling price for the CCUS supply chain 

producing only CH3OH in Germany (Leonzio et al., 2020) 
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Table S9 and S10 of the Appendix show the topology of the system, respectively at the lowest and highest 

value of CH3OH selling price. 

At the lowest value of CH3OH selling price, 160 Mton/year of CO2 emissions are avoided using PSA and 

MEA absorption. At the highest value of CH3OH selling price, the maximum amount of CO2 is captured 

from all sources, reducing overall emissions by 665 Mton/year. Then, as carbon tax and economic 

incentives, revenues also have a positive effect on the selected CO2 sources. If carbon tax and economic 

incentives are fixed, increasing revenues, with the aim to minimize the objective function, makes the 

amount of produced compounds grow as well as CO2 captured from an increasing number of sources.  

As in the previous case study, a comparison between the supply chain developed in Chapter III, considered 

as the base case, and the results of these sensitivity analyses is shown in Table VII.2.  

 

Table VII.2 Comparison between the CCUS supply chain producing CH3OH in Germany developed in 

Chapter III (base case) and the results of sensitivity analyses with the new objective function (Leonzio et 

al., 2020) 

  
Total value of 

objective function  

(billion€/year) 

CO2 to 

storage  

(Mton/year) 

CO2 to 

utilization  

(Mton/year) 

Captured 

CO2 

(Mton/year) 

Chapter III 207 20.3 140 160 

This work:     

Variation of economic 

incentives and carbon 

tax 

low level 16.3 20.3 140 160 

medium level -30  665 665 

high level -197  665 665 

Variation of carbon 

tax 

low level 15.8 20.3 140 160 

medium level 6.71 20.3 140 160 

high level -2.98 20.3 140 160 

Variation selling price 
low level 51.4 20.3 140 160 

high level -157 - 665 665 

 

 

From the above comparison, it is evident that at the low level the distribution of CO2 between the storage 

and the utilization is the same as that of the base case (Chapter III). Increasing the value of carbon tax and 

economic incentives together, and the selling price, CO2 is captured from all sources and sent to the 

utilization section. No changes are predicted when only carbon tax is varied. Regarding the value of the 

objective function, also in this case its expression in the base case is different compared to that used in the 

sensitivity analysis, then a direct comparison is impossible. However, in the sensitivity analysis, negative 

values are obtained by increasing the values of parameters, ensuring then a positive profit. 
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VII.3.3 Results for the CCUS supply chain producing different products in German 

A sensitivity analysis is developed for the CCUS supply chain producing different products in Germany. 

In this case, no economic incentives are considered while carbon tax is changed assuming these values: 20 

€/ton, 80 €/ton and 140 €/ton, as in the previous analyses (OECD, 2013) The selling price of methanol, 

concrete, wheat, lignin, polyurethane, calcium carbonate, urea is respectively of 408 €/ton, 77 €/ton, 175 

€/ton, 500 €/ton, 7966 €/ton, 120 €/ton and 287 €/ton (Leonzio et al., 2019b). As the results obtained in 

previous case studies, only the total value of the objective function is influenced by carbon tax, as shown 

in Figure VII.11, where a value of -18.94 trillion€/year is predicted for a carbon tax of 20 €/ton while a 

value of -19.02 trillion€/year is obtained for a carbon tax of 140 €/ton. A small variation of the total value 

is observed in this case: carbon tax has a lower effect on the objective function compared to the previous 

studies, because in this sensitivity analysis CO2 is always captured from all sources, at the maximum 

available quantity, and utilized to produce different goods. 

 

 

Figure VII.11 Trend of the total value of the objective function versus carbon tax for the CCUS supply 

chain producing different products in Germany (Leonzio et al., 2020) 

 

As a consequence of this, the amount of produced CO2-based compounds, shown in Figure VII.12, and the 

revenues, are constant in this case. From Figure VII.12, it is possible to observe that calcium carbonate, 

concrete by red mud, polyurethane, concrete curing are the compounds whose production is greater. 

 

 

-19.04

-19.03

-19.02

-19.01

-19

-18.99

-18.98

-18.97

-18.96

-18.95

-18.94

0 20 40 60 80 100 120 140 160

T
o

ta
l 

v
a

lu
e 

o
f 

o
b

je
ct

iv
e 

fu
n

ct
io

n
 

(T
ri

ll
io

n
€

/y
ea

r)

Carbon tax (€/ton)



Chapter VII: Definition of a new objective function for CCUS supply chains 

 

264 

 

  

Figure VII.12 Trend of the production of different goods versus carbon tax for the CCUS supply chain 

producing different compounds in Germany (Leonzio et al., 2020) 

 

The topology is shown in Table S11 of the Appendix . Regarding the topology, as mentioned above all CO2 

sources are selected and for each of them, the maximum amount of CO2 is captured: a reduction of 

emissions equal to 665 Mton/year is registered, as shown in Figure VII.13.  

 

 

Figure VII.13 Trend of avoided CO2 versus carbon tax for the CCUS supply chain producing different 

products in Germany (Leonzio et al., 2020) 
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topology or amount of CO2-based products should be obtained. An additional sensitivity analysis is carried 

out changing the revenues, considering the lowest and highest value of selling price on the market, in recent 

years. At the lowest level, methanol, concrete, wheat, lignin, polyurethane, calcium carbonate and urea 

have a selling price of 90 €/ton, 34 €/ton, 125 €/ton, 480 €/ton, 6384 €/ton, 108 €/ton, 253 €/ton, 34 €/ton, 

respectively; at the highest level, methanol, concrete, wheat, lignin, polyurethane, calcium carbonate and 

urea have a price of 540 €/ton, 138 €/ton, 260 €/ton, 750 €/ton, 7250 €/ton, 132 €/ton and 369 €/ton, 

respectively (Mikulski, 2018; European Commission, 2019; Gosselink, 2011; PlasticsInsight, 2019; PCI, 

2019; Fao, 2019; WSDOT, 2019). In this analysis, the carbon tax is set to 80 €/ton. As the previous analysis, 

from this study the results suggest that CO2 is captured from all sources and sent to the utilization section, 

as shown in Table S12 of the Appendix. Absorption PZ is the selected capture technology due to economic 

advantages (Kalyanarengan Ravi, 2017).  

The total value of the objective function and the amount of CO2-based products are predicted to change in 

this case, as shown respectively in Figure VII.14 and VII.15. In these Figures, the level -1 is referred to the 

case with the lowest selling price, while the level 1 is referred to the case with the highest selling price. The 

total value of the objective function ranges between -1.24 trillion€/year and -119.8 trillion€/year, 

respectively for the lowest and highest values of selling price. Figure VII.15 shows that, although the global 

utilization of CO2 is not changed, there is a variation in two products (lignin and wheat): if the production 

of lignin decreases there is an increase in wheat production. It is possible to conclude that topology is 

changed by revenues even if the structure of the system is the same. As in the previous case study, the 

topology is influenced by revenues. 

 

 

Figure VII.14 Trend of the total value of the objective function versus the level of selling price for CCUS 

supply chain producing different products in Germany (level=-1 lowest value of selling price, level=1 

highest value of selling price) (Leonzio et al., 2020) 
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Figure VII.15 Trend of the production of different compounds for the CCUS supply chain in Germany: a) 

constant trend for all but two products, b) variation in lignin and wheat production (level=-1 lowest value 

of selling price, level=1 highest value of selling price) (Leonzio et al., 2020) 
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utilization. Overall, 160 Mton/year of CO2 are captured. In the sensitivity analysis with the new defined 

objective function, CO2 is captured from all sources, then 665 Mton/year of CO2 are captured and sent to 

the utilization. In all cases of the sensitivity analysis, a positive profit is ensured. In particular, increasing 

the values of the investigated parameters produces a more profitable supply chain. 
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Table VII.3 Comparison between the CCUS supply chain producing more products in Germany developed 

in Chapter IV (base case) and the sensitivity analyses with the new defined objective function (Leonzio et 

al., 2020) 

    

Total value of 

objective function  

(billion €/year) 

CO2 to 

storage  

(Mton/year) 

CO2 to 

utilization  

(Mton/year) 

Captured 

CO2 

(Mton/year) 

Chapter IV 97.9 20.3 140 160 

This work:     

Variation of carbon tax 

low level -18946   665 665 

medium level -18986  665 665 

high level -19026  665 665 

Variation selling price 
low level -1241   665 665 

high level -119798   665 665 

 

VII.3.4 Results for the CCUS supply chain producing different products in the UK 

Finally, a sensitivity analysis is developed for the CCUS supply chain producing different products in the 

UK. Economic incentives are not considered while carbon tax is changed assuming these values: 20 €/ton, 

80 €/ton and 140 €/ton, as in the previous analyses (OECD, 2013). The selling price of CH3OH, CH4, 

polyurethane, tomatoes, concrete and calcium carbonate is respectively of 705 €/ton, 0.028 €/kWh, 2590 

€/ton, 1.45 €/kg, 32.6 €/ton and 120 €/ton (National Statistics, 2019; Eurostat, 2019; Department for 

Environment Food and Rural Affairs, 2019; RMS, 2019, Zappa, 2014). Results show that changing carbon 

tax only the total value of the objective function is changed and this parameter has no effect on the topology 

and polyurethane production. Table S13 of the Appendix section reports the topology of the CCUS supply 

chain with Bunter Sandstone as storage site for different levels of carbon tax, while Figure VII.16 shows 

the constant trend of polyurethane production.  

 

Figure VII.16 Trend of polyurethane production versus carbon tax for the CCUS supply chain in the UK 

with Bunter Sandstone as storage site  
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On the other hand, Figure VII.17 shows the trend of the total value of the objective function for the 

considered CCUS supply chain at different level of carbon tax, while Figure VII.18 show the trend of 

captured CO2. The total value of the objective function is in the range of -241.66 billion€/year and -247.15 

billion€/year, respectively for a carbon tax of 20 €/ton and 140 €/ton. 54.9 Mton/year of CO2 are avoided 

through the application of this framework.  

 

 

Figure VII.17 Trend of the total value of the objective function versus carbon tax for the CCUS supply 

chain in the UK with Bunter Sandstone as storage site. 

 

 

Figure VII.18 Trend of avoided CO2 versus carbon tax for the CCUS supply chain in the UK with Bunter 

Sandstone as storage site 
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An additional sensitivity analysis, is performed changing the revenues, considering the lowest and highest 

value of selling price for the different CO2-based products. The lowest value of selling price for CH3OH, 

CH4, polyurethane, tomatoes, concrete and calcium carbonate is respectively of 690 €/ton, 0.0178 €/kWh, 

2260 €/ton, 1.12 €/kg, 15.18 €/ton and 108 €/ton. The highest level of selling price for CH3OH, CH4, 

polyurethane, tomatoes, concrete and calcium carbonate is respectively of 3510 €/ton, 0.028 €/kWh, 2590 

€/ton, 2.68 €/kg, 153 €/ton and 132 €/ton (National Statistics, 2019; Eurostat, 2019; Department for 

Environment Food and Rural Affairs, 2019; RMS, 2019, Zappa, 2014). Carbon tax is set to 80 €/ton. Results 

of this analysis shows that the total value of the objective function is changed, as reported in Figure VII.19, 

where -1 is referred to the case with the lowest values of selling price, while 1 is referred to the case with 

the highest values of selling price. The total value of the objective function is between -165 billion€/year 

and -259 billion€/year.  

 

 

Figure VII.19 Trend of the total value of the objective function versus the level of selling price for CCUS 

supply chain in the UK with Bunter Sandstone as storage site (level=-1 lowest value of selling price, level=1 

highest value of selling price) 

 

In addition, the topology is changed because, even if the global structure of the system is constant as in 

Table S14 of the Appendix section, different products are produced at the lowest and highest level of selling 

price. In particular, at the lowest value of selling price 183 Mton/year of polyurethane is produced, while 

at the highest value of selling price 143 Mton/year of tomatoes are ensured. The same result of the previous 

case studies is then obtained here regarding the influence of revenues on the design of a supply chain. To 

have a comparison with the CCUS supply chain developed in Chapter VI, Table VII.4 is considered.  
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Table VII.4 Comparison between the CCUS supply chain in the UK with Bunter Sandstone as storage site 

developed in Chapter VI (base case) and the sensitivity analyses with the new defined objective function 

    

Total value of 

objective function  

(billion€/year) 

CO2 to 

storage  

(Mton/year) 

CO2 to 

utilization  

(Mton/year) 

CO2 

captured 

(Mton/year) 

Chapter VI 1.04 0.4 6 6.4 

This work:     

Variation of carbon tax 

low level -241.67   54.9 54.9 

medium level -244.96  54.9 54.9 

high level -247.16  54.9 54.9 

Variation selling price 
low level -164.8   54.9 54.9 

high level -259.31   54.9 54.9 

 

Also in this case, carbon tax and revenues considered in the objective function affect the topology of the 

supply chain in a significant way. In fact, in the base case the captured CO2 is distributed between the 

utilization and the storage section, while considering these two parameters all CO2 that can be captured 

from all source is captured and sent to the utilization section, maximizing the profit. 54.9 Mton/year of CO2 

are captured. In all cases of the sensitivity analysis, a positive profit is ensured. In particular, increasing the 

values of the investigated parameters produces a more profitable supply chain. 

 

VII.4 Conclusions 

In this Chapter, a sensitivity analysis is developed for CCUS supply chains in Italy, Germany (producing 

either methanol or a variety of products) and the UK, using a novel objective function to update MILP 

models developed in previous Chapters. This allows a more realistic design and optimization of the supply 

chain. Carbon tax remission, economic incentives and revenues are changed by considering three different 

levels of their values, according to the market. 

Overall, in a first analysis, carbon tax and economic incentives are changed together; then, only carbon tax 

is changed to evaluate its specific effect and lastly, revenues are changed considering the lowest and highest 

value of selling price for the compounds to be produced. With reference to the different supply chains 

considered here, results show that: 

a) carbon tax influences only the total value of the objective function, while the topology of the supply 

chain and the amounts of different products are not affected. If the aim is to change only the profit of the 

system without changing the topology, it is suggested to change only the value of carbon tax.   

b) economic incentives influence the topology of CCUS supply chains. In particular, economic incentives 

have a positive effect on the number of CO2 sources included in the optimized supply chain: increasing the 

value of this parameter enlarges the number of selected sources and increases the amount of CO2 that is 
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effectively captured, above the minimum target for emissions reduction fixed by the environmental 

requirements.  

c) revenues influence the structure and also the topology of CCUS supply chains. As expected, the effect 

of increasing revenues is predicted to be positive on the number of selected CO2 sources and on the amount 

of CO2 that is actually captured, progressively closer to the maximum admissible amount from the selected 

sources.  
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Appendix 

1. Results of sensitivity analysis for  CCUS supply chains in Italy at the low level of carbon tax and economic 

incentives 

Table S3 Results of CCUS supply chains in Italy at the low level of carbon tax and economic incentives 

(Leonzio et al., 2020) 

Storage site Source 
Capture 

technology 

CO2 amount  

(Mton/year) 

Objective 

function 

(Billion€/year) 

Methane 

production  

(Mton/year) 

Malossa  

San 

Bartolomeo 

To storage 

12.8 22.5 

Lombardy PSA adsorption 15.2 

To utilization 

Puglia MEA absorption 61.8 

Sicily MEA absorption 0.024 

Pesaro 

To storage 

13.3 24.5 

Lombardy MEA absorption 9.6 

To utilization 

Puglia MEA absorption 61.8 

Sicily MEA absorption 5.62 

Offshore 

Adriatic  

sea 

To storage 

9.39 16.1 
Lombardy MEA absorption 32.8 

To utilization 

Puglia MEA absorption 44.2 

Cornelia 

To storage 

14.7 25.1 

Emilia Romagna MEA absorption 8 

To utilization 

Puglia MEA absorption 61.8 

Lombardy MEA absorption 7.22 

Offshore 

Marche 

To storage 

11.9 22.2 
Emilia Romagna MEA absorption 16 

To utilization 

Puglia MEA absorption 61 

Offshore 

Calabria 

 ionic 

To storage 

14.4 26.5 

Liguria IL absorption 4 

To utilization 

Puglia MEA absorption 61.8 

Lombardy MEA absorption 11.2 

Area Sulcis 

To storage 

14.8 27.8 

Sardina MEA absorption 0.6 

To utilization 

Puglia MEA absorption 61.8 

Lombardy MEA absorption 14.6 
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Table S4 (Continued) 

Storage 

site 
Source 

Capture 

technology 

CO2 amount  

(Mton/year) 

Objective 

function 

(Billion€/year) 

Methane 

production  

(Mton/year) 

(-) 

To utilization 

15.5 28 

Lombardy MEA absorption 39.6 

Piedmonte MEA absorption 17.7 

Emilia 

Romagna 
Membrane 19.6 

 

2. Results of sensitivity analysis for the CCUS supply chains in Italy at the medium level of carbon tax and 

economic incentives 

Table S5  Results of CCUS supply chains of Italy at the medium level of carbon tax and economic incentives 

(Leonzio et al., 2020) 

Storage site Source Capture technology 

CO2 

amount  

(Mton/year) 

Objective 

function 

(Billion€/year) 

Methane 

production  

(Mton/year) 

Malossa  

San Bartolomeo 

To storage 

-2.43 22.5 

Lombardy MEA absorption 15.2 

To utilization 

Sicily MEA absorption 37.4 

Sardinia MEA absorption 4.17 

Veneto MEA absorption 20.3 

Pesaro 

To storage 

-2.4 24.5 

Lombardy MEA absorption 9.6 

To utilization 

Sicily MEA absorption 37.4 

Sardinia MEA absorption 9.77 

Veneto MEA absorption 20.3 

Offshore 

Adriatic  

sea 

To storage 

-2.41 16.1 

Lombardy MEA absorption 32.8 

To utilization 

Sicily MEA absorption 37.4 

Veneto MEA absorption 6.82 

Cornelia 

To storage 

-2.51 15.1 

Emilia Romagna MEA absorption 8 

To utilization 

Lombardy MEA absorption 31.6 

Sicily MEA absorption 37.4 

Offshore Marche 

To storage 

-2.74 22.2 

Emilia Romagna MEA absorption 16 

To utilization 

Lombardy MEA absorption 23.6 

Sicily MEA absorption 37.4 
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Table S3 (Continued) 

Storage site Source Capture technology 
CO2 amount  

(Mton/year) 

Objective 

function 

(Billion€/year) 

Methane 

production  

(Mton/year) 

Offshore 

Calabria 

 ionic 

To storage 

-2.27 26.5 

Liguria MEA absorption 4 

To utilization 

Puglia MEA absorption 61.8 

Lombardy MEA absorption 11.2 

Area Sulcis 

To storage 

-2.37 27.8 

Sardinia MEA absorption 0.6 

To utilization 

Puglia MEA absorption 61.8 

Lombardy MEA absorption 14.6 

(-) 

To utilization 

-1.76 28 

Lombardy MEA absorption 39.6 

Piedmont MEA absorption 17.7 

Emilia 

Romagna 
Membrane 19.6 

 

3. Results of sensitivity analysis for the CCUS supply chains in Italy at the high level of carbon tax and 

economic incentives.  

Table S6 Results of CCUS supply chains of Italy at the high level of carbon tax and economic incentives 

(Leonzio et al., 2020) 

Storage site Source Capture technology 

CO2 

amount  

(Mton/year) 

Objective 

function 

(Billion€/year) 

Methane 

production  

(Mton/year) 

Malossa  

San Bartolomeo 
To storage -70.7 101 

Pesaro 
   

-67.1 101    

Offshore 

Adriatic sea 
To utilization -46.4 101 

Cornelia 
Puglia MEA absorption 61.8 

-47 101 
Lombardy MEA absorption 42.1 

Offshore Marche 
Sicily MEA absorption 37.4 

-47 101 
Lazio MEA absorption 25.3 

Offshore 

Calabria Ionic 

Sardinia MEA absorption 23.8 
-47.1 101 

Veneto MEA absorption 20.3 

Area Sulcis 
Emilia Romagna MEA absorption 19.6 

-47.1 101 
Piedmont MEA absorption 17.7 

(-) 
Liguria MEA absorption 15.8 

-46.5 101 
Tuscany MEA absorption 15.2 
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4. Results of sensitivity analysis for the CCUS supply chain in Italy with Malossa San Bartolomeo as storage 

site at different values of carbon tax. 

 

Table S4 Topology of the CCUS supply chain in Italy with Malossa San Bartolomeo as storage site at 

different values of carbon tax (Leonzio et al., 2020) 

CO2 Source Capture technology 
CO2 amount  

(Mton/year) 

To storage 

Lombardy MEA absorption 15.2 

To utilization 

Sicily MEA absorption 37.4 

Sardinia MEA absorption 4.17 

Veneto MEA absorption 20.3 

 

5. Results of sensitivity analysis for the CCUS supply chain producing only methanol in Germany at 

different levels of carbon tax and economic incentives. 

 

Table S5 Total value of objective function and methanol production for the CCUS supply chain in Germany 

changing carbon tax and economic incentives (only methanol is produced) (Leonzio et al., 2020) 

Parameters 
Total value of objective function 

(billion€/year) 

Methanol production  

(Mton/year) 

Low value 16.3 203 

Medium value -30 968 

High value -197 968 

 

 

Table S6 Topology of the CCUS supply chain producing methanol in Germany at the low level of 

investigated parameters (carbon tax and economic incentives) (Leonzio et al., 2020) 

CO2 source Capture technology 
CO2 amount  

(Mton/year) 

To storage 

Magdeburg MEA absorption 20.3 

To utilization 

Dusseldorf MEA absorption 140 
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Table S7 Topology of the CCUS supply chain producing methanol in Germany at the medium and high 

level of investigated parameters (carbon tax and economic incentives) (Leonzio et al., 2020) 

CO2 source Capture technology 
CO2 amount 

(Mton/year) 

To storage 

- - - 

To utilization 

Dusseldorf MEA absorption 277 

Munich MEA absorption 72 

Stuttgart MEA absorption 62.4 

Hannover MEA absorption 62.1 

Potsdam MEA absorption 49.5 

Dresda MEA absorption 43.8 

Wiesbaden MEA absorption 38.6 

Magdeburg MEA absorption 24.7 

Berlin MEA absorption 17.8 

Saarbruken MEA absorption 17.2 

 

 

6. Results of sensitivity analysis for the CCUS supply chain producing only methanol in Germany at 

different values of carbon tax. 

Table S8 Topology of the CCUS supply chain producing methanol in Germany at different values of carbon 

tax (Leonzio et al., 2020) 

CO2 source Capture technology 
CO2 amount 

(Mton/year) 

To storage 

Magdeburg MEA absorption 20.3 

To utilization 

Dusseldorf MEA absorption 140 

 

 

7. Results of sensitivity analysis for the CCUS supply chain producing only methanol in Germany at 

different values of methanol selling price. 

Table S9 Topology of the CCUS supply chain producing methanol in Germany at the lowest value of 

methanol selling price (Leonzio et al., 2020) 

CO2 source Capture technology 
CO2 amount 

(Mton/year) 

To storage 

Magdeburg PSA adsorption 20.3 

To utilization 

Dusseldorf MEA absorption 140 
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Table S10 Topology of the CCUS supply chain producing methanol in Germany at the highest value of 

methanol selling price (Leonzio et al., 2020) 

CO2 source Capture technology 
CO2 amount  

(Mton/year) 

To storage 
   

To utilization 

Dusseldorf MEA absorption 277 

Munich MEA absorption 72 

Stuttgart MEA absorption 62.4 

Hannover MEA absorption 62.1 

Potsdam MEA absorption 49.5 

Dresda MEA absorption 43.8 

Wiesbaden MEA absorption 38.6 

Magdeburg MEA absorption 24.7 

Berlin MEA absorption 17.8 

Saarbruken MEA absorption 17.2 

 

 

8. Results of sensitivity analysis for the CCUS supply chain producing different products in Germany at 

different values of carbon tax. 

Table S11 Topology of the CCUS supply chain producing different products in Germany at different values 

of carbon tax (Leonzio et al., 2020) 

CO2 source Capture technology 
CO2 amount  

(Mton/year) 

To storage 

- - - 

To utilization 

Dusseldorf PZ absorption 277 

Munich PZ absorption 72 

Stuttgart PZ absorption 62.4 

Hannover PZ absorption 62.1 

Potsdam PZ absorption 49.5 

Dresda PZ absorption 43.8 

Wiesbaden PZ absorption 38.6 

Magdeburg PZ absorption 24.7 

Berlin PZ absorption 17.8 

Saarbruken PZ absorption 17.2 
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9. Results of sensitivity analysis for the CCUS supply chain producing different products in Germany at 

different values of selling prices. 

 

Table S12 Topology of the CCUS supply chain producing different products in Germany at different values 

of selling price (Leonzio et al., 2020) 

CO2 source Capture technology 
CO2 amount  

(Mton/year) 

To storage 

- - - 

To utilization 

Dusseldorf PZ absorption 277 

Munich PZ absorption 72 

Stuttgart PZ absorption 62.4 

Hannover PZ absorption 62.1 

Potsdam PZ absorption 49.5 

Dresda PZ absorption 43.8 

Wiesbaden PZ absorption 38.6 

Magdeburg PZ absorption 24.7 

Berlin PZ absorption 17.8 

Saarbruken PZ absorption 17.2 

 

 

10. Results of sensitivity analysis for the CCUS supply chain in the UK with Bunter Sandstone as storage 

site at different values of carbon tax. 

 

Table S13 Topology of the CCUS supply chain in the UK with Bunter Sandstone as storage site at different 

values of carbon tax  

CO2 source Capture technology 
CO2 amount 

(Mton/year) 

To storage 
   

To utilization 

Leeds PZ absorption 16.2 

Cardiff PZ absorption 12.78 

Edinburgh PZ absorption 11.97 

Manchester PZ absorption 13.95 
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11. Results of sensitivity analysis for the CCUS supply chain in the UK with Bunter Sandstone as storage 

site at different values of selling prices. 

 

Table S14 Topology of the CCUS supply chain in the UK with Bunter Sandstone as storage site at different 

values of selling price for CO2-based compounds 

CO2 source Capture technology 
CO2 amount 

(Mton/year) 

To storage 
   

To utilization 

Leeds PZ absorption 16.2 

Cardiff PZ absorption 12.78 

Edinburgh PZ absorption 11.97 

Manchester PZ absorption 13.95 
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https://www.wsdot.wa.gov/NR/rdonlyres/2788838C-B426-4E21-ADE5-B5CDA80E643D/0/ConcretePavement.pdf
https://www.wsdot.wa.gov/NR/rdonlyres/2788838C-B426-4E21-ADE5-B5CDA80E643D/0/ConcretePavement.pdf
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Nomenclature 

 

Abbreviation 

AIMMS = advanced interactive multidimensional modeling system 

CCUS = carbon capture utilization and storage 

IL = ionic liquid 

MEA = monoethanolamine 

MILP = mixed integer linear programming 

PSA = pressure swing adsorption 

PZ = piperazine 
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Chapter VIII 

 

Life cycle assessment analysis of CCUS supply chains 

Carbon capture utilization and storage supply chains aim to reduce carbon dioxide emissions, however 

energy is required for their operations, producing an additional environmental impact. For these systems, 

a life cycle assessment allows to verify the effective reduction of emissions. In this Chapter, the methodology 

of life cycle assessment is applied to the best carbon capture utilization and storage supply chains 

developed for Italy, Germany and the UK. Results show that these Countries will be able to achieve the 

carbon dioxide reduction target fixed by the environmental policy. A sensitivity analysis is carried out 

increasing the amount of carbon dioxide sent to the utilization section and reducing that sent to the storage 

section, keeping constant the overall amount of captured carbon dioxide. Overall, for the framework of 

Germany and the UK, a higher environmental impact is produced at a higher utilization rate of carbon 

dioxide, contrarily to the study about the Italian case, where a power to gas system is present. Power to 

gas is the most attractive and mature process that contributes to reduce the environmental impact, although 

its cost is still high and technical and economic improvements are needed to make cheaper the “green” 

hydrogen production for carbon dioxide hydrogenation. 

 

VIII.1 Introduction 

Carbon supply chains, with the aim to reduce carbon dioxide (CO2) emissions, require a significant amount 

of energy for their operations (especially for CO2 capture and conversion processes) and this causes an 

additional environmental penalty that contrasts their aim. It was estimated that the increase in fuel 

consumption per kWh, for plants that capture 90% of CO2 by using the best current technologies ranges 

from 24 to 40% for new supercritical pulverized coal plants, from 11 to 22% for natural gas combined cycle 

plants, and from 14 to 25% for coal-fired integrated gasification combined cycle systems, compared to 

similar plants without capture and storage systems (IPCC, 2005). 

Therefore, it is necessary to know if a specific carbon supply chain is favorable from an environmental 

point of view. To this purpose, a life cycle assessment (LCA) analysis should be developed. It is a green 

metric that considers all inputs and outputs in a process, analyzed in their entire life (Von der Assen et al., 

2014a). Moreover, it was stated that “the LCA is a technique compiling an inventory of relevant inputs and 

outputs of a product system; evaluating the potential environmental impacts associated with those inputs 

and outputs; and interpreting the results of the inventory and impact phases in relation to the objectives of 

the study” (ISO  14040, 2009; ISO 14044, 2006). 

The literature survey indicates that environmental analyses were considered for carbon capture utilization 

and storage (CCUS) supply chains where CO2 is mainly used for the enhanced oil recovery and to produce 

polyols, dimethyl ether and algae (Fernandez-Dacosta et al., 2018; Yue and You, 2015). No other CO2-

based products were taken into consideration for a LCA analysis of a carbon supply chain. Also, the 

previous studies were not considering the application of a LCA analysis on a CCUS supply chain at large 
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scale (e.g. taking into account a supply chain developed for an entire Nation with the respective 

consumption and production data).  

This study will contribute to fill these gaps. Then a LCA analysis is developed for the best CCUS supply 

chain developed for Germany, Italy and the UK, as described in the previous Chapters, and producing 

different CO2-based products.  

As in other literature works, the aim of this research is to verify that the developed systems can effectively 

reduce CO2 emissions according to the environmental target. Moreover, a sensitivity analysis is developed 

for these supply chains to evaluate the influence of storage and utilization sections on the environmental 

results: a variable part of the captured CO2 is sent to the utilization section to produce different compounds, 

instead of being stored. This analysis can help the choice between CO2 utilization or storage in order to 

create a more environmentally friendly system. 

 

VIII.2 Materials and methods 

The LCA analysis is a quantitative methodology used to evaluate the environmental impact according to 

the ISO 14044 and ISO 14040 (ISO 14040, 2009; ISO 14044, 2006). Four important phases characterize 

this analysis: goal and scope, life cycle inventory (LCI) phase, life cycle impact assessment (LCIA) phase 

and interpretation phase (Von der Assen et al., 2014a; ISO 14040, 2009; ISO 14044, 2006). To develop the 

LCA analysis, GaBi software is used (Education license, version 6) (Thinkstep, 2019).  

VIII.2.1 Goal and scope 

The goal of this study is to evaluate the environmental performances of the developed CCUS supply chains 

(at large scale) producing different CO2-based products in Germany and in the UK and methane in Italy. It 

is necessary to demonstrate that the suggested CCUS supply chains achieve the target set by the European 

environmental policy, especially in terms of CO2 emissions. For this reason, a yearly-based LCA analysis 

is considered. A sensitivity analysis is carried out to verify the influence of the utilization and storage 

sections on the environmental impact and, for a more complete analysis, different impact categories are 

considered (acidification potential (AP), eutrophication potential (EP), ozone depletion potential (ODP), 

abiotic depletion potential (ADP) fossil and elements, fresh water aquatic ecotoxity potential (FAETP), 

human toxicity potential (HTP), marine aquatic ecotoxicity potential (MAETP), photochemical ozone 

creation potential (POCP), terrestrial ecotoxicity potential (TETP)). In this case, then, conditions ensuring 

higher sustainability are identified.  

VIII.2.1.1 Functional unit 

The considered CCUS supply chains have multi-functionalities (Von der Assen et al., 2014a). In order to 

define the functional unit, a system expansion methodology is applied, allowing the joint evaluation of all 
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functions, since the functional unit is expanded to contain all functions (Fernandez-Dacosta et al., 2018). 

Then the functional unit is defined as a harmonized basket provided by the combination of all products. For 

the CCUS supply chain in Germany (Chapter IV) the functional unit is the following: 76.7 Mton of 

cement+1.22·1011 kWh of electricity+13.6 Mton of iron and steel+4.79 Mton of concrete curing+19.4 Mton 

of wheat+0.378 Mton of treated lignin+11 Mton of polyurethane+120 Mton of calcium carbonate+1.34 

Mton of urea+0.846 Mton of methanol (CH3OH)+19.2 Mton of concrete by red mud+20.3 Mton of stored 

CO2. For the CCUS supply chain in Italy (Chapter V) the functional unit is, instead, the following: 66.92 

Mton of steel+22.48·109 kWh of electricity+16.1 Mton of methane (CH4)+32.8 Mton of stored CO2. For 

the CCUS supply chain of the UK (Chapter VI) the functional unit is the following: 7.36·1010 MJ of 

electrical energy+5.4 Mton of calcium carbonate+0.4 Mton of stored CO2. In all cases, the amount of 

products and stored CO2 are considered, keeping in mind the results provided by the optimization of these 

systems in AIMMS (Advanced Interactive Multidimensional Modeling System).  

Then a definition of functional unit in absolute terms is considered (referred to the whole amount of each 

product, as calculated in the design of the supply chain by the computational model), according to the goal 

of this research, that is the LCA analysis of the supply chains optimized in AIMMS, to verify the effective 

reduction of CO2 emissions compared to the environmental target.  

VIII.2.1.2 System boundaries 

Cradle-to-gate analyses are performed for supply chains, where CO2 is also considered as a feedstock 

(economic flow) and not only as an emission (Von der Assen et al., 2014a) (the use and disposal of CO2-

based products is not considered in these analyses).  

System boundaries, describing which processes of the CCUS supply chain in Germany are included in the 

assessment, are shown in Figure VIII.1. Inside the system boundaries, in the upstreams processes, three 

different inlets are present: power plants, cements plants and steel and iron plants. In the section 

downstream of storage and utilization processes, where the captured CO2 is used or stored, nine outlet 

streams are present, namely different products of CO2 utilization routes (CH3OH, urea, concrete curing, 

concrete by red mud, wheat, polyurethane, calcium carbonate, lignin) and the stored CO2. CO2 capture and 

compression and CO2 transportation are considered to be inside up- and downstream boundaries.  

Figure VIII.2 shows the system boundaries for the CCUS supply chain in Italy. Inside the system 

boundaries, in the upstream processes, flue gas sources are present (a power plant and iron and steel plants).   

In the section downstream of the utilization process and storage section, methane and stored CO2 are 

considered. Also in this case, CO2 capture and compression and transportation are included between the 

upstream and downstream boundaries. 
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Figure VIII.1 System boundaries for the CCUS supply chain in Germany - red line: system boundaries; green line: downstream processes (production of CO2-based 

compounds and CO2 storage); blue line: upstream processes (Leonzio et al., 2020) 
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Figure VIII.2 System boundaries for the CCUS supply chain in Italy - red line: system boundaries; green 

line: downstream processes (production of methane and CO2 storage); blue line: upstream processes 

(Leonzio et al., 2020) 

 

Figure VIII.3 shows the system boundaries considered for a cradle-to-gate LCA analysis of CCUS supply 

chain in the UK. In the upstream processes, CO2 sources are present (power plants). In the downstream 

processes, calcium carbonate production and CO2 storage are considered. Between them, CO2 capture and 

compression and CO2 transportation are analyzed. 

 

 

Figure VIII.3 System boundaries for the CCUS supply chain in Italy - red line: system boundaries; green 

line: downstream processes (production of methane and CO2 storage); blue line: upstream processes 

(Leonzio et al., 2020) 
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For all supply chains, the utilization options are chosen as the most economically appealing CO2-based 

products for the respective Countries, according to the literature.  

For the three supply chains, in the upstream processes related to CO2 sources, system boundaries include 

also the construction of plants, the extraction or production of raw materials and their transportation 

calculated using the database of GaBi software (Thinkstep, 2019). The infrastructure and transport of raw 

materials with their production are also considered for CO2 transportation, according to literature sources 

(Koornneef et al., 2008). Infrastructures are considered only for CO2 capture with MEA absorption, due to 

the scarce availability of data (Giordano et al., 2018). For the utilization processes, infrastructure data are 

not available, however, the production of raw materials is considered inside the system boundary. Since 

natural reservoirs are assumed (a saline aquifer, located in the offshore Adriatic sea, for the CCUS supply 

chain of Italy and in the Bunter Sandstone for the CCUS supply chain of the UK and a depleted natural gas 

reservoir, located in Altmark, for the CCUS supply chain of Germany), no infrastructures are necessary, 

excluding the energy required for the process of storage (Wildbolz, 2007).  

VIII.2.2 Life cycle inventory phase 

In the LCI phase, all input and output data for all processes of CCUS supply chains are provided. In 

particular, the results for large-scale supply chains obtained by the optimization and design with AIMMS 

software are considered. Based on these process data, an inventory list is calculated. In particular, all 

elementary flows entering the process (technosphere) from nature (environment) in the form of resources, 

and leaving the process in the form of resources, deposited goods, emissions to air, fresh water, sea water, 

agricultural and industrial soil are taken into account.  

An inventory analysis of  processes absent in the database of GaBi software (Thinkstep, 2019), is here 

considered integrating and comparing to each other, data already reported in the literature. These processes 

are especially important for CO2 utilization, storage and transportation. For the CCUS supply chain of 

Germany, an inventory analysis is performed for production from CO2 of CH3OH, calcium carbonate, 

polyurethane, urea, wheat, concrete curing, concrete by red mud and lignin treatment. 

Tables VIII.1 and VIII.2 show respectively the inventory analysis for CH3OH production by CO2 

hydrogenation and for hydrogen (H2) production by water (H2O) electrolysis, considering the work of 

Biernacki et al. (2018), Michailos et al. (2018), Kajaste et al. (2018), Matzen and Demirel (2016). It is also 

considered the recycle of unconverted gases to CH3OH reactor, after the separation of H2O and CH3OH, 

with an efficiency of 80%. In summary, 1.7 ton of CH3OH are produced per ton of inlet CO2 (Patricio et 

al., 2017).  
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Table VIII.1 Inventory analysis for CH3OH synthesis via CO2 hydrogenation in the CCUS supply chain of 

Germany (Biernacki et al., 2018; Michailos et al., 2018; Kajaste et al., 2018; Matzen and Demirel, 2016; 

Patricio et al., 2017) 

Input of the process 

H2 0.23 ton 

CO2 1.70 ton 

Aluminum oxide  0.01 ton 

Copper oxide 0.08 ton 

Zinc oxide 0.04 ton 

Water 5.45 ton 

Energy 0.13 MWh 

Output of the process 

Wastewater 0.68 m3 

CO2 0.34 ton 

Methanol 1 ton 

 

Table VIII.2 Inventory analysis for the electrolyzer in CH3OH production process in the CCUS supply 

chain of Germany (Biernacki et al., 2018; Michailos et al., 2018; Kajaste et al., 2018; Matzen and Demirel, 

2016; Patricio et al., 2017) 

Input of the process 

Water 2.22 ton 

Traditional energy 141.96 kWh 

Renewable energy 6.11 kWh 

Output of the process 

Oxygen 1.97 ton 

H2 0.23 ton 

Waste water 0.12 m3 

VOC 5.23 g 

CO  47.67 g 

NOx  41.31 g 

PM10  15.16 g 

PM2.5  7.50 g 

SOx  276.67 g 

CH4  47.06 g 

CO2 28.22 kg 

SF6  0.92 mg 

C2F6  0.10 g 

Black carbon  0.25 g 

POC  0.48 g 

 

Table VIII.3 shows the inventory analysis for calcium carbonate production from CO2, considering the 

literature works of Mattila et al. (2014) and Zappa (2014) and that the ratio between the ton of used CO2 

and the ton of steel slag is 0.25.  
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Table VIII.3 Inventory analysis for calcium carbonate production process from CO2 in the CCUS supply 

chain of Germany (Mattila et al., 2014; Zappa, 2014) 

Input of the process 

Steel slag 3.3 ton 

CO2 0.83 ton 

NH4Cl solvent 0.03 ton 

Electricity 107.40 kWh 

Water 2.10 ton 

Steam 37500 MJ 

Output of the process 

Calcium carbonate 1.00 ton 

Waste water 2.01 ton 

 

 

An inventory analysis for lignin treatment with CO2 is presented in Table VIII.4, according to the work of 

Bernier and Lavigne (2013) and considering that 0.22 ton of CO2 per ton of lignin are provided (Patricio et 

al., 2017).   

 

Table VIII.4 Inventory analysis for lignin treatment process with CO2 in the CCUS supply chain of 

Germany (Bernier and Lavigne; 2013; Patricio et al., 2017) 

Input of the process 

Natural gas 0.46 ton 

CO2 0.22 ton 

H2SO4 0.17 ton 

NaOH 0.08 ton 

CaCO3 0.17 ton 

Water 3.56 ton 

Electricity 7.33 kWh 

Output of the process 

SO2 6.75×10-9 ton 

NOx 3.38×10-7 ton 

CO 3.82×10-7 ton 

Lignin 1 ton 

 

 

Polyurethane is produced by polyols and isocyanate. The former reactant is obtained by CO2, while the 

latter one is obtained by carbon monoxide (CO) produced via CH4 steam reforming. All inputs and outputs 

for these processes are shown in Table VIII.5, according to the work of Von der Assen et al. (2015). For 
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polyurethane production from CO2, the ratio between used CO2 and polyurethane is 0.3 (Patricio et al., 

2017). 

 

Table VIII.5 Inventory analysis for polyurethane production from CO2 in the CCUS supply chain of 

Germany (Von der Assen et al., 2015; Patricio et al., 2017) 

Polyurethane production (flexible foam) 

Input of the process 

Polyols 0.713 kg 

Electricity 1.5 MJ 

TDI 0.285 kg 

Output of the process 

Flexible foam 1 kg 

GW 0.051 kgCO2-eq 

Isocyanate production 

Input of the process 

Toluene 0.15 kg 

Electricity 3.77 MJ 

CO 0.09 kg 

Nitirc acid 0.21 kg 

Output of the process 

TDI 0.285 kg 

Steam reforming 

Input of the process 

CH4 0.066 kg 

Electricity 0.353 MJ 

Heat 0.747 MJ 

Output of the process 

H2 0.020 kg 

CO 0.092 kg 

Polyols production 

Input of the process 

Starter 0.019 kg 

Propylene oxide 0.395 kg 

CO2 0.299 kg 

Output of process 

Polyols 0.713 kg 
 

 

An inventory analysis for urea production from CO2 is shown in Table VIII.6, according to the work of 

Antonetti et al. (2017). Here 0.74 ton of CO2 are used to produce 1 ton of urea (Patricio et al., 2017). 
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Table VII.6 Inventory analysis for urea production from CO2 in the CCUS supply chain of Germany 

(Antonetti et al., 2017; Patricio et al., 2017) 

Input of the process 

NH3 0.57 ton 

CO2 0.74 ton 

Energy 0.05 MWh 

Output of the process 

NH3 emissions 0.004 ton 

Wastewater 0.48 ton 

NH3 0.03 ton 

CO2 0.02 ton 

Urea 0.005 ton 

water 0.43 ton 

Urea 1 ton 

 

 

An environmental burden and inventory analysis for wheat growing enhanced by CO2 is shown in Table 

VIII.7, considering the work of Biswas et al. (2010, 2008) and that 500 mg of CO2 are required to produce 

1 kg of wheat (Leonzio et al., 2019).  

 

Table VIII.7 Inventory analysis for wheat production in the CCUS supply chain of Germany (Biswas et al., 

2010;  2008; Leonzio et al., 2019) 

Input of the process 

CO2 0.5 kg 

Output of the process 

Wheat 1 ton 

GW 275 kgCO2-eq 

 

 

Inventory analyses for concrete produced by red mud and concrete curing are shown respectively in Table 

VIII.8 and VIII.9, comparing data reported by Nikbin et al. (2018) and by Gursel and Horvath (2012). The 

GWP and cumulative energy demand (CED) are respectively of 330.74 kgCO2-eq and 2848.5 MJ for 

concrete production by red mud (1 ton) (Nikbin et al., 2018). The GWP and CED are, instead, respectively 

of 292 kgCO2-eq and 1374.68 MJ for concrete curing (1 ton) (Nikbin et al., 2018; Carboncure, 2019). In 

concrete curing, 0.03 ton of CO2 are required for 1 ton of concrete (Patricio et al., 2017), while in concrete 

by red mud production the ratio between the ton of CO2 and the ton of red mud is 0.17. 
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Table VIII.8 Inventory analysis for concrete production by red mud and CO2 in the CCUS supply chain of 

Germany (Nikbin et al., 2018; Gursel and Horvath, 2012; Patricio et al., 2017) 

Input of the process 

Cement 0.222 ton 

Red mud 0.074 ton 

Coarse Agg 0.129 ton 

Fine Agg. 0.106 ton 

Leca 0.197 ton 

Limestone 0.118 ton 

Water 0.150 ton 

Superplasticizer 0.004 ton 

CO2 0.013 ton 

Output of the process 

Concrete 1 ton 

CO 0.04619 ton 

Lead 0.000012 ton 

NOX 0.00075 ton 

PM10 0.00002 ton 

SO2 0.00076 ton 

VOC 0.00057 ton 

 

 

Table VIII.9 Inventory analysis for concrete curing in the CCUS supply chain of Germany (Nikbin et al., 

2018; Gursel and Horvath, 2012; Patricio et al., 2017) 

Input of the process 

Cement 0.285 ton 

Water 0.145 ton 

Fine aggregates 0.118 ton 

Coarse aggregates 0.145 ton 

Leca 0.190 ton 

Limestone 0.114 ton 

Super-plasticize 0.003 ton 

CO2 0.030 ton 

Output of the process 

CO 0.056 ton 

Lead 0.00001 ton 

NOx 0.001 ton 

PM10 0.00003 ton 

SO2 0.001 ton 

VOC 0.001 ton 

Concrete 1.000 ton 
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In the CCUS supply chain of Italy, CH4 is produced from CO2 with a power to gas process. Table VIII.10 

shows the inventory analysis for the methanation process, (Sabatier reaction) supposing a complete CO2 

conversion to CH4 (Reiter et al., 2015; Sternberg and Bardow, 2016). 

 

Table VIII.10 Inventory analysis for the methanation process (Sabatier reaction) in the CCUS supply chain 

of Italy (Reiter et al., 2015; Sternberg and Bardow, 2016) 

Input of the process 

CO2 2.75 kg 

H2 0.46 kg 

Electricity 0.33 kWh 

Output of the process 

CH4 1 kg 

Waste heat 8.26 MJ 

H2O 2.29 kg 

 

 

In the CCUS supply chain of the UK, calcium carbonate is produced then, for this production process the 

same considerations of the CCUS supply chain of Germany are taken into account.  

In all considered CCUS supply chains, CO2 is also stored: it is supposed that electrical energy is used to 

inject CO2 and the required energy is  2.86·10-2 kWh/kgCO2 (Wildbolz, 2007). Emission by leakages occurs 

in a very long term, then these are not considered in the LCA analysis. Regarding CO2 transportation, 

infrastructures and energy data are considered according to the work of Koornneef et al. (2008) and 

Wildbolz (2007), respectively. It is supposed that the energy for CO2 recompression is necessary for a 

distance over 400 km and it is of 0.011 kWh/(ton km) (Wildbolz, 2007). No leakage emissions are 

considered due to their negligible value (Bouman et al., 2015).  

For the inventory analysis of CO2 capture with piperazine absorption, the required energy is considered. 

Von der Aben et al. (2015) suggest a value of 0.80 GJ/tonCO2, while 0.86 GJ/tonCO2 are necessary for the 

absorption of CO2 with MEA. Infrastructures and emission data for this last technology are proposed by 

Giordano et al. (2018).  

The LCI results, provided by GaBi software, about the CCUS supply chain in Germany are summarized in 

Table VIII.11. It is worth noticing that, in the output, the greatest contribution to elementary flows is made 

by the emissions to fresh water (63.4%) followed by the emissions to air (35.8%). Other terms are 

negligible. Elementary flows can be expressed also in kgCO2-eq. In the input, 5.24×1011 kgCO2-eq of 

resources are present. In the output, 7.08×1011 kgCO2-eq of emissions to air are calculated. As a weak point 

in this analysis, it is found that the steam production in the calcium carbonate process and CO2 source in 

Munich provide the highest contribution to the emissions to air.  
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Table VIII.11 LCI results: elementary flows for the CCUS supply chain in Germany 

Input     

Resources 5.95×1013 kg 

Output    

Resources 1.98×109 kg 

Deposited goods 3.20×1011 kg 

Emissions to air 2.20×1013 kg 

Emissions to fresh water 3.90×1013 kg 

Emissions to sea water 1.72×1011 kg 

Emissions to agricultural soil 5.98×105 kg 

Emissions to industrial soil 4.98×105 kg 

 

To allocate the environmental impact to a co-product, the price allocation method is adopted for CO2 

sources, where the main product is co-produced with CO2.  

The considered prices for CO2, electricity, cement and steel are respectively 80 €/ton, 0.15 €/kWh, 80 €/ton 

and 589 €/ton (Focus Economics, 2019; Boyer and Ponssard, 2013; Europe, 2019; OECD, 2013).  

The LCI results, then the elementary flows, are also obtained by GaBi software for the CCUS supply chain 

in Italy, as shown in Table VIII.12.  

 

Table VIII.12 LCI results: elementary flows for the CCUS supply chain in Italy 

Input   

Resources 2.49×1012 kg 

Output   

Resources 1.78×1010 kg 

Deposited goods 8.03×1010 kg 

Emissions to air 5.65×1011 kg 

Emissions to fresh water 2.04×1012 kg 

Emissions to sea water 1.54×109 kg 

Emissions to agricultural soil 4.95×103 kg 

Emissions to industrial soil 3.92×104 kg 

 

In the output, the greatest impact is due to the emissions to fresh water and the emissions to air that 

contribute respectively for 75.4% and 20.9% to the total output flow. The deposited goods contribute with 

2.97% to the total flow while other contributions are negligible. Inputs and outputs are expressed also as 

kgCO2-eq: resources in input are 2.83×108 kgCO2-eq while emissions to air in the output are 9.67×1010 kgCO2-

eq. The highest contribution is due to CO2 sources in Lombardy and Puglia (iron and steel plant). Also in 

this case, a price allocation is considered for CO2 sources. The considered price for CO2, electricity and 
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steel are respectively of 80 €/ton, 0.15 €/kWh and 589 €/ton (Portdata, 2019; Focus Economics, 2019; 

OECD, 2013).  

The LCI results for the CCUS supply chain of the UK are reported in Table VIII.13. 

 

Table VIII.13 LCI results: elementary flows for the CCUS supply chain in the UK 

Input   

Resources 2.35·1012 kg 

Output   

Resources 8.75·104 kg 

Deposited goods 2.75·1010 kg 

Emissions to air 4.44·1011 kg 

Emissions to fresh water 1.71·1012 kg 

Emissions to sea water 2.36·1011 kg 

Emissions to agricultural soil 239 kg 

Emissions to industrial soil 4.4·103 kg 

 

 

In the output, a higher impact is due to emissions to fresh water and emissions to air that contribute 

respectively with 70.7% and 18.4% to the total output flow. The deposited goods contributes with 1.14% 

to total flow while other contributions can be neglected. Input and output can be expressed also like 

kgCO2eq: resources in input are 2.26·1010 kgCO2eq while emissions to air in output are 3.21·1010 kgCO2eq. A 

price allocation is considered for CO2 source in Leeds. The considered price for CO2 and electricity are 

respectively of 80 €/ton and 0.2 €/kWh (Portdata, 2019; OECD, 2013). 

 

VIII.3 Results 

The results of LCA analysis are here presented for all CCUS supply chains. The magnitude of 

environmental burden is evaluated through two different steps: classification and characterization. In these 

steps, the LCI results are combined and organized into impact categories and then into impact indicators at 

the midpoint level using the CML 2001 methodology, implemented in GaBi software  (Von der Assen et 

al., 2014a; Guinee et al., 2002; PE International, 2010; Thinkstep, 2019) (LCIA phase). In the last phase of 

this environmental analysis, the interpretation of the results in terms of significant issues and sensitivity 

analysis is developed (interpretation phase).   

VIII.3.1 Life cycle impact assessment phase for the CCUS supply chain of Germany 

At first, the GWP is the environmental impact category that is considered, because the first aim of this 

analysis is to verify the target suggested by the environmental policy regarding CO2 emissions. Results for 
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other impact categories, like AP, EP, ODP, ADP fossil and elements, FAETP, HTP, MAETP, POCP, TETP  

are shown in the Appendix (see Table S1).  

Results show that the value of GWP is of 1.94×1011 kgCO2-eq: the suggested CCUS supply chain can 

achieve what established in the environmental policy by the Government environmental regulations. In 

fact, the Federal Ministry for the Environment (2017) stated that in Germany, CO2 emissions should be 

lower than 751 Mton in 2020 and in the suggested scheme, considering also emissions from the not selected 

sources, total CO2 emissions are of 640 Mton. The greatest CO2 emissions inside the CCUS supply chain, 

come from CO2 source in Munich (steel and iron plant) with 7.85×1010 kgCO2-eq, followed by steam 

production in the precipitated calcium carbonate process, with 1.95×1010 kgCO2-eq, by CO2 source in 

Potsdam (power plant) with 1.65×1010 kgCO2-eq, by the process for the production of propylene oxide in 

polyurethane production, with 1.53×1010 kgCO2-eq , and by the process to produce concrete by red mud, 

with 6.42×109 kgCO2-eq.  

VIII.3.2 Life cycle impact assessment phase for the CCUS supply chain of Italy 

Also for the CCUS supply chain in Italy, the goal of this analysis is to verify that the supply chain reduces 

CO2 emissions to a value lower than that established by the environmental policy for 2030, equal to 275 

Mton (Gracceva et al., 2017). For this reason, only the GWP impact category is considered. Results show 

that for the analyzed CCUS supply chain, the value of GWP is 9.62×1010 kgCO2-eq. Considering other CO2 

sources not selected for the supply chain, the total CO2 emissions are of 249 Mton. A value lower than the 

target is then obtained, showing that the suggested solution can reduce effectively CO2 emissions in Italy. 

Inside the supply chain, the processes with a greater contribution to CO2 emissions are the iron and steel 

plant in Puglia (6.32×1010 kgCO2-eq) and the iron and steel plant in Lombardy (1.09×1010 kgCO2-eq). For a 

complete analysis other impact categories like AP, EP, ODP, ADP fossil and elements, FAETP, MAETP, 

POCP, TEP are reported in the Appendix (see Table S2).  

VIII.3.3 Life cycle impact assessment phase for the CCUS supply chain of the UK 

The goal of the UK is to reduce CO2 emissions to a value lower than that established by the environmental 

policy, equal to 54.6 Mton for 2030 (Department of Business, Energy and Industrial Strategy, 2018). 

Results show that for the developed CCUS supply chain, the value of GWP is of 9.37×109 kgCO2-eq. 

Considering other CO2 sources not selected for the supply chain, total CO2 emissions are of 52.37 Mton. A 

value lower than the target is obtained then, the suggested CCUS solution can reduce effectively CO2 

emissions in the UK. Inside the supply chain, the process that has a higher contribution to CO2 emissions 

is the power plant, with 7.79×109 kgCO2eq.  

For a complete analysis, other impact categories are reported in Appendix (see Table S3).  
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VIII.4. Discussion 

VIII.4.1 Interpretation phase for the CCUS supply chain of Germany 

From the above section, it is noticeable that significant issues (processes that contribute most to the overall 

result) are: the precipitated calcium carbonate process, due to a high environmental impact of steam 

production, CO2 sources (in particular Munich, Potsdam), propylene oxide formation in the polyurethane 

production section and concrete production by red mud.  

A sensitivity analysis is carried out to evaluate the influence of storage and utilization section inside the 

suggested topology of the supply chain. In particular, for CO2 captured from Magdeburg, the amount that 

is sent to the storage section is tentatively utilized in different percentages, for the separate production of 

different species (concrete by red mud or curing, wheat, lignin upgrading, urea, methanol, polyurethane 

and calcium carbonate).  

With three different case studies, only 25%, 50% and 75% of the whole CO2 originally stored in the base 

case, is maintained in the storage section in this sensitivity analysis, while the remaining captured CO2 is 

sent to the utilization, in order to increase the production of one product.  

Results are shown in Table VIII.14: for a complete picture of the environmental impact, all impact 

categories are considered. While the GWP is expected to be increased by increasing the utilization rate of 

CO2, other impacts could be increased, constant or decreased.  

 

Table VIII.14 Results of sensitivity analysis when increasing carbon dioxide utilization rate in each 

utilization section; arrows indicate the variation of each impact category with reference to the base case                  

(      /       low variation (<5%),       constant value,     /     medium variation (<50%),    /     high variation 

(>50%)) (Leonzio et al., 2020) 

 

 

Assuming that the fraction of CO2 sent to the utilization section is used to produce CH3OH, and that the 

captured CO2 is stored at a rate of only 25%, 50%, 75% of the base case, the calculated CH3OH production 

GWP AP EP ODP ADP elements ADP fossil FAETP HTP MAETP POCP TETP

Concrete by red mud

Calcium carbonate

Polyurethane

Lignin treatment

Wheat

Urea

Methanol

Concrete curing
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is 9.8 Mton, 6.8 Mton and 3.8 Mton, respectively. Keeping constant the amount of captured CO2, and 

reducing the amount of CO2 sent to storage (i.e. producing more CH3OH), the AP, EP, ODP, MAETP, 

POCP remain constant. On the other hand, the GWP, ADP elements and FAETP fossil increase compared 

to the base case. However, the GWP increases only slightly compared to base case. The opposite trend is 

observed for the ADP fossil, HTP and TETP. Overall, the variation of these impact categories is not 

significant compared to the base case. 

In the following analysis, CO2 that is not stored is used for concrete curing: when the stored amount of CO2 

is only 25%, 50%, 75% of the base case, CO2-cured concrete is 513 Mton, 343 Mton and 174 Mton, 

respectively. Results show that for the ODP, ADP elements and MAETP no variations are present. The 

GWP, AP, EP, HTP, POCP, TETP are increased then, a higher environmental impact is present, especially 

for the POCP. The highest value that is achieved for the GWP is 3.46×1011 kgCO2-eq, when the stored CO2 

is only 25% of the base case. Reductions are present for the FAETP and ADP fossil. Overall, producing a 

higher amount of CO2-cured concrete increases the environmental impact.  

In the following analysis, CO2 that is not stored is used to produce urea. When the stored CO2 is only 25%, 

50%, 75% of the base case, the urea production is of 21.9 Mton, 15.5 Mton and 8.2 Mton, respectively. 

Results show that the TETP and MAETP have a constant trend, while the GWP, AP, EP, ADP fossil, HTP 

and POCP increase. The highest value for GWP is 2.28×1011 kgCO2-eq. On the other hand, only the FAETP 

is reduced increasing CO2 sent to the utilization section. Overall, like in the previous case, the increase of 

urea production is not favorable to the reduction of the environmental impact.  

CO2 that is not stored is sent to the utilization section to produce wheat. The total CO2-assisted production 

of wheat, when the stored CO2 is only 25%, 50% and 75% of that sent to the storage section in the base 

case, is respectively 3.05·1010 ton, 2.03·1010 ton and 1.02·1010 ton. With an increasing amount of CO2 

utilized for wheat production, only the GWP increases and a higher value compared to the base case is 

obtained (8.55×1012 kgCO2-eq compared to 1.94×1011 kgCO2-eq of the base case). This suggests a higher 

environmental impact, even if a reduction of ADP fossil, FAETP, HTP and TETP is predicted. Other impact 

categories like POCP, MAETP, ADP elements, ODP, EP and AP present a constant trend.   

CO2 not stored is sent to the utilization for lignin treatment: when only 25%, 50% and 75% of CO2 sent to 

the storage section in the base case is stored, the respective amount of lignin that is upgraded is 69.7 Mton, 

46.6 Mton and 23.5 Mton. Overall, increasing the lignin that is treated determines a higher environmental 

impact. In fact, the GWP, AP, ODP, ADP elements, ADP fossil, HTP, MAETP and POCP increase. 

However, as in the methanol case, no significant variations are obtained. For example, the highest value of 

GWP is 2.06×1011 kgCO2-eq. On the other hand, the TETP and FAETP show no variations.   

When increasing the amount of CO2 sent to the utilization for polyurethane production, it is evident that 

the environmental impact increases. The highest variation compared to the base case is present for the ADP 

elements, while for other impact categories no significant variations compared to the base case are obtained. 
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The highest GWP is 2.88×1011 kgCO2-eq. When only 25%, 50% and 75% of CO2 sent to the storage section 

in the base case is stored, the amount of polyurethane that is produced is respectively 62 Mton, 45 Mton 

and 28 Mton.  

In the following sensitivity analysis, the amount of CO2 that is not stored is sent to the utilization for the 

production of calcium carbonate. When only 25%, 50%, 75% of CO2 sent to the storage section in the base 

case is stored, the amount of calcium carbonate that is produced is respectively 135 Mton, 131 Mton and 

126 Mton. A constant trend is present for the EP, ODP and FAETP. Increasing the utilization option, a 

reduction is obtained only for the ADP fossil, while an increment is obtained for other impact categories. 

The highest value for GWP is 1.96×1011 kgCO2-eq. However, no significant variations compared to base 

case are present.  

In the last sensitivity analysis, CO2 not stored is sent to the utilization for the production of concrete by red 

mud. When only 25%, 50% and 75% of CO2 sent to the storage in the base case is actually stored, the 

amount of concrete produced is respectively 1.16 billion ton, 783 Mton and 401 Mton. A constant trend is 

present for the ODP, ADP elements, FAETP and MAETP. Generally, increasing the amount of CO2 sent 

to the utilization section, the GWP, AP, EP, HTP, POCP and TETP increase, while only the ADP fossil 

decreases. The highest value of GWP is 5.79×1011 kgCO2-eq, calculated when only 25% of CO2 is stored in 

the storage section compared to the base case. However, no substantial variations are predicted compared 

to the base case for these impact categories.  

The sensitivity analysis suggests that the storage site is important inside the CCUS supply chain in order to 

reduce the environmental impact, in terms of GWP. In fact, in all cases, the GWP is increased by increasing 

the amount of CO2 sent to the utilization section, for the same amount of captured CO2. Only few impact 

categories are reduced in these sensitivity analyses and only for some CO2-based products.  

Comparing the different case studies, a lower overall environmental impact is obtained when additional 

CH3OH is produced. On the other hand, the highest GWP value is obtained with wheat production.  

A higher environmental impact in terms of GWP at a higher utilization rate of CO2 is due to a higher specific 

environmental impact of utilization processes compared to that of the storage system. This result is in 

agreement with the work of Cuellar-Franca and Azapagic (2015) where a comparison between a CCS and 

a CCU was presented: on average, the GWP of a CCS is significantly lower than that of CCU option. For 

example, for the biodiesel production in a CCU, the GWP is four times higher than that of a CCS, while 

the carbon mineralization and the EOR have a GWP that is 2.9 and 1.8 times higher than that of a CCS, 

respectively. Then, even if the utilization solution can help to reduce costs because of the generated profit 

(a better economic potential is ensured), it can not help to reduce the environmental impact in terms of 

GWP.  

As a result, the storage section is important and should be designed at the optimal operating conditions. 

Also, the storage is important because the demand of chemicals does not have the capacity to sink enough 
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CO2 emissions in order to achieve carbon reduction targets (Cuellar-Franca and Azapagic, 2015). The same 

consideration about the importance of a carbon storage was reported by Aldaco et al. (2019) comparing a 

CCU with a CCS system. A lower GWP, obtained for a carbon supply chain with the storage option, is also 

reported by Fernandez-Dacosta et al. (2018): CCUS systems present higher CO2 emission reductions than 

CCU systems. A higher potential of climate change mitigation is ensured when the storage option is taken 

into account.  

For the other impact categories, a comparison with the literature cannot be performed because a complete 

LCA analysis for CCUS supply chains, with the emerging technologies in the utilization section and 

considering all impact categories, has not been developed yet. In fact, Cuellar-Franca and Azapagic (2015) 

in their work suggested, for future works, to consider a wider range of LCA impacts, rather than focusing 

only on the GWP, as well as to consider various utilization options of CO2, as done for the supply chains 

developed in this Thesis.  

Although LCA studies and respective results for new CO2 utilization processes will undoubtedly evolve, 

the LCA analysis at this stage will help to provide suggestions for future researches aiming at higher energy 

and environmental advantages (National Academies of Sciences, Engineering, and Medicine, 2019).  

With these considerations, a LCA study is carried out considering a higher efficiency for CH3OH synthesis, 

in terms of global CO2 conversion, that should reduce CO2 emissions at the outlet of the chemical reactor. 

The sensitivity analysis previously developed is repeated at these operating conditions, with the aim to 

verify if, with a higher efficiency of the process, a higher CO2 utilization rate can reduce the environmental 

impact. Results are shown in Table VIII.15. 

 

Table VIII.15 Results of sensitivity analysis when increasing carbon dioxide utilization rate to methanol 

and varying carbon dioxide conversion; arrows indicate the variation of each impact category with 

reference to the base case (      constant value;     /      low variation (< 5%) upwards/downwards) (Leonzio 

et al., 2020) 

 

 

It is evident that increasing the utilization rate of CO2 and improving the efficiency of CH3OH synthesis, 

with the same amount of captured CO2, the GWP is constant, as other impact categories.  

In any case, when the global CO2 conversion of CH3OH synthesis is fixed at 90%, ADP elements and 

FAETP increase, while ADP fossil and HTP decrease. When global CO2 conversion is 100%, also TETP 

decrease, suggesting a lower environmental impact.  

It is shown that improving the efficiency of a CH3OH process allows to send a higher amount of CO2 to the 

utilization section without increasing the value of GWP, compared to the base case. However, it is difficult 

CO2 conversion GWP AP EP ODP steady state ADP elements ADP fossil FAETP HTP MAETP POCP TETP 

100%

90%
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to realize a CH3OH process based on CO2 hydrogenation with these high efficiencies, and many 

investigations would be needed to this aim, with environmental and energetic advantages.  

VIII.4.2 Interpretation phase for the CCUS supply chain of Italy 

The previous results for the CCUS supply chain of Italy suggest that significant issues are related to CO2 

sources, especially Puglia and Lombardy, where iron and steel plant are present.  

As for the previous supply chain, a sensitivity analysis is developed keeping constant the amount of 

captured CO2, while increasing the amount of emissions sent to the utilization for CH4 production and 

reducing those sent to the storage. 25%, 50%, 75% of CO2 sent to the storage section in the base case is 

stored in this analysis and the rest is sent to the utilization for CH4 production. The amount of CH4 that is 

produced in the respective case study is of 25 Mton, 22 Mton and 19 Mton. In the base case, 16.1 Mton of 

methane are produced. Results are shown in Table VIII.16: the GWP is reduced, then, for this supply chain 

in Italy, the utilization is preferred over the storage because a lower GWP can be obtained.  

Regarding other impact categories, a better environmental impact is also obtained, because all of them are 

reduced, except the EP that is constant. The storage is not favorable to reduce the environmental impact. 

These results suggest that the power to gas technology is a process cleaner and more environmentally 

friendly than the storage option and other utilization systems (evaluated for the CCUS supply chain in 

Germany). In fact, no CO2 emissions are present at the outlet of chemical reactor. CO2 conversion and CH4 

selectivity reach values close to 100%, especially under stoichiometric conditions (Stangeland et al., 2015).  

 

Table VIII.17 Results of the sensitivity analysis regarding different impact categories when higher fractions 

of CO2 flow rate are utilized for methane production; arrows indicate variations with respect to the base 

case (           constant value,         /        low variation (<5%),         /         medium variation (<50%)) (Leonzio 

et al., 2020) 

 

 

VIII.4.3 Interpretation phase for the CCUS supply chain of the UK 

The previous results for the CCUS supply chain of the UK suggest that the power plant (CO2 source) and 

the thermal energy production from biomass in calcium carbonate process are significant issues.  

A sensitivity analysis is developed increasing the amount of CO2 sent to the utilization for calcium 

carbonate production and reducing the amount of CO2 sent to the storage, keeping constant the amount of 

captured CO2. Only 25%, 50%, 75% of CO2 sent to the storage section in the base case is stored in this 

analysis and the rest is sent to the utilization for calcium carbonate production. The amount of calcium 

carbonate that is produced for the respective case is of 5.7 Mton, 5.6 Mton and 5.5 Mton. In the base case, 

GWP AP EP ODP steady state ADP elements ADP fossil FAETP MAETP POCP TETP 
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5.4 Mton of calcium carbonate are produced. Results, as in Table VIII.18, show that the GWP, is increased 

if CO2 is not sent to the storage but to the utilization. Then, for this analyzed supply chain, the utilization 

is not preferred over the storage, because a higher GWP is obtained. This result agrees with the results 

obtained for the CCUS supply chain of Germany. The same considerations are valid for other impact 

categories.  

 

Table VIII.18 Results of the sensitivity analysis regarding different impact categories when higher fractions 

of CO2 flow rate are utilized for calcium carbonate production; arrows indicate variations with respect to 

the base case (       /        low variation (<5%))  

 

 

VIII.5 Conclusions 

In this Chapter, a LCA analysis is carried out for large scale CCUS supply chains developed previously for 

Germany, Italy and the UK. Compared to the existing literature, processes and products not considered 

before are taken into account for this environmental analysis.  

The LCA results show that for the CCUS supply chain of Germany, Italy and the UK the value of GWP is 

respectively of: 1.94×1011 kgCO2-eq, 9.62×1010 kgCO2-eq and 9.37×109 kgCO2-eq. These results suggest that 

these Countries can reduce CO2 emissions according to the environmental target using carbon supply 

chains.  

For all supply chains, a sensitivity analysis is performed increasing the utilization rate of CO2: keeping 

constant the captured CO2, 25%, 50% and 75% of CO2 sent to the storage in the base case is effectively 

stored in this analysis, while the remaining part is sent to the utilization section. For the CCUS supply chain 

of Germany (for which CH3OH, urea, wheat, concrete, calcium carbonate, polyurethane, lignin are the 

considered utilization processes) and the UK (where calcium carbonate is produced) a higher environmental 

impact is present increasing the utilization rate of CO2. In this case, the storage section is important in order 

to achieve a lower environmental impact. On the other hand, for the CCUS supply chain of Italy, where 

CH4 is produced via a power to gas system, a lower environmental impact is present at higher utilization 

rate of CO2. Then, the power to gas is a process cleaner and more environmentally friendly than the storage 

option and other utilization systems. The power to gas system therefore resulted to be the most realistic and 

mature process that avoids the increase of the environmental impact with its utilization. It is worth noticing 

here that hydrogen is assumed to be obtained by means of an electrolysis process utilizing green power 

sources. 

 

GWP AP EP ODP steady state ADP elements ADP fossil FAETP HTP MAETP POCP TETP
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Appendix 

 

Table S1 Results of LCIA analysis for the CCUS supply chain of Germany 

AP 1.57×109 kgSO2eq 

EP 3.04×1010 kgPhosphateeq 

ODP steady state 3.76×103 kgR11eq 

ADP elements 4.25×105 kgSbeq 

ADP fossil 3.44×1012 MJ 

FAETP  7.43×1010 kgDCBeq 

HTP  5.27×1010 kgDCBeq 

MAETP  4.54×1014 kgDCBeq 

POCP 1.84×108 kgetheneeq 

TETP  1.49×109 kgDCBeq 

   

 

Table S2 Results of LCIA analysis for the CCUS supply chain of Italy 

AP 4.67×108 kgSO2eq 

EP 1.15×1011 kgPhosphateeq 

ODP steady state 368 kgR11eq 

ADP elements 2.27×104 kgSbeq 

ADP fossil 1.96×1012 MJ 

FAETP  9.27×1010 kgDCBeq 

MAETP  1.02×1013 kgDCBeq 

POCP 7.88×107 kgetheneeq 

TETP  4.42×107 kgDCBeq 

   

 

Table S3 Results of LCIA analysis for the CCUS supply chain of the UK 

AP 9.02×107 kgSO2eq 

EP 7.34×106 kgPhosphateeq 

ODP steady state 0.0132 kgR11eq 

ADP elements 1.25×103 kgSbeq 

ADP fossil 1.47×1011 MJ 

FAETP  1.88×107 kgDCBeq 

HTP 1.62×109 kgDCBeq 

MAETP  1.1×1013 kgDCBeq 

POCP 7.21×106 kgetheneeq 

TETP  1.39×108 kgDCBeq 
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Nomenclature 

 

Abbreviations 

ADP = abiotic depletion potential  

AIMMS = advanced interactive multidimensional modeling system 

AP = acidification potential  

CED = cumulative energy demand 

CCU = carbon capture and utilization 

CCUS = carbon capture utilization and storage  

CCS = carbon capture and storage 

EP =eutrophication potential 

FAETP = fresh water aquatic ecotoxity potential  

GWP = global warming potential 

HTP = human toxicity potential  

LCA = life cycle assessment 

LCI = life cycle inventory 

LCIA = life cycle impact assessment 

MAETP = marine aquatic ecotoxicity potential 

MEA = monoethanolamine 

ODP = ozone depletion potential  

POCP = photochemical ozone creation potential  

TETP = terrestrial ecotoxicity potential  
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Chapter IX 

 

Multi-objective optimization of CCUS supply chains 

In this Chapter, the best carbon capture utilization and storage supply chains, previously developed for 

Germany, Italy and the UK, are reformulated as bi-objective problems. The amount of captured carbon 

dioxide is maximized while total costs are minimized at the same time. Results show that, for the resolution 

of this multiple objective optimization problem, the augmented ε-constraint method is more efficient than 

the traditional ε-constraint method, and the respective Pareto fronts with trade-off conditions are obtained. 

A scenario on this plot for the three carbon supply chains is suggested for the decision makers, considering 

only the economic objective function (the scenario with the minimum value of net total cost is selected) or 

both objective functions (the scenario with the shortest distance from the Utopia point is chosen). It is found 

that, the scenario suggested for the CCUS supply chain of Germany is closer to Utopia conditions than 

those suggested for the other two supply chains: a better trade-off between the two objective functions is 

then achieved, even if the system has the highest costs. 

 

IX.1 Introduction 

Generally, carbon capture utilization and storage (CCUS) supply chains are designed and optimized 

considering an economic objective function, expressing total costs or the net present value or the total profit, 

that should be minimized or maximized according to the specific case. No environmental objective 

functions, considering for example the reduction of emissions that should be maximized, are taken into 

account. Moreover, most of these objective functions are considered one at a time.  

As discussed in the introduction of this Thesis, no studies about carbon capture utilization and storage 

supply chains have simultaneously considered economic and environmental aspects, through a multi-

objective optimization (MOO) problem. Only the work of Yue and You (2015) considered economic and 

environmental performances of a CCUS supply chain, cultivating algae for biofuels production, however 

the system is solved using the Life Cycle Optimization framework.  

Actually, MOO problems have gained a wide popularity in sustainability studies and several objective 

functions are simultaneously optimized rather than being considered as additional constraints inside the 

developed mathematical model (Grossman and Guillen-Gosalbez, 2010; Limleamthong and Guillen-

Gosalbez, 2017). In the literature, multi-objective optimization problems are generally solved for oil and 

gas sector (Ghaithan et al., 2017; Attia et al., 2019; Azadeh et al., 2017), bioenergy (Razm et al., 2019), 

biofuels (Camber and Sowlati, 2016) agriculture (Roghanian and Cheraghalipour, 2019) and sustainable 

(Balaman et al., 2018; Resat and Unsal, 2019; Mele et al., 2011; You et al., 2012; Pinto-Varela et al., 2011) 

supply chains. 

Studies about the application of MOO to CCUS supply chains are then lacking, despite the interest of this 

kind of optimization in other research fields.  
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For this reason, in order to fill this gap, the best supply chains developed for Germany (producing more 

CO2-based products), for Italy (with Adriatic sea as storage site) and for the UK (with Bunter Sandstone as 

storage site) are re-formulated as deterministic MOO problems. For these CCUS supply chains, total costs 

are minimized while the amount of captured carbon dioxide (CO2) is maximized, according to a bi-objective 

optimization problem: an economic as well as an environmental objective function are taken into 

consideration simultaneously. For the resolution of these problems, the ε-constraint and the augmented ε-

constraint methods are compared, with the aim to find the Pareto front, suggesting all possible solutions as 

trade-off between the two objective functions. Some methods are suggested to select one scenario for 

decision makers, among those found through the Pareto front. The aim of this work is then to design and 

optimize the previous CCUS frameworks considering economic and environmental aspects simultaneously.  

 

IX.2 Model development 

For the CCUS supply chain of Germany, Italy and the UK the mathematical model is developed as in 

previous, respective Chapters. However, the constraint about achieving the minimum target of CO2 

emissions reduction is not considered and two objective functions are taken into account, as defined below. 

For each system, the Mixed Integer Linear Programming (MILP) model is solved using AIMMS (Advanced 

Interactive Multidimensional Modeling) software, according to the ε-constraint method and the augmented 

ε-constraint.  

IX.2.1 Objective functions 

In the considered bi-objective problems, two objective functions are considered (see Eqs. IX.1-IX.2): 

𝜙1 = 𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠                                                                               (𝐼𝑋. 1) 

𝜙2 = 𝐶𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑖𝑜𝑥𝑖𝑑𝑒                                                      (𝐼𝑋. 2) 

Then, an economic and an environmental objective function are considered. The total costs of a CCUS 

supply chain consider CO2 capture and compression costs, CO2 transportation costs, CO2 storage costs and 

the production costs of different CO2-based products. This objective function should be minimized, while 

the overall CO2 captured inside the CCUS supply chain should be maximized. A trade-off between these 

two objective functions is obtained. 

IX.2.2 The ε-constraint method 

The ε-constraint method, also known as the constraint transformation method, is a posteriori method 

introduced by Haimes et al. (1971) for convex and non convex problems. For detailed information about 

the ε-constraint method and its advantages over other techniques to solve multi-objective problems please 

refer to Reza Norouzi et al. (2014), Rezvani et al. (2015), Mavrotas (2009) and Miettinen (1999). Moreover, 



Chapter IX: Multi-objective optimization of CCUS supply chains 

 

311 

 

the application of this methodology for the multi optimization of supply chains can be found in Mota et al. 

(2015), Santibañez-Aguilar et al. (2011), You et al. (2012) and Cucek et al. (2012).  

In the-ε constraint method, the initial multi-objective optimization problem is transformed into a single 

optimization problem with a sequence of other objective functions set as constraints (Brisset and Gillon, 

2015). Then, assuming the following multi optimization problem (Mavrotas, 2009): 

max(𝑓1(𝑥), 𝑓2(𝑥), … 𝑓𝑝(𝑥)) 

S.t. (subject to) 

𝑥 ∈ 𝑆                                                                                             (𝐼𝑋. 3) 

where x is the vector of decision variables, f1(x), . . . , fp(x) are the p objective functions and S is the feasible 

region, it can be transformed by the ε-constraint method in the following problem (Mavrotas, 2009): 

max   𝑓1(𝑥) 

S.t.  

𝑓2(𝑥) ≥  𝜀           𝜀 ∈ {𝜀𝑙,2, … . 𝜀ℎ,2}                                                (𝐼𝑋. 4) 

𝑓3(𝑥) ≥  𝜀           𝜀 ∈ {𝜀𝑙,3, … . 𝜀ℎ,3}                                                         

… .. 

𝑓𝑝(𝑥) ≥  𝜀           𝜀 ∈ {𝜀𝑙,𝑝, … . 𝜀ℎ,𝑝}                                                        

𝑥 ∈ 𝑆 

where εl,i and εh,i are generally obtained from the single optimization problems and f1 is the objective 

function with the highest priority (Ghaithan et al., 2017). For each mathematical model related to CCUS 

supply chains, at first the single objective functions (total costs and captured CO2) are optimized in order 

to find the range of the ε parameter. After that, total costs are minimized putting the amount of captured 

CO2 as a constraint for several points inside the ε range, divided in identical intervals. In fact, cost 

minimization has always more importance than the other objectives for real-life cases due to harsh 

competitive conditions (Resat and Unsal, 2019). This allows to find the plot of Pareto front, mainly 

composed by non dominated or non inferior solutions, defined as “a feasible solution to a multi-objective 

programming problem to which exists no other feasible solution that will yield an improvement in one 

objective without causing a degradation in at least one other objective” (Cohon, 2008). In other words, 

there is no solution that optimizes all objectives simultaneously in the decision space (Avci and Selim, 

2017). In this work, the Pareto front is built considering ten sections of equal dimension, because they are 

able to provide a good representation. The Utopia and Nadir points are found respectively as the best and 

worse conditions for both objective functions.  
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IX.2.3 The augmented ε-constraint mehod 

The augmented ε-constraint method is a posteriori hybrid method, obtained combining the ε-constraint 

method and the lexicographic method (Mavrotas, 2009; Khorram et al., 2010; van Elzakker et al., 2017). It 

is developed in order to overcome the following limitations of the ε-constraint method: the calculation of ε 

range, the efficiency of the obtained solutions (some dominated solutions can be provided), the presence of 

insignificant extreme sections in the Pareto front and a lower efficiency due to high resolution time required 

for a large number of objective functions (Mavrotas, 2009; Ochoa Robles, 2018). Also, Liu and 

Papageorgiou (2013) reported that the main disadvantage of the ε-constraint method is that the generated 

solutions depend on the selected ε range. While Ogumerem et al. (2018) reported that this method can not 

ensure the feasibility and efficiency of solutions, that should be verified once the complete set of solutions 

has been obtained.  

According to the augmented ε-constraint method, the lexicographic method is used to build the payoff table 

(table with results obtained from the individual optimization of objective functions), in order to define the 

ε range within which, to perform the multi optimization according to the ε-constraint method, generating 

all efficient solutions (Razm et al., 2019; Attia et al., 2019). According to the lexicographic method, the 

first objective function, with a higher priority, is optimized obtaining its optimal value. Then, the second 

objective function is also optimized fixing the first objective function at its optimal value, found in the 

previous step. After that, the third objective function is optimized constraining the first and the second 

objective functions at their optimal value. This procedure is repeated until all objective functions are 

considered and the obtained values are used to build the payoff table. Then, the ε-constraint method is 

applied: one objective function is minimized or maximized while the others are constrained inside the 

respective range found with the lexicographic method and divided in sections of equal dimension. In this 

way, efficient solutions are considered on the Pareto front without extreme insignificant solutions and the 

processing time is accelerated avoiding redundant iterations (Cambero and Sowlati, 2016).  

For the considered CCUS supply chains, according to the above method, one extreme point of the Pareto 

front is found minimizing total costs, without considering the captured CO2 objective function. After that, 

the captured CO2 is maximized with total costs constrained to the previous value. The other extreme point 

is found maximizing the captured CO2 without considering total costs objective function. After that, total 

costs are minimized with the captured CO2 constrained to the previous value. These two extreme points, 

calculated with the lexicographic method, provide the ε range, where to apply the ε-constraint method: total 

costs are minimized setting the captured CO2 as a constraint. Total costs are minimized for the same reason 

defined in the ε-constraint method (Resat and Unsal, 2019). The calculation is done for some points inside 

the considered ε range. According to these considerations, the Pareto front is built with ten sections of equal 

dimensions, suggesting a trade-off relation between the two objective functions. These points are sufficient 

to visualize all regions of the Pareto front, between the two extreme points. This Pareto front allows the 

decision maker to compromise between economic and environmental objectives (Attia et al., 2019).  Also 
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in this case, the Utopia and Nadir points correspond to the optimal and worse conditions, respectively, for 

both objective functions.  

 

IX.3 Results and discussion 

In this section, the Pareto fronts obtained for the different CCUS supply chains (in Italy, Germany and the 

UK) are presented and discussed. To this aim, the ε-constraint and augmented ε-constraint methods are 

used.  

IX.3.1 Results for the CCUS supply chain of Germany 

The optimal solutions are found in 5.55 s with 1151 iterations, using CPLEX 12.7.1 solver. Figure IX.1 

shows the Pareto front for the CCUS supply chain of Germany, obtained with the ε-constraint method: it is 

divided in 11 points, delimiting 10 intervals of equal dimension. Overall, this curve can be divided mainly 

in three different sections. On the whole, the extreme sections on the right and left side of the curve are of 

minor interest, as explained below.  

 

 

Figure IX.15 Pareto front obtained with the ε-constraint method for the CCUS supply chain of Germany 

producing different CO2-based products (Leonzio et al., 2020) 

 

The extreme point on the right side is important if a decision maker is interested on the captured CO2. Here, 

there is a high variation on total costs without a big effect on the captured CO2. For the right extreme point, 

there is in fact a high variation on total costs with a small variation on the captured CO2: a high slope is 

present. In particular, there is a variation on total costs equal to 38.4% with a variation on the captured CO2 

of 8.9%. The extreme point on the left side, on the other hand, can be interesting if a decision maker is 
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interested on total costs, mainly. There is, in fact, a high variation on the captured CO2 without a significant 

effect on total costs. A low slope is present: an increase on total costs of 4.85% with an average variation 

on the captured CO2 equal to 45.1%. A moderate slope is present for the intermediate points: a significant 

improvement up to 68.9% in the captured CO2 is evident with an increase in total costs of 40.2%. For these 

intermediate points, it is possible to improve one objective function, but producing a worse condition for 

the other one. The Nadir point is found at 71.6 Mton/year of captured CO2 and at 263 billion€/year of total 

costs. The Utopia point corresponds to 665 Mton/year of captured CO2 and at 93.5 billion€/year of total 

costs.  

It is interesting to understand the behavior of the extreme point on the left side. With a deeper analysis, it 

is found that the system on the extreme point on the left side is changing the capture technology. In 

particular, at the maximum amount of captured CO2, the WEI vacuum swing adsorption (VSA) is used for 

the utilization and storage section, replacing the piperazine (PZ) absorption in the utilization section and 

the pressure swing adsorption (PSA) in the storage section, used in other points.  

The two extreme points on the left and right side of the Pareto front can be omitted by using the augmented 

ε-constraint. With this method, the optimal solutions are found in about 5.34 s with 2149 iterations. 

Compared to the previous method of resolution, the augmented ε-constraint methodology ensures to carry 

out higher iterations in a lower time, then it is more efficient, considering the time resolution parameter 

(Azadeh et al., 2017). Figure IX.2 shows the obtained Pareto front, built with 11 points dividing the curve 

in 10 pieces of equal dimensions. It is evident that for all points it is possible to improve one objective 

function but producing a worse condition for the other one.  

 

 

Figure IX.2 Pareto front obtained with the augmented ε-constraint method for the CCUS supply chain of 

Germany producing different CO2-based products (Leonzio et al., 2020) 
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For this Pareto front, an increase of captured CO2 equal to 87.4% determines an increase of total costs equal 

to 81.6%. The PZ absorption is used as capture technology in all cases defined on the Pareto front. Nadir 

and Utopia points are found: the Nadir point is at 83.5 Mton/year of captured CO2 and at 646 billion€/year 

of total costs, while the Utopia point is at 665 Mton/year of captured CO2 and at 119 billion€/year of total 

costs.  

All points on the Pareto front are valid solutions, however, it is possible to choose one of these that has the 

shortest distance from the Utopia point, defined as the ideal condition (Ochoa Bique et al., 2019; Roghanian 

and Cheraghalipour, 2019). The calculation is done considering the normalized values of captured CO2 and 

total costs and applying the Pythagorean theorem. The selected point is at 374 Mton/year of captured CO2 

and at 373 billion€/year of total costs: Table IX.1 shows the topology of the CCUS supply chain in the 

selected situation.  

 

Table IX.7 Topology of the CCUS supply chain of Germany producing different CO2-based products for 

the point on the Pareto front with the shortest distance from the Utopia point (Leonzio et al., 2020) 

CO2 source Capture technology 
CO2 amount  

(Mton/year) 

To storage 
   

To utilization 

Dusseldorf PZ absorption 277 

Munich PZ absorption 0.01 

Hannover PZ absorption 62.1 

Potsdam PZ absorption 0.25 

Dresda PZ absorption 3.3 

Wiesbaden PZ absorption 7.18 

Magdeburg PZ absorption 24.7 

 

 

All captured CO2 is sent to the utilization section to produce 0.846 Mton/year of methanol (CH3OH), 4.79 

Mton/year of concrete curing, 19.35 Mton/year of wheat, 26.01 Mton/year of lignin, 11 Mton/year of 

polyurethane, 78.08 Mton/year of calcium carbonate, 373.55 Mton/year of urea and 19.15 Mton/year of 

concrete by red mud. The PZ absorption is the selected capture technology for all CO2 sources.  

For the problem with the single objective optimization, i.e. minimizing total costs as in Chapter IV of this 

Thesis, it is found that total costs are 97.9 billion€/year while the captured CO2 are 160 Mton/year. Then 

the selected point on the Pareto front, with the shortest distance from the Utopia point, ensures a higher 

amount of captured CO2 (a difference of 57.22%), although a higher value of total costs is estimated (a 

difference of 73.74%) compared to the condition obtained by the single optimization problem. 
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The previous point on the Pareto front is selected considering both objective functions. However, if a 

decision maker is more interested on money expenditure, it is possible to express the captured CO2 in terms 

of costs, through the carbon tax, and subtract it to the total costs of supply chain, in order to obtain the net 

total cost. The value of carbon tax is set to 80 €/ton in this analysis. The point of Pareto front with the 

minimum net total cost, then can be selected. Figure IX.3 shows that this point is the first one on the left 

side: the amount of captured CO2 is 83.5 Mton/year while total costs are 118.64 billion€/year (the net total 

cost is 112 billion€/year).  

 

 

Figure IX.3 Net total cost for the points of Pareto front for the CCUS supply chain of Germany producing 

different CO2-based products (Leonzio et al., 2020) 

 

 

The topology of the CCUS supply chain for this suggested scenario is shown in Table IX.2: all captured 

CO2 is sent to the utilization section by using the PZ absorption as capture technology.  

 

Table IX.2 Topology of the CCUS supply chain of Germany producing different CO2-based products for 

the point on the Pareto front with the minimum net total cost (Leonzio et al., 2020) 

CO2 source Capture technology 
CO2 amount  

(Mton/year) 

To storage 
   

To utilization 

Dusseldorf PZ absorption 2.43 

Munich PZ absorption 0.01 

Hannover PZ absorption 62.10 

Wiesbaden PZ absorption 0.08 

Magdeburg PZ absorption 18.87 
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In the CCUS supply chain 0.846 Mton/year of CH3OH, 4.79 Mton/year of concrete curing, 19.35 Mton/year 

of wheat, 0.378 Mton/year of lignin,  11 Mton/year of polyurethane, 69.55 Mton/year of calcium carbonate, 

1.33 Mton/year of urea and 19.15 Mton/year of concrete by red mud are produced from the captured CO2.  

However, compared to the problem with the single optimization, as in Chapter IV, this selected scenario 

ensures a lower amount of captured CO2 and higher overall (gross) total costs. 

IX.3.2 Results for the CCUS supply chain of Italy 

The optimal solutions are found in about 0.53 s with 193 iterations, using CPLEX 12.7.1 solver. Figure 

IX.4 shows the Pareto front obtained with the ε-constraint method for the CCUS supply chain of Italy, with 

Adriatic offshore as storage site. The plot is built with 11 points dividing the all curve in 10 pieces of equal 

dimensions.  

 

 

Figure IX.4 Pareto front obtained with the ε-constraint method for the CCUS supply chain of Italy with 

Adriatic offshore as storage site (Leonzio et al., 2020) 

 

In the model, a constraint about the national demand of methane (CH4) that should be satisfied is not present 

then, the minimum cost is obtained when no CO2 is captured. For this reason, the Pareto front starts from 

the origin of axes. Overall, an intermediate slope is found: there is an increment of 89% in captured CO2 

with an increment of 97.5% in total costs. Also, the variation of the Pareto front on the left side reflects the 

variation on capture technology. In fact, on the origin of axes, no capture technologies are needed. On the 

other hand, in the second point where there is the change, VSA, membrane, PSA and monoethanolamine 

(MEA) absorption are used for the different carbon sources in the utilization section, while MEA absorption 

is used in the storage section. The Utopia and Nadir points are found. The coordinates of the first one are 
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at 279 Mton/year of captured CO2 and at 0 billion€/year of total costs, while the coordinates of the second 

one are at 0 Mton/year of captured CO2 and at 403 billion€/year of total costs.  

Also for this CCUS supply chain, the Pareto front is built with the augmented ε-constraint method in order 

to neglect the extreme sections that are not interesting. In this case, the solving time is about 0.03 s with 

198 iterations (in a lower time more iterations are done compared to the ε-constraint method suggesting its 

more efficiency (Azadeh et al., 2017)). The Pareto front so obtained is shown in Figure IX.5: there is a 

variation of captured CO2 of 87.73% with a variation of total costs of 99.4%. Then, an average slope is 

present, and an improvement of one objective function determines a worse condition for the other one.  

 

 

Figure IX.5 Pareto front obtained with the augmented ε-constraint method for the CCUS supply chain of 

Italy with Adriatic offshore as storage site (Leonzio et al., 2020) 

 

It is possible to notice a variation on the used capture technology between the first point on the left side and 

the following ones. However, this is not significant for the trend of Pareto front, composed by non 

dominated solutions. In particular, in the first point of the left side, MEA absorption is used in the utilization 

section, while PSA is used for the storage section. In other solutions, VSA, MEA absorption, PSA and 

membrane are the selected capture technologies in the utilization section, while MEA absorption is used in 

the storage section. The Utopia and Nadir points are considered. The Nadir point is found at 34.2 Mton/year 

of captured CO2 and 411 billion€/year of total costs. The Utopia point is found at 279 Mton/year of captured 

CO2 and 2.43 billion€/year of total costs.  

Among different non dominated points, it is possible to choose one with the shortest distance from the 

Utopia point, calculated as in the previous case study (Ochoa Bique et al., 2019). This methodology aims 
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to consider both objective functions. It is found that starting from the left side of the plot, the fifth point has 

the shortest distance: the captured CO2 is 132 Mton/year while total costs are 166 billion€/year. The 

topology of this scenario is shown in Table IX.3. 

 

Table IX.3 Topology of the CCUS supply chain of Italy with Adriatic offshore as storage site for the point 

on the Pareto front with the shortest distance from the Utopia point (Leonzio et al., 2020) 

CO2 source Capture technology 
CO2 amount 

(Mton/year) 

To storage 

Lombardy MEA absorption 32.8 

To utilization 

Puglia MEA absorption 61.8 

Sicily Membrane 17.9 

Emilia Romagna MEA absorption 19.6 

 

 

The system produces 36.1 Mton/year of CH4. In the single optimization problem minimizing total costs, it 

is found that total costs are 73.4 billion€/year while 77 Mton/year of CO2 emissions are reduced, as reported 

in Chapter V. Then, in the single optimization problem, lower costs are obtained (a 55.77% of difference 

is present) but also a lower amount of CO2 is captured (a difference of 41.73% is obtained) compared to the 

solution of the bi-optimization problem.  

Also in this case, it is possible to choose a scenario on the Pareto front evaluating the net total cost (the 

difference between total costs and that due to the carbon tax), when considering only one objective function, 

in this case costs, as shown in Figure IX.6. The decision maker should be interested on a scenario with the 

minimum net total cost. The first point on the left side is not a realistic one, because at the fixed carbon tax 

of 80 €/ton, the net total cost is negative. The realistic point with the minimum net total cost is the second 

one on the left side (45.5 billion€/year): for this scenario the amount of captured CO2 is of 58.7 Mton/year, 

while the supply chain costs 50.16 billion€/year. A higher amount of CO2 at lower costs is captured 

compared to the single optimization problem of Chapter V. In particular, the difference between the two 

problems are of 31.7% and 23.8% respectively for the captured CO2 and total costs. 9.29 Mton/year of CH4 

are produced in the scenario with the minimum net total cost. 
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Figure IX.6 Net total cost for the points of Pareto front of the CCUS supply chain of Italy with Adriatic 

offshore as storage site (Leonzio et al., 2020) 

 

 

The topology of the CCUS supply chain in this scenario is reported in Table IX.4. 

 

Table IX.4 Topology of the CCUS supply chain of Italy with Adriatic offshore as storage site for the point 

on the Pareto front with the minimum net total cost (Leonzio et al., 2020) 

CO2 source Capture technology 
CO2 amount 

(Mton/year) 

To storage 

Lombardy MEA absorption 32.8 

To utilization 

Puglia MEA absorption 6.26 

Emilia Romagna MEA absorption 19.6 

 

 

IX.3.3 Results for the CCUS supply chain of the UK 

The model is solved in about 0.62 s with 101 iterations, through CPLEX 12.7.1 solver. Figure IX.7 shows 

the Pareto front for the CCUS supply chain of the UK obtained with the ε-constraint method. The plot is 

divided in 10 pieces of equal dimensions and starts from the origin of axes because constraints regarding 

the national demand of CO2-based products that should be satisfied are not considered.  

It is possible to divide the Pareto front in three sections. On the right side, a high slope is present: there is 

a variation on total costs of 93.8% with a small variation on captured CO2 equal to 10%. A variation of total 
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costs is present without significant variations on captured CO2. On the left side of the Pareto front, overall, 

a low slope is present and a variation on the captured CO2 is found without significant variations in total 

costs. An intermediate slope characterizes the central section of the Pareto front. Here, for a variation on 

captured CO2 of 66.7% there is a variation on total costs of 72.8%. Then, as for the supply chains considered 

previously, in this section a slight improvement of captured CO2 objective function produces a worse 

condition for total costs.  

 

 

Figure IX.7 Pareto front obtained with the ε-constraint method for the CCUS supply chain of the UK with 

Bunter Sandstone as storage site (Leonzio et al., 2020) 

 

The nature of the extreme point on the right side is due to a variation on capture technology. In fact, for this 

scenario, the model suggests to use the WEI VSA for the utilization section for CH4 production and not to 

send CO2 to the storage section. In the preceding points, the PZ absorption is used in the utilization section, 

while the MEA absorption is used in the storage section.  

The Nadir point is found at 0 ton/year of captured CO2 and at 126 billion€/year of total costs. The Utopia 

point is found at 54.9 Mton/year of captured CO2 and at 0 costs. 

The augmented ε-constraint method is applied also for this bi-objective optimization problem, in order to 

avoid the extreme insignificant sections on the Pareto front. The model is solved in about 0.14 s with 101 

iterations. Compared to the previous used method, the same iterations are carried out by the augmented ε-

constraint method in a lower time, showing its better efficiency (Azadeh et al., 2017). Figure IX.8 shows 

the obtained plot of Pareto front, divided in 10 pieces of equal dimensions. An average slope is present: the 

captured CO2 variation is 78.1% while that of total costs is 92.8%. The two important points, Nadir and 
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Utopia, are found. The Nadir point is found at 12 Mton/year of captured CO2 and at 9.6 billion€/year of 

total costs. The Utopia point is found at 54.9 Mton/year of captured CO2 and at 0.687 billion€/year of total 

costs. Generally, the PZ absorption technology is used in the utilization section for all considered cases to 

capture CO2.   

 

 

Figure IX.8 Pareto front obtained with the augmented ε-constraint method for the CCUS supply chain of 

the UK with Bunter Sandstone as storage site (Leonzio et al., 2020) 

 

All points on the Pareto front are valid solutions, however, to choose one among them, the previous methods 

are used. At first, the distances from the Utopia point are evaluated considering the normalized values of 

total costs and captured CO2 and using the Pythagorean theorem: the point with the minimum distance is 

the sixth from the left side. For this scenario, the amount of captured CO2 is 33.5 Mton/year while total  

costs are 5.14 billion€/year. Table IX.5 shows the topology of the supply chain in this condition. The supply 

chain produces 29.8 Mton/year of calcium carbonate.  

 

Table IX.5 Topology of the CCUS supply chain of the UK with Bunter Sandstone as storage site for the 

point on the Pareto front with the shortest distance from the Utopia point (Leonzio et al., 2020) 

CO2 source CO2 capture technology 
CO2 amount 

(Mton/year) 

To storage 

Leeds MEA absorption 0.4 

To utilization 

Leeds           PZ absorption 15.8 

Cardiff           PZ absorption 3.3 

Manchester           PZ absorption 13.95 
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In the single optimization problem minimizing only total costs, as in Chapter VI, it is found that total costs 

are of 1.04 billion€/year while 6.4 Mton/year of CO2 are captured. Then, in the bi-optimization problem, a 

higher amount of CO2 is captured (a difference of 80.9% is present) at higher costs (the difference is of 

79.8%).  

The selection of one point on the Pareto front can be done by a decision maker putting more attention on 

costs. Then, as for the previous CCUS supply chains, the net total cost is evaluated for each scenario defined 

by the Pareto front, as shown in Figure IX.9. Also in this case, the first point on the left side is not realistic 

because a negative net total cost is present. Then the second point from the left side can be selected due to 

the lowest net total cost (0.5 billion€/year), calculated as the difference between total costs and the income 

obtained with carbon tax, set at 80 €/ton.  

 

 

Figure IX.9 Net total cost for the points of Pareto front of the CCUS supply chain of the UK with Bunter 

Sandstone as storage site (Leonzio et al., 2020) 

 

For this scenario, the topology of CCUS supply chain is reported in Table IX.6. 14.3 Mton/year of calcium 

carbonate are produced from the captured CO2. 16.3 Mton/year of CO2 are captured while the carbon supply 

chain costs 1.79 billion€/year. Compared to the single optimization problem, a higher amount of CO2 is 

captured (a difference of 60.8%) in the bi-optimization problem, however with higher costs (a difference 

of 41.9%).  
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Table IX.6 Topology of the CCUS supply chain of the UK with Bunter Sandstone as storage site for the 

point on the Pareto front with the minimum net total cost (Leonzio et al., 2020) 

CO2 source CO2 capture technology 
CO2 amount 

(Mton/year) 

To storage 

Leeds           MEA absorption 0.4 

To utilization 

Leeds           PZ absorption 15.8 

Manchester           PZ absorption 0.11 

 

 

IV.3.4 Comparison of the different CCUS supply chains 

It is interesting to compare the different CCUS supply chains in terms of Pareto front. Figure IX.11 shows 

a comparison between the different normalized Pareto fronts, obtained with the augmented ε-constraint 

method for the CCUS supply chain of Italy, Germany and the UK. Overall, the CCUS supply chain of 

Germany producing different products as methanol, concrete, wheat, lignin, polyurethane, calcium 

carbonate and urea has the highest values of total costs and captured CO2. The lowest costs are obtained in 

the CCUS supply chain of the UK, while average values of total costs are for the CCUS supply chain of 

Italy. The same considerations are valid for the other objective function, related to the captured CO2.  

In all cases, for the three Pareto fronts the linear trend suggests that there is an increase of total costs and a 

simultaneous increase of captured CO2. This variation is lower for the CCUS supply chain of Germany, 

where the slope is estimated to be the slowest. On the other hand, the CCUS supply chain of Italy has a 

highest slope and then a higher variation of costs.  

However, for the CCUS supply chain of Germany the Pareto optimal front defines a region of feasible 

objective space that is extended lower than that related to the other two CCUS supply chains. This can be 

explained by the additional constraints related to the national demand of different products that should be 

satisfied and that are present only in the model of CCUS supply chain for Germany.  

Although a lower extended objective space, the CCUS supply chain of Germany is the closest to the Utopia 

conditions. In fact, the minimum distance between the chosen point on the Pareto front and the respective 

ideal point (Utopia) is of 0.588, 0.607 and 0.660, respectively for the system of Germany, the UK and Italy. 

A better trade-off between the two objective functions is then achieved in the model describing the CCUS 

supply chain of Germany, even if the system has the highest costs. 
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Figure IX.11 Normalized Pareto fronts obtained with the augmented ε-constraint method for the CCUS 

supply chain of Italy, Germany and the UK, respectively (Leonzio et al., 2020) 

 

IX.4 Conclusions 

In this Chapter, a deterministic bi-objective optimization model is suggested for the CCUS supply chains 

of Germany, Italy and the UK, treated before as a single optimization problem, minimizing total costs. Now 

these problems are reformulated as MILP models with the aim to minimize total costs and maximize the 

amount of captured CO2 simultaneously. Results show the best efficiency for the augmented ε-constraint 

method due to a lower resolution time, compared to the traditional ε-constraint method. A trade-off among 

the two conflicting objective functions in the same framework is found through the Pareto front and two 

guides for a decision maker choosing a single scenario are shown. The first one suggests a scenario with 

the lowest net total cost, then setting more importance to the economic objective function. The second one 

suggests a scenario with the shortest distance from the Utopia point, providing importance to both objective 

functions. Regarding this last method, it is found that the CCUS supply chain of Germany is closer to the 

ideal conditions, compared to other carbon systems, even if higher costs are computed in this case.  
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Nomenclature 

 

Abbreviations 

AIMMS = advanced interactive multidimensional modeling system 

CCUS = carbon capture utilization and storage  

MEA = monoethanolamine 

MOO = multiple objective optimization 

PSA = pressure swing adsorption 

PZ = piperazine 

VSA = vacuum swing adsorption 
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Chapter X 

 

Stochastic optimization of CCUS supply chains 

In this Chapter, a two stage stochastic mixed integer linear programming model is developed for the best 

carbon capture utilization and storage supply chain in Italy, Germany and the UK, defined in previous 

Chapters. Few works are present in the literature about this topic, then this research wants to overcome 

this limitation, considering carbon supply chains producing different products. The objective of these 

proposed models is to minimize the expected total costs, under the uncertainties of the production cost of 

carbon dioxide based compounds, achieving at the same time the minimum target for carbon dioxide 

emissions reduction. The optimal design of these supply chains is then suggested. The expected total costs 

for the carbon capture utilization and storage supply chain of Italy, Germany and the UK are respectively 

77.3 billion€/year,  98.0 billion€/year, 1.05 billion€/year. A comparison with the respective deterministic 

model is considered through the evaluation of the expected value of perfect information and the value of 

stochastic solution. Results show that the uncertain production cost in the stochastic model does not have 

a significant effect on the results, then there are few advantages on solving the stochastic model instead of 

the deterministic one, when considering the fluctuation of this parameter. 

 

X.1 Introduction 

Carbon capture utilization and storage (CCUS) supply chains developed in previous Chapters are presented 

as deterministic models, without considering the uncertainties of parameters. However, different factors 

influence the planning of carbon supply chains. Regarding the storage site, uncertainties are related to the 

permeability, capacity and porosity of reservoirs (Lee et al., 2017; Keating et al., 2011). In addition to these, 

uncertainties are present inside a supply chain due to the fluctuation of carbon dioxide (CO2) sources, 

variability of construction and operation costs and unpredictable events (Han et al., 2012; Zhang et al., 

2014; Malaeb et al., 2019). Also, external factors, such as carbon policy, technology, engineering 

performance and market forces can influence the design of these systems (Middleton and Yaw, 2018). 

There are different ways to consider the uncertainties of a supply chain: chance constrained programming 

(Liu and Iwamura, 1998), robust optimization (Mulvey et al., 1995), fuzzy mathematical programming 

(Zimmermann, 2010) and the most popular, the two stage stochastic model (Govindan et al., 2017).  

In the Introduction of this Thesis, it is mentioned that stochastic models are mainly applied to carbon capture 

and storage (CCS) supply chains. Few works are considering a stochastic model for CCUS supply chains 

and specifically the fluctuation of production costs of carbon-dioxide-based species: there is a clear lack of 

these models applied to CCUS supply chains.  

The aim of this Chapter is to overcome this limitation, considering CCUS supply chains producing a variety 

of CO2-based products: a two stage stochastic model is used to design the best CCUS supply chains that 

were developed before for Germany, Italy and the UK, respectively in Chapter IV, V and VI. In particular, 

the CCUS supply chain of Germany produces methanol (CH3OH), urea, wheat, concrete by curing and red 

mud, calcium carbonate, polyurethane and lignin. The CCUS supply chain of Italy produces methane (CH4) 
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and has the storage site in the offshore Adriatic sea, while the considered CCUS supply chain for the UK 

produces calcium carbonate and has the Bunter Sandstone as storage site. The expected total costs are 

minimized in order to optimize the systems, finding the best topology.  

In the analyses of this Chapter, the production costs of different CO2-based products are characterized by 

uncertainty and then are considered as stochastic parameters with a discrete normal probability distribution. 

The results are compared with the respective deterministic one in order to evaluate the influence of 

uncertainties on the design of carbon systems: the expected value of perfect information (EVPI) and the 

value of stochastic solution (VSS) are evaluated.  

 

X.2 Model development 

A two stage stochastic programming model for the design of CCUS supply chains is presented in this 

section. Advanced Interactive Multidimensional Modeling (AIMMS) software is used to solve this 

stochastic Mixed Integer Linear Programming (MILP) model. 

X.2.1 Problem statement 

For each CCUS supply chain, the same assumptions made in the respective previous Chapters (IV, V and 

VI) are taken into account for this new model. Moreover, it is assumed for all frameworks that stochastic 

parameters,  the production costs of different CO2-based products, have a normal discrete distribution of 

probability, with mean value defined by the previous deterministic treatment (stationary conditions) and 

standard deviation  of ±20% with respect to the stationary condition. In addition, different discrete scenarios 

are defined by means of the stochastic parameters (specific production costs of each compound and its 

respective probability). 

Under the uncertainty, given the information already presented previously, the best connection between 

each element of the supply chain and the amount of treated CO2 and produced compounds are found, 

through the minimization of the objective function, expressing the expected total costs. 

XI.2.2 CCUS supply chain model 

X.2.2.1 Sets 

The same indexes used in the previous models (Chapter IV for the CCUS of Germany, Chapter V for the 

CCUS of Italy and Chapter VI for the CCUS of the UK) are considered here for each supply chain. The 

index “s” is added, to identify a particular scenario of the stochastic problem, with a respective probability, 

as shown below.  
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X.2.2.2 Parameter 

The same parameters defined in each respective previous Chapter (IV, V and VI) are considered here for 

the stochastic model.  

X.2.2.3 Variables 

According to the stochastic formulation, decision variables are classified into first stage (here-and-now) 

variables and second stage (wait-and-see) variables (Zhou et al., 2019). First stage variables are design 

variables then, these are insensitive to uncertainty. The design variables should be determined before 

uncertainty is taken into account. In the considered models, these first stage variables are the binary 

variables Xi,j,k,s  to choose the storage site for all scenarios and Yi,j,k,s  to choose the capture technology in 

all scenarios: i.e. variables X and Y do not change as scenarios mutate, at this stage. Second stage variables 

are operation variables, defined after having known uncertainty. These can compensate and correct the 

decisions taken at the first stage, in order to have the best compromise. In the developed stochastic models, 

second stage variables define the amount of captured CO2 that is sent to the utilization and storage section. 

Then, these are the continuous variables. A common second stage variable for all carbon supply chains is 

FRi,j,k,s that defines the amount of captured CO2 sent to the storage section for each scenario. For the CCUS 

supply chain of Italy, MRi,j,k,s is used to define the amount of CO2 sent to the power to gas system for each 

scenario. For the CCUS supply chain of Germany, Utilizationi,j,k,s defines the amount of captured CO2 sent 

to the utilization section for each scenario; in particular, Concretei,j,c,s defines the amount of CO2 captured 

for concrete production in each scenario; Wheati,j,w,s defines the amount of CO2 captured for wheat 

production in each scenario; Lignin,I,j,l,s defines the amount of CO2 captured for lignin production in each 

scenario; Polyurethanei,j,p,s defines the amount of CO2 captured for polyurethane production in each 

scenario; Calcium carbonatei,j,cc,s defines the amount of CO2 captured for calcium carbonate production in 

each scenario; Ureai,j,u,s defines the amount of CO2 captured for urea production in each scenario; 

Methanoli,j,m,s defines the amount of CO2 captured for CH3OH production in each scenario; Concrete by red 

mudi,j,cr,s defines the amount of CO2 captured  for concrete by red mud production in each scenario. For the 

CCUS supply chain of the UK, as continuous second stage variables are defined: Utilizationi,j,k,s for the 

amount of captured CO2 sent to the utilization section in each scenario,  Methanoli,j,m,s for the amount CO2 

sent to methanol production in each scenario, Methanei,j,g,s for the amount of CO2 sent to CH4 production in 

each scenario, Polyurethanei,j,p, for the amount of CO2 sent to polyurethane production in each scenario, 

Tomatoi,j,t,s for the amount of CO2 sent to tomato production in each scenario, Concretei,j,c,s for the amount 

of CO2 sent to concrete production in each scenario and to CalciumCarbonatei,j,d,s for the amount of CO2 

sent to calcium carbonate production in each scenario. 
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X.2.2.4 Constraint 

For the considered supply chains, similar constraints are taken into account. The captured CO2 can not be 

divided among multiple storage sites and also the one to one coupling principle should be considered for 

the storage site, then the following constraint is taken into consideration (see Eq. X.1): 

∑ 𝑋𝑖,𝑗,𝑘,𝑠 ≤ 1

(𝑗,𝑘)∈(𝐽,𝐾)

            ∀ (𝑖, 𝑠)  ∈ (𝐼, 𝑆)                                      (𝑋. 1) 

where Xi,j,k,s is the binary variable defined above. The storage site has a maximum capacity to store 

emissions, as expressed in the following relation (see Eq. X.2): 

∑ 𝐶𝑆𝑖 ∙ 𝐹𝑅𝑖,𝑗,𝑘,𝑠 ≤
𝐶𝑘

𝑚𝑎𝑥

𝑇𝐻
(𝑖,𝑗)∈(𝐼,𝐽)

            ∀ (𝑘, 𝑠)  ∈ (𝐾, 𝑆)                       (𝑋. 2) 

in which CSi is the total CO2 emission from each source ‘i’, Ck
max is the maximum storage capacity of the 

storage site ‘k’, TH is the time horizon of the supply chain in years, and FRi,j,k,s is defined above.  

The supply chain should achieve at least the minimum target for CO2 emissions reduction, as shown in the 

following constraint (see Eq. X.3): 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝐶𝑂2𝑠  ≥ 𝐶𝑅𝑚𝑖𝑛                     ∀ 𝑠 ∈ 𝑆                            (𝑋. 3) 

where CRmin is the minimum target of CO2 emissions reduction while the total captured CO2 in each 

scenario is defined considering CO2 emissions and its fraction sent to the utilization and storage sections 

(in particular the total captured CO2 is expressed as ∑i,j,kCSi·FRi,j,k,s+CSi·Utilizationi,j,k,s
 for the CCUS supply 

chain of Germany and the UK and as ∑i,j,kCSi·FRi,j,k,s+ CSi·MRi,j,k,s for the CCUS supply chain of Italy).   

From a selected source, no more than 90% of CO2 is captured, as defined in the following constraint (see 

Eq. X.4): 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝐶𝑂2 𝑖𝑛 𝑎 𝑠𝑜𝑢𝑟𝑐𝑒𝑠 ≤ 0.9                 ∀ 𝑠 ∈ 𝑆           (𝑋. 4) 

where the fraction of captured carbon dioxide from a specific source i, is expressed as 

∑i,j,kFRi,j,k,s+Utilizationi,j,k,s for the supply chain of Germany and the UK, and ∑i,j,kFRi,j,k,s+MR,j,k,s for the 

CCUS supply chain of Italy. 

In order to capture CO2 with a purity equal to or higher than 90%, its content in the flue gas streams should 

be constrained between a minimum (XLj) and maximum (XHj) level (see Eq. X.5):  

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

(𝑘)∈(𝐾)

           ∀ (𝑖, 𝑗, 𝑠)  ∈ (𝐼, 𝐽, 𝑆)         (𝑋. 5) 

where XSi is CO2 composition in flue gas from source i, XLj, is the lowest limit for CO2 composition 

processed by the capture plant j, XHj is the highest limit for CO2 composition processed by the capture plant 
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j and Xi,j,k,s  is defined above. This relation is valid for the storage site, while different or higher purity is 

required in the utilization site and this needs to be achieved in each respective site.  

Only one capture technology/material should be selected for each CO2 source, as defined by the following 

constraint (see Eq. X.6): 

∑ 𝑌𝑖,𝑗,𝑘,𝑠

(𝑗,𝑘)∈(𝐽,𝐾)

≤ 1     ∀  (𝑖, 𝑠)  ∈ (𝐼, 𝑆)                                            (𝑋. 6) 

where Yi,j,k,s  is defined above. For the CCUS supply chain of Germany, it is supposed that the produced 

amount of different products should be equal or higher than the national demand, as defined in this relation 

(see Eq. X.7): 

𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ≥ 𝑁𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑             ∀ 𝑠 ∈ 𝑆             (𝑋. 7) 

This constraint is not considered for the CCUS supply chain of Italy and the UK. 

Overall, as done in the previous deterministic treatment, the developed mathematical model is made linear 

by using the glover linearization (see Chapter III), expressed by the following constraints (see Eqs. X.8-

X.10): 

0 ∙ 𝑌𝑖,𝑗,𝑘,𝑠  ≤ 𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑖,𝑗,𝑘,𝑠 ≤ 0.9 ∙ 𝑌𝑖,𝑗,𝑘,𝑠                      ∀ (𝑖, 𝑗, 𝑘, 𝑠)  ∈ (𝐼, 𝐽, 𝐾, 𝑆)                               (𝑋. 8) 

0 ∙ 𝑌𝑖,𝑗,𝑘,𝑠  ≤ 𝑀𝑅𝑖,𝑗,𝑘,𝑠 ≤ 0.9 ∙ 𝑌𝑖,𝑗,𝑘,𝑠                      ∀ (𝑖, 𝑗, 𝑘, 𝑠)  ∈ (𝐼, 𝐽, 𝐾, 𝑆)                               (𝑋. 9) 

0 ∙ 𝑋𝑖,𝑗,𝑘,𝑠  ≤ 𝐹𝑅𝑖,𝑗,𝑘,𝑠 ≤ 0.9 ∙ 𝑋𝑖,𝑗,𝑘,𝑠                      ∀ (𝑖, 𝑗, 𝑘, 𝑠)  ∈ (𝐼, 𝐽, 𝐾, 𝑆)                               (𝑋. 10) 

with the continuous (Utilizationi,j,k,s and MRi,j,k,s) and binary (Xi,j,k,s and Yi,j,k,s) variables defined above, while 

0.9 is considered because at least 90% of CO2 should be captured from a selected source.  

For the CCUS supply chains of the UK and Germany, CO2 sent to the utilization section is distributed to 

the different production sites according to the following material balances (see Eqs. X.11-X.12): 

𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑖,𝑗,𝑘,𝑠

= 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒𝑖,𝑗,𝑐,𝑠 ∙ 𝑛𝑠𝑖𝑡𝑒𝑠,𝑐,𝑠 + 𝑊ℎ𝑒𝑎𝑡𝑖,𝑗,𝑤,𝑠 ∙ 𝑛𝑠𝑖𝑡𝑒𝑠,𝑤,𝑠 + 𝐿𝑖𝑔𝑛𝑖𝑛𝑖,𝑗,𝑙,𝑠 ∙ 𝑛𝑠𝑖𝑡𝑒𝑠,𝑙,𝑠

+ 𝑃𝑜𝑙𝑦𝑢𝑟𝑒𝑡ℎ𝑎𝑛𝑒𝑖,𝑗,𝑝,𝑠 ∙ 𝑛𝑠𝑖𝑡𝑒𝑠,𝑝,𝑠 + 𝐶𝑎𝑙𝑐𝑖𝑢𝑚𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑖,𝑗,𝑐𝑐,𝑠 ∙ 𝑛𝑠𝑖𝑡𝑒𝑠,𝑐𝑐,𝑠 + 𝑈𝑟𝑒𝑎𝑖,𝑗,𝑢,𝑠

∙ 𝑛𝑠𝑖𝑡𝑒𝑠,𝑢,𝑠 + 𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙𝑖,𝑗,𝑚,𝑠 ∙ 𝑛𝑠𝑖𝑡𝑒𝑠,𝑚,𝑠 + 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒𝐵𝑦𝑅𝑒𝑑𝑀𝑢𝑑𝑖,𝑗,𝑐𝑟,𝑠

∙ 𝑛𝑠𝑖𝑡𝑒𝑠,𝑐𝑟,𝑠                       ∀ (𝑖, 𝑗, 𝑘, 𝑐, 𝑤, 𝑙, 𝑝, 𝑐𝑐, 𝑢, 𝑚, 𝑐𝑟, 𝑠)  

∈ (𝐼, 𝐽, 𝐾, 𝐶, 𝑊, 𝐿, 𝑃, 𝐶𝐶, 𝑈, 𝑀, 𝐶𝑅, 𝑆)                (𝑋. 11) 

where Utilizationi,j,k,s, Concretei,j,c,s, Wheati,j,w,s, Lignin,ij,l,s, Polyurethanei,j,p,s, Calcium carbonatei,j,cc,s, 

Ureai,j,u,s, Methanoli,j,m,s and Concrete by red mudi,j,cr,s are the continuous variables defined above, nsites,c,s, 

nsites,w,s, nsites,l,s, nsites,p,s, nsites,cc,s, nsites,u,s, nsites,m,s, nsites,cr,s  are the number of sites for each respective product. 
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𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑖,𝑗,𝑘,𝑠

= 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒𝑖,𝑗,𝑐,𝑠 ∙ 𝑛𝑠𝑖𝑡𝑒𝑠,𝑐,𝑠 + 𝑇𝑜𝑚𝑎𝑡𝑜𝑖,𝑗,𝑡,𝑠 ∙ 𝑛𝑠𝑖𝑡𝑒𝑠,𝑡,𝑠 + 𝑃𝑜𝑙𝑦𝑢𝑟𝑒𝑡ℎ𝑎𝑛𝑒𝑖,𝑗,𝑝,𝑠 ∙ 𝑛𝑠𝑖𝑡𝑒𝑠,𝑝,𝑠

+ 𝐶𝑎𝑙𝑐𝑖𝑢𝑚𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑖,𝑗,𝑑,𝑠 ∙ 𝑛𝑠𝑖𝑡𝑒𝑠,𝑑,𝑠 + 𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙𝑖,𝑗,𝑚,𝑠 ∙ 𝑛𝑠𝑖𝑡𝑒𝑠,𝑚,𝑠 + 𝑀𝑒𝑡ℎ𝑎𝑛𝑒𝑖,𝑗,𝑔,𝑠

∙ 𝑛𝑠𝑖𝑡𝑒𝑠,𝑔,𝑠        ∀ (𝑖, 𝑗, 𝑘, 𝑐, 𝑡, 𝑝, 𝑑, 𝑚, 𝑔, 𝑠) ∈ (𝐼, 𝐽, 𝐾, 𝐶, 𝑇, 𝑃, 𝐷, 𝑀, 𝐺, 𝑆)            (𝑋. 12) 

with Utilizationi,j,k,s, Methanoli,j,m,s, Methanei,j,g,s, Polyurethanei,j,p,s, Tomatoi,j,t,s, Concretei,j,c,s and 

CalciumCarbonatei,j,d,s are the second stage variables defined above and nsites,c,s, nsites,t,s, nsites,p,s, nsites,d,s, 

nsites,m,s, nsites,g,s are the number of sites for each respective product. 

In addition to the above constraints, non-anticipativity (state of art) constraints are assumed for the first 

stage variables: their value is the same for all scenarios (Escudero et al., 2010; Messina and Mitra, 1997). 

With these constraints, it is assumed that the decision should depend only on information available at the 

time of the decision and not on future observations (Mitra et al., 2016; Bakker et al., 2019).  

X.2.2.5 Equations 

Equations are defined for CO2 capture and compression costs, CO2 transportation costs and CO2 storage 

costs, evaluated for each scenario. The same equations defined in Chapter IV, V and VI are used.  

X.2.2.6 Objective function 

Considering a deterministic equivalent problem for the two stage stochastic model, the objective function 

is defined by the following relation (Mitra et al., 2016; Yang et al., 2017; Bakker et al., 2019) (see Eq. 

X.13): 

𝜙 =  ∑ 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑠 ∙ 𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠𝑠 

𝑠

                                                 (𝑋. 13) 

with the value of probability for each scenario and the value of total costs of framework in each scenario. 

Total costs of each scenario are multiplied by the probability of occurrence of that scenario (Yeh et al., 

2015). The probability is obtained considering that random production costs have a discrete normal 

probability distribution with a finite number of realizations, sampled randomly using the Monte Carlo 

method (Messina and Mitra, 1997; Zhang et al., 2019; Trochu et al., 2019). To this aim, RiskAMP in Excel 

is used. Total costs are provided as the sum of CO2 capture and compression costs, CO2 transportation costs, 

CO2 storage costs and production costs of different CO2-based products. This objective function is 

minimized in order to provide an expected annual value of total costs and to design the supply chains under 

uncertainties. The optimal level of various decision variables that minimizes the expected total costs is 

suggested for the stochastic mixed integer linear programming model.  
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X.2.3 Case study 

The case study of Italy has been already discussed in Chapter V. As mentioned before, CH4 production cost 

is the stochastic parameter. In the stationary condition CH4 production cost is of 300 €/MWh, while a 

standard deviation of ±20% of this expected value is considered under uncertainty. With this assumption, 

the discrete normal distribution of the stochastic parameter, related to CH4 production cost, is obtained 

through the Monte Carlo sampling technique (Zhang et al., 2019), as shown in Figure X.1: 21 scenarios 

with the respective probability are considered.  

 

 

Figure X.16 Discrete normal distribution for the stochastic parameter as CH4 production cost for the CCUS 

supply chain of Italy with the Adriatic offshore as storage site (Leonzio et al., 2020) 

 

The case study for the CCUS supply chain of the UK has been discussed in Chapter VI. Also in this case, 

the production costs of different products are the stochastic parameters. The production costs of CH3OH, 

CH4, polyurethane, tomato, concrete and calcium carbonate are respectively of 608 €/ton, 300 €/MWh, 

1349 €/ton, 0.85 €/kg, 21.8 €/ton, 65.2 €/ton. However, an uncertainty with standard deviation of ±20% 

with respect to the expected values is considered for each production cost, obtaining the discrete normal 

distribution, as shown in Figure X.2.  
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Figure X.17 (Following) 
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Figure X.2 Discrete normal distribution for the stochastic parameter: a) calcium carbonate production cost; 

b) concrete production cost; c) tomato production cost; d) polyurethane production costs; e) CH4 production 

costs; f) CH3OH production costs for the CCUS supply chain of the UK with the Bunter Sandstone as 

storage site 
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The Monte Carlo sampling technique is used to obtain the discrete normal distribution of production cost 

for each compound. Also in this case, 21 scenarios are considered. To evaluate the overall probability for 

each scenario, the product of each probability for each compound is considered, according to the probability 

composed of independent, compatible events.  

The case study for the CCUS supply chain of Germany has been discussed in Chapter IV. The production 

cost of different CO2-based products is the stochastic parameter. The production cost of concrete, wheat, 

lignin, polyurethane, calcium carbonate, urea, methanol, concrete by red mud are respectively the 

following: 21.8 €/ton, 159 €/ton, 15.4 €/ton, 6377 €/ton, 65.2 €/ton, 257 €/ton, 608 €/ton, 20.95 €/ton. These 

values are considered in a stationary condition. However, an uncertainty between ±20% of the expected 

value (applied in the deterministic model) is considered for each production cost, obtaining for each 

scenario a value of  probability, as reported in Figure X.3. Here, only 7 scenarios are considered to avoid a 

numerical model too big to converge without serious problems. As in the previous case, Monte Carlo 

technique is used to this aim and the overall probability for each scenario is evaluated as the product of the 

probability of each product, as done for the CCUS of the UK.  

 

 

 

Figure X.18 (Following) 
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Figure X.19 (Following) 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

30 45 60 75 90 105 120

P
ro

b
a

b
il

it
y

Calcium carbonate production cost (€/ton)

c)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

2500 4000 5500 7000 8500 10000 11500

P
ro

b
a

b
il

it
y

Polyurethane production cost (€/ton)

d)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

7 10 13 16 19 22 25

P
ro

b
a

b
il

it
y

Lignin production cost (€/ton)

e)



Chapter X: Stochastic optimization of CCUS supply chains  

 

341 

 

 

 

 

Figure X.3 Discrete normal distribution for the stochastic parameter: a) concrete by red mud production 

cost; b) urea production cost; c) calcium carbonate production cost; d) polyurethane production costs; e) 

lignin production costs; f) wheat production costs g) concrete curing production costs; h) CH3OH 

production costs for the CCUS supply chain of the Germany 
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X.2.4 Monte Carlo method 

Monte Carlo method is a computer simulation technique used to have an estimation of the entire probability 

distribution of an outcome, in this case of a random parameter. Common probability distributions include: 

normal, lognormal, uniform, triangular, pert, discrete. The most common used distribution is the normal 

one, according to the following relation (see Eq. X.14):  

𝑓(𝑥) =
1

𝜎√2𝜋
𝑒

−
(𝑥−𝜇)2

2𝜎2                                                                             (𝑋. 14) 

with σ standard deviation and μ mean. Different steps are followed to build the probability distribution 

curve of a stochastic parameter. At first, it is necessary to choose the probability distribution law and the 

value of its characteristic parameters are defined (in our case standard deviation and mean for the normal 

distribution). After that, a random number between 0 and 1 is associated and the value of investigated 

stochastic parameter is found (the value of x as according to Eq. X.14). These steps are repeated until 1000 

times. The obtained values are used to evaluate the frequency of sampling (the number of times the x is 

obtained), then the probability distribution curve.  

 

X.3 Results and discussion 

X.3.1 Results for the CCUS supply chain of Italy 

The model is solved in 0.38 seconds, through 980 iterations, using CPLEX 12.7.1 as solver. The computer 

processor is 2.5 GHz while the memory is 4 GB. When CH4 production cost is subjected to fluctuations (as 

shown in Figure X.1), then it is random, the expected value of the objective function and then the expected 

value of total costs for the CCUS supply chain with offshore Adriatic sea as storage site is 77.3 

billion€/year.  

First and second stage variables are calculated. Regarding the first stage variable related to the choice of 

storage site, it is found that CO2 should be captured from Lombardy region and sent to the storage site. 

Regarding the first stage variable related to the choice of capture technology, it is preferable to capture CO2 

with PSA adsorption, as also suggested in Kalyanarengan Ravi et al. (2017). However, after knowing the 

uncertainty, recourse actions are taken and the variables defining the amount of captured CO2 sent to the 

utilization and storage section are defined for each scenario. 

It is suggested, for each scenario under the uncertainty, to capture in total 77 Mton/year of CO2: 44.2 

Mton/year are sent to the utilization section, while 32.8 Mton/year are sent to the storage section. Overall, 

16.1 Mton/year of CH4 are produced. Even if the amount of captured CO2 is the same for different scenarios, 

different carbon sources and capture technologies are suggested (MEA and IL absorption, membrane, PSA, 

VSA). In this case, MEA absorption is the most used capture technology due to a lower cost. This solution 

illustrates that it is impossible, under the uncertainty, to find a solution that is ideal for all circumstance. 
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However, for all cases, CO2 is distributed between the utilization and storage section in order to achieve 

the minimum target for reduction of emissions to the atmosphere. Then, capturing an amount higher than 

the last one or choosing only the utilization option would never take place with a perfect forecast.  

It is interesting to analyze the cost distribution and then the value of  total costs for each considered scenario, 

as in Figure X.4, where the respective probabilities are considered.  

 

 

Figure X.4 Costs distribution for the CCUS supply chain of Italy with offshore Adriatic sea as storage site 

obtained with the stochastic problem (Leonzio et al., 2020) 

 

The topology of the supply chain for the scenario with the highest probability is shown in Table X.1 (the 

scenario is the number 11 with a probability of 0.135). In this case, the total costs of supply chain are 75 

billion€/year while 16.1 Mton/year of CH4 are produced.  

 

Table X.8 Topology of the CCUS supply chain in Italy with offshore Adriatic sea as storage site for the 

scenario with the highest probability (Leonzio et al., 2020) 

CO2 source CO2 capture technology 
CO2 amount 

(Mton/year) 

To storage 

Lombardy MEA absorption 33 

To utilization 

Emilia Romagna MEA absorption 20 

Piedmont MEA absorption 18 

Veneto Membrane 7 
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For this scenario, CO2 is captured from Lombardy through MEA absorption and sent to the storage section. 

Also, CO2 is captured from Emilia Romagna and Piedmont through MEA absorption, from Veneto from 

membrane and sent to the utilization section in Verbania for CH4 production. In this case, membrane 

technology is used due to a higher carbon dioxide content.  

Some parameters are calculated in order to evaluate the stochastic optimization results and compare these 

to their deterministic counterpart. These parameters are the Expected Value of Perfect Information and the 

Value of Stochastic Solution.  

The EVPI measures the value of knowing future with certainty and in particular, the amount that a decision 

maker would be willing to pay to have a perfect information about future before that uncertainties will be 

bared (Birge and Louveaux, 2011). This parameter is calculated as the difference between the wait-and-see 

(WS) solution and the stochastic here-and-now (HN) solution. The first, the wait-and-see solution, is 

calculated by weighting each deterministic scenario with its corresponding probability.   

For the CCUS supply chain of Italy with offshore Adriatic sea as storage site, it results that the wait-and-

see solution is 78.6 billion€/year. This means, if it were possible to know perfectly the future, the total 

system costs would only be 78.6 billion€/year. However, future can not be predicted, then by solving the 

stochastic program it is found for the supply chain an expected value of costs equal to 77.3 billion€/year. 

The EVPI of 1.3 billion€/year suggests how much is worth knowing future with certainty. In particular, the 

EVPI/WS ratio of 1.64% shows not a big influence of uncertainty on the obtained solution, then it is not 

worthwhile to have better forecast about the different scenarios (Felfel et al., 2015). A value of EVPI < 

1.66% of the stochastic solution underlines that an extra effort is not required to have information about 

future.  

The VSS suggests the possible gain for solving the stochastic model over a deterministic one and in 

particular, the cost to ignore uncertainty for a decision maker. This suggests the importance of solving a 

stochastic problem. The VSS is calculated as the difference between the stochastic here-and-now solution 

and the EEV defined as the expectation of the expected value (EV) solution (Birge and Louveaux, 2011). 

Two steps are required: at first the EV solution is calculated and then the EEV solution is found. In 

particular, firstly, the EV solution is obtained by solving a single deterministic problem that uses the 

expected value of random variables. Secondly, the solutions for the first stage variables obtained in the first 

step are set in the stochastic problem that provides in this way the EEV solution (Stefansdottir and Grunow, 

2018).  

For the considered CCUS supply chain of Italy, a value for VSS of 1.6 billion€/year is found (the respective 

value of EEV is 75.7 billion€/year): solving the stochastic problem rather than the corresponding 

deterministic problem, 1.6 billion€/year can be saved. It is interesting to evaluate the VSS/EEV ratio that 

is 2.06%, that is the gain of the two stages stochastic model over the deterministic one (Felfel et al., 2105). 

Due to the low value of this ratio, it is not recommended to solve a complex problem as the stochastic one. 

In fact, as found in the above results the uncertainty has no a big influence on the obtained results.    
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X.3.2 Results for the CCUS supply chain of the UK 

The MILP model developed for the CCUS supply chain of the UK is solved in 15.94 seconds with 1402 

iterations. The used solver is CPLEX 12.7.1 while, the computer processor is 2.5 GHz and the memory is 

4 GB. For this carbon supply chain, random data are present about the production cost of CO2-based 

compounds (CH3OH, CH4, polyurethane, tomato, concrete and calcium carbonate). In this case, an expected 

value for the objective function and then for the total costs of the system is found and it is equal to 1.05 

billion€/year. In the optimized problem, the first stage variables are the same for all scenarios. Regarding 

the binary variable related to the definition of the storage section, it is found that CO2 can be captured from 

the Yorkshire and the Humber region and sent to the Bunter Sandstone storage site. Regarding the variable 

characterizing the choice of capture technology, the PZ absorption is the preferable choice, due to a lower 

cost compared to the MEA absorption (Kalyanarengan Ravi et al. 2017). Second stage variables are, 

instead, different for each scenario and are related to the recourse actions that should be taken after knowing 

the uncertainty. Second stage variables define the amount of captured CO2 that is sent to the utilization and 

storage section. Under the uncertainty, it is suggested to capture an amount of CO2 that allows to achieve 

the minimum target of emissions reduction (6.4 Mton/year). In particular, 6 Mton/year of CO2 are sent to 

the utilization section, while 0.4 Mton/year of CO2 are sent to the storage section. This picture is the same 

for each scenario. However, different amount of calcium carbonate and polyurethane can be produced in 

each scenario, as shown in Figure X.5. Other CO2-based compounds are not produced. Also, in each 

scenario, different carbon sources are selected to capture CO2, although PZ absorption is the capture 

technology mainly used in the utilization section while VSAWEI is the capture technology used in the 

storage section. The PZ absorption is chosen as explained above, while VSAWEI is selected due to the 

relatively small flow rate and higher carbon dioxide composition (Zhang et al., 2018; Hasan et al., 2013).  

 

Figure X.5 Amount of CO2-based compounds produced in different scenarios in the two stages stochastic 

problem for the CCUS supply chain of the UK with Bunter Sandstone as storage site (Leonzio et al., 2020) 
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Also in this case study, with random variables is impossible to find an ideal solution for all scenarios under 

all circumstances, even if for all scenarios CO2 is distributed between the utilization and storage section 

with the same ratio, achieving the minimum target for emissions reduction. Then, with a perfect forecast, 

it is preferable to have both utilization and storage sections, then the importance of one storage site, as 

found in Chapter V.   

Figure X.6 shows the costs distribution for the CCUS supply chain of the UK: for each scenario the value 

of total costs and the respective probabilities are reported (the scenarios with a probability equal to zero are 

not taken into account in this plot). Scenario 11 has the highest probability of 0.32 while the respective 

costs are equal to 1.04 billion€/year. For this case, the topology of the supply chain is reported in Table 

X.2.  

For this scenario, CO2 is captured from Leeds and sent to the utilization (6 Mton/year) and to the storage 

(0.4 Mton/year) section. PZ absorption is used in the utilization section, while VSA WEI is used in the 

storage section. The selection of these capture technologies is explained above.  

 

 

Figure X.6 Costs distribution for the CCUS supply chain of the UK with Bunter Sandstone as storage site 

obtained with the stochastic problem (Leonzio et al., 2020) 
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Table X.9 Topology of the CCUS supply chain in the UK with Bunter Sandstone as storage site for the 

scenario with the highest probability (Leonzio et al., 2020) 

CO2 source CO2 capture technology 
CO2 amount 

(Mton/year) 

To storage 

Leeds VSA WEI 0.4 

To utilization 

Leeds PZ absorption 6 

 

The performance of the stochastic approach is evaluated calculating the expected value of perfect 

information and the value of stochastic solution, with the meaning explained in the previous case study. 

When considering three significant digits to express the expected total costs and related economic indices, 

the model does not detect any difference between the wait-and-see and the here-and-now solution, for the 

EVPI calculation; when assuming numerical errors much smaller than this level of outputs precision, a 

difference of 0.18 million€/year is detected, over an expected total cost of 1.05 billion€/year, negligible in 

relative terms, although still important in absolute terms. Then, in this second case, 0.18 million€/year, the 

EVPI value, is the amount that a decision maker could pay for having a perfect information in advance on 

how uncertainties will be revealed. This small value  suggests that the uncertainty on the solution is not 

significant.  

Regarding the VSS, the value of the expectation of the expected value is equal to the stochastic here-and-

now solution (1.05 billion€/year). Then, the value of VSS is 0: it is not necessary to solve the more complex 

stochastic problem, as also found in the results of EVPI. The uncertainty is not significant, then it is not 

important to solve the two stage stochastic problem. It is not advantageous to use the proposed stochastic 

modelling approach to design the supply chain, when production costs of CO2-based products are stochastic 

parameters.  

X.3.3 Results for the CCUS supply chain of Germany 

Also for the CCUS supply chain of Germany, the two stages stochastic model is solved in 114.33 seconds 

through 10112 iterations. CPLEX 12.7.1 is the used solver while, the computer processor is 2.5 GHz and 

the memory is 4 GB. 

In the model, the production cost of CH3OH, concrete, wheat, lignin, polyurethane, calcium carbonate, urea 

are random and are not defined by a fixed value. In this conditions, the expected value of the objective 

function expressing the total costs of the supply chain is  98.0 billion€/year.  

First and second stage variables are also evaluated. First stage variables are the same of the previous study 

case, suggesting then the selection of storage site and capture technology. These are equal for all scenarios. 

It results that for the selection of the storage site CO2 is captured from Magdeburg and sent to Altmark 

storage site. Regarding the capture technology the PZ absorption is preferred for the selected carbon 
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sources, due to lower costs (Kalyanarengan Ravi et al. 2017). Second stage variables, suggesting the amount 

of captured CO2 sent to the utilization and storage site, are related to the recourse actions that a decision 

maker makes after knowing uncertainty. Figure X.7 shows the amount of overall captured CO2, sent to the 

utilization and storage site for each scenario.  

 

 

Figure X.7 Amount of CO2 sent to the utilization and storage section and the total amount of captured CO2 

defined in the second stage variables of the stochastic problem for each scenario in the CCUS supply chain 

of Germany producing different CO2-based products (Leonzio et al., 2020) 

 

Results show that for scenarios 1, 2, 6 and 7 all captured CO2 (160 Mton/year) is sent to the utilization 

section for the production of different compounds. For other scenarios, the captured CO2 is sent to the 

utilization (140 Mton/year) and storage section (20 Mton/year). In both cases, the amount of CO2 captured 

allows achieving the minimum target for emissions reduction. Only in few scenarios all captured CO2 is 

sent entirely to the utilization section: with a perfect forecast, it is preferable to have a storage and an 

utilization section inside the supply chain, as in the previous case studies.  

The amount of different CO2-based products in each scenario is reported in Figure X.8. 
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Figure X.8 Amount of CO2-based compounds produced in different scenarios in the two stages stochastic 

problem for the CCUS supply chain of Germany (Leonzio et al., 2020) 

 

CH3OH, Concrete curing, polyurethane, urea, concrete by red mud are characterized by a constant 

production in each scenario, respectively 0.85 Mton/year, 4.8 Mton/year, 11 Mton/year, 1.3 Mton/year and 

19 Mton/year. Wheat, lignin and calcium carbonate have a variation in their production in some scenarios.   

Figure X.9 shows the cost distribution for the CCUS supply chain of Germany with the respective 

probability (the scenario with a probability equal to 0 is not taken into account in this plot). The scenario 

number 4 has the highest probability of 0.97  while total costs of the system are  98.1 billion€/year. For this 

condition, the topology of the supply chain is shown in Table X.3: in the utilization and storage section 

CO2 is captured with the PZ absorption, for reasons explained above.  

 

 

Figure X.9 Costs distribution for the CCUS supply chain of Germany producing different CO2-based 

products obtained with the stochastic problem (Leonzio et al., 2020) 
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Table X.10 Topology of the CCUS supply chain of Germany producing different CO2-based products for 

the scenario with the highest probability (Leonzio et al., 2020) 

 

CO2 source CO2 technology 
CO2 amount 

(Mton/year) 

To storage 

Madgeburg PZ absorption 20 

To utilization 

Munich PZ absorption 1 

Hannover PZ absorption 52 

Dresda PZ absorption 44 

Wiesbaden PZ absorption 39 

Madgeburg PZ absorption 4 

 

 

In particular, 20 Mton/year of CO2 are captured from Magdeburg and sent to the storage site Altmark, while 

an overall 140 Mton/year of CO2 are captured from Munich, Hannover, Dresda,  Wiesbaden and Magdeburg   

and sent to the production of the considered products.  

Also for this carbon supply chain, parameters as EVPI and VSS are evaluated in order to analyze the 

importance of uncertainty. It is found that the EVPI for the stochastic model is   8.31 billion€/year (this 

amount will be paid by a decision maker to know future with certainty), while the wait-and-see solution is   

106  billion€/year (it is the cost of the system if it were possible to know perfectly the future). In particular, 

the EVPI solution is only  8.48% of the stochastic objective function value, then there is not a big influence 

of uncertainty on the solution and the effort to have information about future is not recommended. In fact, 

the EVPI/WS ratio is only  7.81%.  

Regarding the VSS parameter, it is found a value of  0.1  billion€/year, as the possible gain solving the 

stochastic model over the deterministic one (the value of the EEV is of  97.9   billion€/year). Negligible 

values are related to  the VSS/EEV ratio and the percentage of VSS over the stochastic objective function: 

few advantages are obtainable solving the stochastic problem over the deterministic one. In fact, as found 

with the EVPI, the uncertainty is not so significant on the obtained solution. 

 

X.4 Conclusions 

In this Chapter, a two stage stochastic model with recourse actions is developed for the best carbon 

framework developed for Italy, Germany and the UK as in the previous Chapters, with the aim to find an 

optimal network and then assist a decision making body. The production costs of different CO2-based 

products are the stochastic parameters for which a probability with normal distribution is obtained with the 
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Monte Carlo technique. The expected total costs of these systems is minimized: these stochastic MILP 

models are described by deterministic equivalent problems using non-anticipativity (state of art) 

constraints.  

It is found that the expected total costs for the CCUS supply chain of Italy, Germany and the UK is 

respectively 77.3  billion€/year,  98.0 billion€/year, 1.05 billion€/year. 

The comparison with the respective deterministic model is made evaluating the EVPI and the VSS. For the 

CCUS supply chain of Italy the EVPI and VSS are respectively 1.29 billion€/year and 1.56 billion€/year. 

For the CCUS supply chain of the UK the value of EVPI and VSS are respectively 0.18  million€/year 

(assuming numerical errors much smaller than the considered level of outputs precision, equal to 0.1%) and 

0 €/year.  

While it is found that the value of EVPI and VSS are respectively 8.31  billion€/year and  0.1 billion€/year 

for the CCUS supply chain of Germany.  

Overall, results show that the uncertainties in production costs don’t have a big influence on the modeling 

of these carbon systems, then few advantages are present solving the stochastic problem over the 

deterministic one, when considering the fluctuation of the stochastic parameter investigated here. This 

conclusion is then limited to consider the production cost of CO2-based compounds as the stochastic 

parameter. Of course, considering different stochastic parameters may lead to more significant differences 

between the deterministic and the stochastic approach (a broader analysis extended to other parameters that 

may vary would be necessary here). On the other hand, the choice of production cost as stochastic parameter 

was suggested by its novelty, compared to the literature.  
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Nomenclature 

 

Abbreviations 

AIMMS = advanced interactive multidimensional modeling system 

CCUS = carbon capture utilization and storage  

EVPI = expected value of perfect information 

IL = ionic liquid 

MEA = monoethanolamine 

MILP = mixed integer linear programming 

NPV = net present value 

PBP = payback period 

PSA = pressure swing adsorption 

PZ = piperazine 

TH = time horizon 

VSA = vacuum swing adsorption 

VSS = value of stochastic solution 

Parameters 

Ck
max = maximum storage capacity for storage site k [ton] 

CSi  = carbon dioxide emissions from source i [ton/year] 

CRmin = minimum target for overall carbon dioxide reduction [ton/year] 

XLi = lowest composition processing limit for capture technology j [mol%] 

XHi = highest composition processing limit for capture technology j [mol%] 

XSi = carbon dioxide composition in the flue gas emission from source i [mol%] 

Variables 

Binary 

Xi,j,k,s = 1 if carbon dioxide is captured from source i with technology j and sent to storage site k, in the 

scenario s, otherwise 0 

Yi,j,k,s = 1 if carbon dioxide is capture from source i with technology j and sent to storage/utilization site k, 

in the scenario s, otherwise 0 

Continuous 

MRi,j,k,s =fraction of captured carbon dioxide from source i with technology j sent to utilization site k, 

under the scenario s 



Chapter X: Stochastic optimization of CCUS supply chains  

 

355 

 

FRi,j,k = fraction of captured carbon dioxide from source i with technology j sent to storage site k, under 

the scenario s 

Calcium carbonatei,j,cc,s = fraction of captured carbon dioxide from source i with technology j sent to 

calcium carbonate production site cc, under the scenario s 

Concrete by red mudi,j,cr,s = fraction of captured carbon dioxide from source i with technology j sent to 

concrete production site by red mud cr, under the scenario s 

Concretei,j,c,s = fraction of captured carbon dioxide from source i with technology j sent to concrete 

production site c, under the scenario s 

Lignin,I,j,l,s = fraction of captured carbon dioxide from source i with technology j sent to lignin production 

site l, under the scenario s 

Methanoli,j,m,s = fraction of captured carbon dioxide from source i with technology j sent to methanol 

production site m, under the scenario s 

Polyurethanei,j,p,s = fraction of captured carbon dioxide from source i with technology j sent to 

polyurethane  production site p, under the scenario s 

Ureai,j,u,s = fraction of captured carbon dioxide from source i with technology j sent to urea production site 

u, under the scenario s 

Utilizationi,j,k,s = fraction of captured carbon dioxide from source i with technology j sent to overall 

utilization site k, under the scenario s 

Wheati,j,w,s = fraction of captured carbon dioxide from source i with technology j sent to wheat production 

site w, under the scenario s 

Methanei,j,g,s = fraction of captured carbon dioxide from source i with technology j sent to methane 

production site g, under the scenario s 

Polyurethanei,j,p,s = fraction of captured carbon dioxide from source i with technology j sent to 

polyurethane production site p, under the scenario s 

Tomatoi,j,t,s = fraction of captured carbon dioxide from source i with technology j sent to tomato growing 

t, under the scenario s 

Concretei,j,c,s = fraction of captured carbon dioxide from source i with technology j sent to concrete curing 

c, under the scenario s 

CalciumCarbonatei,j,d,s = fraction of capture carbon dioxide from source i with technology j sent to 

calcium carbonate production site, under the scenario s 
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Chapter XI 

 

Improvement of CCUS supply chain model 

In carbon capture utilization and storage supply chains previously developed it is supposed that for the 

utilization section the level of carbon dioxide purity should be achieved in the respective production site. 

This assumes the utilization of two different pipelines, one for the storage and one for the utilization section. 

In this Chapter, the previous mathematical model is modified in order to have an unique pipeline network 

for the entire supply chain; the level of carbon dioxide purity is at least 90% at the outlet of capture system 

and carbon dioxide is considered almost pure, after compression stages followed by 

refrigeration/separation stages up to 150 bar to feed carbon dioxide to the pipeline. This specification is 

valid for both sections of supply chain. Then, about pure carbon dioxide is available for distribution to 

utilization and storage sites. This new model is applied for the carbon capture utilization and storage supply 

chain of Germany producing different products. The system is designed and optimized through the 

minimization of total costs. Results show that the new supply chain costs 0.104 trillion€/year;therefore the 

minimum target for emissions reduction is achieved at a higher cost compared to the previous 

corresponding scheme of Chapter IV. As a result, the high level of carbon dioxide purity imposed on the 

capture section as a whole implies only slightly higher costs.  

 

XI.1 Introduction 

In previous Chapters, the carbon capture utilization and storage (CCUS) supply chains are designed 

considering two different pipelines: one for the utilization and one for the storage section. This means that 

the level of carbon dioxide (CO2) purity is different for these two sections. For the storage section, 

supposing that the capture technology is followed by stages of compressors with inter-stage cooling, an 

almost pure CO2 stream at 150 bar is obtained. For the utilization section, where also a medium-low CO2 

purity is in some cases required (Pieri et al., 2018), it is supposed that the needed level of purity is achieved 

in the respective utilization site. However, for CO2 transportation is better to have an unique network at a 

given level of CO2 purity. It is important to mention that impurities will affect the phase change of the 

whole CO2 flow, pipeline transport process, pipeline transport capacity, pipeline crack propagation and 

pipeline corrosion and protection, etc. (Yang et al., 2017).  

 

Table XI.11 Input for impurity limits in CO2 transport. 

Impurity Limit in CO2 Impurity Limit in CO2 

CO2 >95 vol% CO 4750 ppm 

H2O no free water H2S 235 ppm 

Ar 

together <5 vol% 

SO2 75 ppm 

CH4 HCN 70 ppm 

H2 COS 235 ppm 

NO2 75 ppm NH3 550 ppm 
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The European Commission (2011) provides some recommendations on impurity limits, as in Table XI.1 

that however suggests different limits for each specific case. 

With these considerations, in this Chapter the previous mathematical model of CCUS supply chain is 

improved in order to consider only one pipeline structure, that is able to ensure a high CO2 purity for both 

utilization and storage section. In fact, almost pure CO2 at 150 bar in supercritical conditions is considered. 

A new deterministic integer linear programming (MILP) model is then developed. The CCUS supply chain 

of Germany, producing different CO2-based products is taken into account for this analysis. The framework 

is designed and optimized minimizing total costs while reducing emissions according to the environmental 

target.  

 

XI.2 Model development 

XI.2.1 Problem statement 

The same assumptions considered in Chapter IV are taken into account for this new model. Moreover, in 

addition to these, it is supposed, as mentioned in the introduction, that an unique pipeline with the same 

high CO2 purity level is considered. The same remaining information as in Chapter IV is provided, then the 

model is able to find the best connection among each element inside the framework, the amount of treated 

CO2 and the produced CO2-based compounds.   

XI.2.2 CCUS supply chain model 

To develop the model for the CCUS supply chain, it is necessary to define sets, parameters, variables, 

constraints, equations and objective function. AIMMS (Advanced Interactive Multidimensional Modeling 

System) software is used to model the supply chain analyzed in this study. 

XI.2.2.1 Sets 

The same sets described in Chapter IV are considered in this new model.  

XI.2.2.2 Parameters 

The same parameters discussed in Chapter IV are considered in this new model.  

XI.2.2.3 Variables 

In this model only one binary variable is considered: Yi,j,k used to choose the capture technology/material 

when it assumes a value equal to 1. The same continuous variables of Chapter IV are taken into account to 

define the fraction of CO2 that is sent to the storage and utilization section (with the fraction sent to each 

specific site). 
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XI.2.2.4 Constraints 

For the development of this mathematical model, different constraints are used. The storage site has a 

limited capacity then, the following constraint is considered (see Eq. XI.1): 

∑ 𝐶𝑆𝑖 ∙ 𝐹𝑅𝑖,𝑗,𝑘 ≤
𝐶𝑘

𝑚𝑎𝑥

𝑇𝐻
(𝑖,𝑗)∈(𝐼,𝐽)

            ∀ 𝑘 ∈ 𝐾                                       (𝑋𝐼. 1) 

where CSi is the total CO2 emission from source ‘i’, Ck
max is the maximum storage capacity of the storage 

site ‘k’, TH is the time horizon of supply chain and FRi,j,k is the defined variable. 

The minimum target for emissions reduction should be achieved, as defined in the following constraint (see 

eq. XI.2):  

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

(𝑖,𝑗,𝑘)∈(𝐼,𝐽,𝐾)

                                    (𝑋𝐼. 2) 

where CSi is the total CO2 emission from source ‘i’, FRi,j,k and Utilizationi,j,k are the defined continuous and 

CRmin is the minimum target of CO2 emissions reduction.  

To ensure that no more than 90% of CO2 is removed from the selected source the following constraint is 

used (see Eq. XI.3):  

∑ 𝐹𝑅𝑖,𝑗,𝑘 + 𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑖,𝑗,𝑘 ≤ 0.9

(𝑗)∈(𝐽)

        ∀ (𝑖, 𝑘)  ∈ (𝐼, 𝐾)                        (𝑋𝐼. 3) 

where FRi,j,k  and Utilizationi,j,k  are the defined variables. 

A level of CO2 purity at least of 90% should be ensured at the outlet of capture plants, both in the utilization 

and storage section. The achievement of this requirement depends on the composition of CO2 in the feed, 

as defined by the following constraint (see Eq. XI.4): 

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

(𝑘)∈(𝐾)

                     ∀ (𝑖, 𝑗)  ∈ (𝐼, 𝐽)        (𝑋𝐼. 4) 

where XSi is CO2 composition in flue gas from source “i”, XLj, is the lowest CO2 composition processing 

limit for the capture plant “j”, XHj is the highest CO2 composition processing limit for the capture plant “j”  

and Yi,j,k is the binary variable defined above. It is evident that the main difference between this model and 

that described in Chapter IV is this constraint. By using the binary variable Yi,j,k it is ensured that the capture 

technology is always able to achieve a CO2 purity of at least 90% and a series of compressors with inter-

stage cooling are able to feed almost pure CO2 at 150 bar to the distribution pipeline network in the 

utilization and storage section. In the previous model, using the binary variables Xi,j,k this condition was 

ensured only for the storage section.  
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To ensure that the national demand of each CO2-based product is satisfied, the following constraints are 

used (see Eqs. XI.5-XI.12): 

∑ 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒𝑖,𝑗,𝑐 ≥ 0,9·𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒𝑑𝑒𝑚

(𝑖,𝑗,𝑐)∈(𝐼,𝐽,𝐶)

                                                            (𝑋𝐼. 5) 

∑ 𝑊ℎ𝑒𝑎𝑡𝑖,𝑗,𝑤 ≥ 0,9·𝑊ℎ𝑒𝑎𝑡𝑑𝑒𝑚

(𝑖,𝑗,𝑤)∈(𝐼,𝐽,𝑊)

                                                                   (𝑋𝐼. 6) 

∑ 𝐿𝑖𝑔𝑛𝑖𝑛𝑖,𝑗,𝑙 ≥ 0,9·𝐿𝑖𝑔𝑛𝑖𝑛𝑑𝑒𝑚

(𝑖,𝑗,𝑙)∈(𝐼,𝐽,𝐿)

                                                                      (𝑋𝐼. 7) 

∑ 𝑃𝑜𝑙𝑦𝑢𝑟𝑒𝑡ℎ𝑎𝑛𝑒𝑖,𝑗,𝑝 ≥ 0,9·𝑃𝑜𝑙𝑦𝑢𝑟𝑒𝑡ℎ𝑎𝑛𝑒𝑑𝑒𝑚

(𝑖,𝑗,𝑝)∈(𝐼,𝐽,𝑃)

                                             (𝑋𝐼. 8) 

∑ 𝐶𝑎𝑙𝑐𝑖𝑢𝑚 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑖,𝑗,𝑐𝑐 ≥ 0,9·𝐶𝑎𝑙𝑐𝑖𝑢𝑚 𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑑𝑒𝑚

(𝑖,𝑗,𝑐𝑐)∈(𝐼,𝐽,𝐶𝐶)

                          (𝑋𝐼. 9) 

∑ 𝑈𝑟𝑒𝑎𝑖,𝑗,𝑢 ≥ 0,9·𝑈𝑟𝑒𝑎𝑑𝑒𝑚

(𝑖,𝑗,𝑢)∈(𝐼,𝐽,𝑈)

                                                               (𝑋𝐼. 10) 

∑ 𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙𝑖,𝑗,𝑚 ≥ 0,9·𝑀𝑒𝑂𝐻𝑑𝑒𝑚

(𝑖,𝑗,𝑚)∈(𝐼,𝐽,𝑀)

                                                        (𝑋𝐼. 11) 

∑ 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑏𝑦 𝑟𝑒𝑑 𝑚𝑢𝑑𝑖,𝑗,𝑐𝑟 ≥ 0,9·𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑏𝑦 𝑟𝑒𝑑 𝑚𝑢𝑑𝑑𝑒𝑚

(𝑖,𝑗,𝑐𝑟)∈(𝐼,𝐽,𝐶𝑅)

                      (𝑋𝐼. 12) 

suggesting that the amount of each production should be equal or higher than 90% of the respective national 

demand, as established in Chapter IV. 

According to the material balance, expressed by the following constraint, the captured CO2 sent to the 

utilization section is distributed among different sites (see Eq. XI.13):  

𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑖,𝑗,𝑘 = (𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒𝑖,𝑗,𝑐 + 𝑊ℎ𝑒𝑎𝑡𝑖,𝑗,𝑤 + 𝐿𝑖𝑔𝑛𝑖𝑛𝑖,𝑗,𝑙 + 𝑃𝑜𝑙𝑦𝑢𝑟𝑒𝑡ℎ𝑎𝑛𝑒𝑖,𝑗,𝑝

+ 𝐶𝑎𝑙𝑐𝑖𝑢𝑚𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑖,𝑗,𝑐𝑐 + 𝑈𝑟𝑒𝑎𝑖,𝑗,𝑢 + 𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙𝑖,𝑗,𝑚

+ 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑏𝑦 𝑟𝑒𝑑 𝑚𝑢𝑑𝑖,𝑗,𝑐𝑟 ) ∙ 𝑛𝑠𝑖𝑡𝑒𝑠                          ∀ (𝑖, 𝑗, 𝑘, 𝑐, 𝑤, 𝑙, 𝑝, 𝑐𝑐, 𝑢, 𝑚, 𝑐𝑟)  

∈ (𝐼, 𝐽, 𝐾, 𝐶, 𝑊, 𝐿, 𝑃, 𝐶𝐶, 𝑈, 𝑀, 𝐶𝑅)                                                                                  (𝑋𝐼. 13) 

where Utilizationi,j,k, Concretei,j,c, Wheati,j,w, Lignin,ij,l, Polyurethanei,j,p, Calcium carbonatei,j,cc, Ureai,j,u, 

Methanoli,j,m and Concrete by red mudi,j,cr are the defined continuous variables, while nsites is the number of 

sites for each utilization. 

For the overall supply chain, only one capture technology/material can be chosen for the selected CO2 

source, as defined in the following constraint (see Eq. XI.14): 
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∑ 𝑌𝑖,𝑗,𝑘 ≤ 1

(𝑗,𝑘)∈(𝐽,𝐾)

            ∀ 𝑖 ∈ 𝐼                                               (𝑋𝐼. 14)  

where Yi,j,k is defined above. This constraint also ensure the on one to one coupling between sources and 

capture technologies. 

The Glover linearization is used in order to convert the non-linear mathematical model in a linear one then, 

the following constraints are considered (see Eqs. XI.15-XI.16): 

0 ∙ 𝑌𝑖,𝑗,𝑘 ≤ 𝐹𝑅𝑖,𝑗,𝑘 ≤ 0.9 ∙ 𝑌𝑖,𝑗,𝑘                      ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                      (𝑋𝐼. 15) 

0 ∙ 𝑌𝑖,𝑗,𝑘  ≤ 𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑖,𝑗,𝑘 ≤ 0.9 ∙ 𝑌𝑖,𝑗,𝑘                       ∀ (𝑖, 𝑗, 𝑘)  ∈ (𝐼, 𝐽, 𝐾)                (𝑋𝐼. 16) 

with FRi,j,k, Utilizationi,j,k and Yi,j,k are the defined variables, while 0.9 is used because at least 90% of CO2 

is captured from each source. The variable Xi,j,k (introduced in the model of Chapter IV) is not considered 

in this new model, because it is not needed, then the variable FRi,j,k is constrained between the variable Yi,j,k, 

as defined by the glover linearization.  

XI.2.2.5 Equations 

The same equations of Chapter IV, for CO2 capture and compression costs, CO2 transportation costs, CO2 

storage costs and production costs of CO2-based products are taken into account in this new model. 

XI.2.2.6 Objective function 

As in Chapter IV, the objective function is expressing the total cost of CCUS supply chain, including CO2 

capture and compression costs, CO2 transportation costs, CO2 storage costs and the production costs of 

CO2-based products. This objective function is minimized in order to design the framework.  

XI.2.3 Case study 

The description of CO2 sources, CO2 storage and utilization sites has been done in the respective section of 

Chapter IV. The same capture technologies/materials are used to reduce CO2 emissions according to the 

minimum environmental target for CO2 reduction of 160 Mton/year. The national demand of different 

compounds has been defined in Chapter IV. 

 

XI.3 Results and discussion 

The model, formulated as a MILP model, has 144559 constraints, 110648 variables (140 integer). CPLEX 

12.7.1 is the selected solver and the solving times are about 7.15 seconds, with 312 iterations. The used 

computer contains an Intel Core i-3 processor at 2.5 GHz with 4 GB of RAM.  

The topology obtained by the minimization of total costs is reported in Table XI.2. 
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Table XI.2 Topology of the new CCUS supply chain optimization where 90% of national demand of CO2-

based products is satisfied    

CO2 source Capture technology 
CO2 amount  

(Mton/year) 

To storage 

Potsdam PZ Absorption 20.32 

To utilization 

Dusseldorf PZ Absorption 23.65 

Munich PZ Absorption 0.01 

Hannover PZ Absorption 62.10 

Potsdam PZ Absorption 29.18 

Wiesbaden PZ Absorption 0.08 

Magdeburg PZ Absorption 24.66 

 

From Table XI.2 it results that CO2 is captured from Potsdam and it is sent to the storage section through 

piperazine (PZ) absorption. On the other hand, CO2 is captured from Dusseldorf, Munich, Hannover, 

Potsdam, Wiesbaden and Magdeburg and it is sent to the utilization section using PZ absorption. As found 

in Chapter IV, absorption is the preferred capture technology, while PZ is the most convenient material as 

reported in the work of Kalyanarengan Ravi et al. (2017). Overall, 160 Mton/year of emissions are captured, 

respecting the minimum target for emissions reduction. In the utilization section, the following compounds 

are produced: methanol (CH3OH) (0.846 Mton/year), concrete by curing (4.79 Mton/year), wheat (19.4 

Mton/year), lignin (0.378 Mton/year), polyurethane (11 Mton/year), calcium carbonate (120 Mton/year), 

urea (1.34 Mton/year) and concrete by red mud (19.2 Mton/year). All products, except calcium carbonate, 

are produced for an amount equal to 90% of national demand. Then the additional amout of calcium 

carbonate that is produced can be exported, as already discussed in Chapter IV. In fact the same amount of 

CO2-based compounds is produced in both models.  

 

Figure XI.20 Results of the new CCUS supply chain design optimization considering 90% of national 

demand of produced CO2-based chemical compounds 
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Figure XI.1 shows connections between CO2 sources and specific utilization sites.  

The CCUS supply chain costs 0.104 trillion€/year, a cost that is 5% higher than that obtained in the base 

model of Chapter IV (97.9 billion€/year). Then, ensuring an unique pipeline for the utilization and storage 

section with almost pure CO2 does not determine a significant increase of costs compared to the previous 

model. CO2 capture and compression costs are 17.1 billion€/year, CO2 transportation costs are 4.25 

billion€/year, CO2 storage costs are 22 million€/year, CH3OH production costs are 0.514 billion€/year, 

concrete curing costs are 0.104 billion€/year, wheat production costs are 3.08 billion€/year, lignin 

production costs are 5.82 million€/year, polyurethane production costs are 70 billion€/year, calcium 

carbonate production costs are 7.83 billion€/year, urea production costs are 0.343 billion€/year and concrete 

by red mud production costs are 0.401 billion€/year.  

The economic analysis shows that the net present value (NPV) of the framework is positive considering 

only carbon tax then, the system is economically feasible. In particular, a value of 0.616 trillion€ is obtained. 

Also, a value of payback period (PBP) of 5.7 years is ensured.   

 

XI.4 Conclusions 

In this Chapter, an improvement of mathematical models for CCUS supply chains previously discussed is 

suggested. It is assumed an unique pipeline for CO2 transportation, the same for the utilization and storage 

section. This pipeline is characterized by almost pure CO2 compressed at 150 bar. Then, the mathematical 

model previously developed is changed to this aim. The new MILP model can design carbon supply chains 

minimizing total costs. The CCUS supply chain for Germany producing more products is considered in this 

analysis. Results show that in these conditions, a relatively higher total cost is obtained, compared to the 

case described in Chapter IV. A significant variation is not present. In fact, total costs for this new model 

are 0.104 trillion€/year compared to 97.9 billion€/year for the previous system. For this new scheme, only 

the carbon tax is required to have a profitable solution: the NPV is 0.616 trillion€, while the PBP is 5.7 

years.  
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Nomenclature 

 

Abbreviations 

AIMMS = advanced interactive multidimensional modeling system 

CCUS = carbon capture utilization and storage  

IL = ionic liquid 

MEA = monoethanolamine 

MILP = mixed integer linear programming 

NPV = net present value 

PBP = payback period 

PSA = pressure swing adsorption 

PZ = piperazine 

TH = time horizon 

VSA = vacuum swing adsorption 

Parameters 

Calcium Carbonatedem = national calcium carbonate demand [ton/year] 

Concretedem = national concrete demand [ton/year] 

Concrete by red muddem = national concrete by red mud demand [ton/year] 

Ck
max = maximum storage capacity for storage site k [ton] 

CRmin = minimum target for carbon dioxide reduction [ton/year] 

CSi = carbon dioxide emissions from each source i [ton/year] 

Lignindem = national lignin demand [ton/year] 

MeOHdem = national methanol demand [ton/year] 

Polyurethanedem = national polyurethane demand [ton/year] 

XSi = carbon dioxide composition in the flue gas emission from source i [mol%] 

XLi = lowest carbon dioxide composition processing limit for capture plant j [mol%] 

XHi = highest carbon dioxide composition processing limit for capture plant j [mol%] 

Ureadem = national urea demand [ton/year] 

Wheatdem = national wheat demand [ton/year] 
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Variables 

Binary 

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

otherwise 0 

Continuous 

Calcium carbonatei,j,cc = fraction of captured carbon dioxide from source i with technology j sent to 

calcium carbonate production site cc 

Concrete by red mudi,j,cr = fraction of captured carbon dioxide from source i with technology j sent to 

concrete production site by red mud cr 

Concretei,j,c = fraction of captured carbon dioxide from source i with technology j sent to concrete 

production site c 

FRi,j,k = fraction of captured carbon dioxide from source i with technology j sent to storage site k 

Lignin,I,j,l = fraction of captured carbon dioxide from source i with technology j sent to lignin production 

site l 

Methanoli,j,m = fraction of captured carbon dioxide from source i with technology j sent to methanol 

production site m 

Polyurethanei,j,p = fraction of captured carbon dioxide from source i with technology j sent to 

polyurethane  production site p 

Ureai,j,u = fraction of captured carbon dioxide from source i with technology j sent to urea production site 

u 

Utilizationi,j,k = fraction of captured carbon dioxide from source i with technology j sent to overall 

utilization site k 

Wheati,j,w = fraction of captured carbon dioxide from source i with technology j sent to wheat production 

site w 
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Chapter XII 

 

XII. General conclusions and outlooks 

In this Thesis, strategies are described and evaluated by means of numerical models to combine capture 

and sequestration of carbon dioxide, so to reduce the impact on climate change, with its economic 

utilization, in order to develop the so called carbon capture, utilization and storage (CCUS) supply chains. 

To highlight the opportunity to convert CO2 into useful products, a potential utilization route of carbon 

dioxide is investigated in greater details, i.e. its conversion to methanol by means of the hydrogenation 

reaction, amenable to important industrial applications. 

An innovative mathematical model, built according to the mixed integer linear programming (MILP) 

approach, for a CCUS supply chain is proposed. The model is developed using Advanced Interactive 

Multidimensional Modeling (AIMMS) software and applied to the European Countries with higher 

emissions (Germany, Italy and the UK). In particular, the model is able to consider different options in the 

utilization section and it is applied in a deterministic (single and multi objective optimization problem) and 

in a stochastic form.  

Moreover, 1-D and 2-D mathematical models are developed in MATLAB® for a methanol (CH3OH) packed 

bed catalytic reactor, operating in steady state inside a process with pure carbon dioxide (CO2) and H2 

feedstock and with recycle of unconverted gases after the separation of CH3OH and water (H2O) by 

condensation. The model is proposed following the analysis of different options for the layout of the 

chemical conversion process (once through, recirculation and membrane assisted reactor), demonstrating 

the superior efficiency of this reactor configuration. 

The following is a summary of main findings.  

In Chapter II, through an equilibrium analysis of CH3OH reactors fed by pure CO2 and H2, it is found that 

the reactor with the separation of CH3OH and H2O by condensation and with the recycle of unconverted 

gases ensures high efficiencies: for example a CO2 conversion of 69% can be achieved at 55 bar and 473 

K. Applying the 1-D mathematical kinetic model to this reactor configuration, it is found that the axial 

dispersion term can be neglected. On the other hand, simulating the same reactor with the 2-D model, it is 

found that this model is needed for a structured and a non structured reactor, to describe temperature and 

conversion radial variations, as well as the influence of packing thermal conductivity. Higher efficiencies 

are predicted for the structured reactor, characterized by greater thermal conductivity: a given CH3OH yield 

is achieved with a shorter contact time. A sensitivity analysis is carried out for both models. For the 1-D 

model, varying the global heat exchange coefficient and the temperature of the isothermal heat exchange 

fluid shows the dominant effect of the temperature level of the heat exchange fluid on the final temperature 

reached in the reactor, as well as on the outlet carbon dioxide conversion and methanol selectivity. 
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For the 2-D model, a sensitivity analysis shows that feed temperature and the diameter of reactor tube have 

a negative effect on the performances, while the wall heat transfer coefficient has a slight negative effect 

on temperature without a significant variation on molar flow rates and then on the performances. Moreover, 

when CO2 and H2 are used in the process feeding stream, a lower ΔH characterizes the exothermic reacting 

system and therefore a reduced reactor temperature increase takes place along the reactor compared to the 

system using syngas in the feed.  

In Chapter III, the innovative mathematical model for a CCUS supply chain is presented. Moreover, the 

proposed model is applied to Germany, where CH3OH is produced via methane (CH4) dry reforming. Total 

costs are minimized and results show that providing hydrogen (H2) by water electrolysis ensures a lower 

environmental impact in terms of global warming and a higher amount of CO2 is used to produce the same 

amount of CH3OH. However, an amount of CH3OH greater than the national demand is produced, then 

Germany will have an important role inside the world CH3OH market for the next future (about 2025-

2035). In any case, the CCUS supply chain costs 207 billion€/year and produces 203 Mton/year of CH3OH. 

Considering carbon tax and economic incentives the system is economically feasible.   

In Chapter IV, in order to overcome the problem of the CCUS supply chain developed in the previous 

Chapter, related to a probably too high CH3OH production, the proposed MILP model is extended to 

consider more utilization options (CH3OH, concrete by curing, wheat, lignin for polyethylene, calcium 

carbonate, urea, polyurethane and concrete by red mud). Minimizing total costs, it is found that the 

optimized total costs of the CCUS supply chain are 97.9 billion€/year with a NPV of 675 billion€ and a 

PBP of 2.71 years. Only carbon tax is required to have a profitable solution. Considering the uncertainty of 

selling price, it is found that the most probable values for NPV and PBP are in the range between 1.1 and 

1.2 trillion€ and 3.85 years, respectively. Considering the uncertainty of national demand of CO2-based 

compounds, the most probable values for NPV and PBP are respectively in the range of 1.04 and 1.12 

trillion€ and 3.32 years. 

In Chapter V, the deterministic MILP model for a CCUS supply chain is applied to Italy: CO2 after capture 

is stored and used to produce CH4 through a power to gas system. Minimizing total costs, it is found that 

economic incentives and carbon tax are required to have a profitable system from an economic point of 

view. Also, the supply chain with offshore Adriatic sea as storage site is predicted as best case, because in 

this case a comparatively low total cost and the lowest level of economic incentives are calculated. For this 

framework, total costs are 7.34·104 million€/year without economic incentives, and 16.1 Mton/year of CH4 

are produced, so that the net CH4 production cost is 19 €/MWh when a proper level of incentives is 

considered (80 €/ton of carbon tax and 260 €/MWh of produced CH4). In this way, Italy can reduce the 

import of methane substantially. A comparison with a carbon capture and utilization (CCU) supply chain 

shows that this last framework is not a good solution, due to a higher net CH4 production cost and the 

highest level of economic incentives: it is important to have a storage site inside the supply chain. 
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In Chapter VI, the deterministic MILP model for a CCUS supply chain is applied to the UK. Total costs 

are minimized: results show that the CCUS supply chain with Bunter Sandstone as storage site is the most 

economically viable system, due to the highest value of NPV (0.554 trillion€) and the lowest value of PBP  

(2.85 years), considering only carbon tax, at a value of 80 €/tonCO2. The supply chain costs 1.04 

billion€/year. The captured CO2 is used to produce 5.4 Mton/year of calcium carbonate, an amount greater 

than the national demand, then a portion of it should be exported. To avoid the production of a great amount 

of calcium carbonate, the mathematical model is updated considering a constraint about the production of 

CO2-based products (this should be equal to or lower than the double of national demand). In this case, 

more compounds are produced with an acceptable amount compared to the market and only the system 

with Scottish offshore as storage site requires carbon tax to have a positive NPV. For the remaining case 

studies, economic incentives are also needed.  

As a further step in the design of CCUS networks, the objective function of the deterministic MILP model 

is improved by taking into account carbon tax remission, revenues and economic incentives in the objective 

function, as in Chapter VII. With a scenario analysis, these new parameters are changed according to three 

different levels, as suggested by the market. It results that:  

a) carbon tax influences only the total value of the objective function, and not the topology of the supply 

chain and the amount of different products. As a consequence, carbon tax level should be changed, if the 

aim is to modify only the profit of the system, without changing the topology.   

b) economic incentives influence the topology of CCUS supply chain, with a positive effect on the number 

of CO2 sources selected in the network and on the amount of CO2  captured from each source.  

c) revenues influence the structure of CCUS supply chains, with the same positive effect on the CO2 sources 

selected and on the amount of CO2 captured. 

An additional important aspect is to verify that supply chains can effectively reduce CO2 emissions, due to 

their additional energy requirements, by means of a life cycle assessment (LCA) analysis, as done in 

Chapter VIII. The LCA results show that, for the best CCUS supply chain of Germany, Italy and the UK, 

the value of global warming potential (GWP) is respectively equal to 1.94×1011 kgCO2-eq, 9.62×1010 

kgCO2-eq and 9.37×109 kgCO2-eq. Then CCUS supply chains are able to effectively reduce emissions, 

according to the environmental target. For all supply chains, a sensitivity analysis is also performed 

increasing the utilization rate of CO2: keeping constant the amount of CO2 captured, 25%, 50% and 75% 

of CO2 sent to the storage in the base case is effectively stored in this analysis, while a corresponding, 

additional part is sent to the utilization section. For the CCUS supply chain of Germany, producing different 

CO2-based products, and the UK, producing calcium carbonate, a higher environmental impact is 

determined when increasing the utilization rate of CO2. In these cases, the storage section is therefore 

important in order to achieve a lower environmental impact. On the other hand, for the CCUS supply chain 

of Italy, where CH4 is produced via a power to gas system, a lower environmental impact is present at a 
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higher utilization rate of CO2. Then, the power to gas system is a process cleaner and more environmentally 

friendly than the storage option and other utilization systems, under conditions when hydrogen is obtained 

via water electrolysis utilizing renewable energy sources.  

The single objective optimization problem, characterized by the minimization of total costs, is improved 

and a deterministic multi objective problem is investigated and solved in Chapter IX. Total costs are 

minimized while the amount of captured CO2 is simultaneously maximized, for the best CCUS supply chain 

of Germany, Italy and the UK. Results show better efficiency of the augmented ε-constraint method due to 

a lower resolution time, compared to the traditional ε-constraint method. The Pareto front is found for each 

framework, suggesting convenient trade-off between the two objective functions, and two guidelines are 

suggested for a decision maker in order to select the best scenario. This is based on the shortest distance 

from the Utopia point, giving importance to both objective functions. The alternative choice considers the 

minimum net total cost, making predominant the economic objective function. It results that the CCUS 

supply chain of Germany is closer to ideal conditions, compared to the other carbon supply systems 

examined here, even if higher costs are computed in that case.  

The two stage stochastic model is presented in Chapter X and utilized for the best supply chain of Germany, 

Italy and the UK, considering the production costs of CO2-based compounds as stochastic parameters.  

The expected total costs of these systems are minimized: for the CCUS supply chain of Italy, Germany and 

the UK they are equal to 77.3 billion€/year, 98.0 billion€/year, 1.05 billion€/year, respectively. Comparing 

these results with those of the respective deterministic models, by means of the expected value of perfect 

information (EVPI) and the value of stochastic solution (VSS), it is found that the considered stochastic 

parameters do not have a big influence on the modelling of carbon supply chains, then very few advantages 

are offered by solving the stochastic problem instead of the deterministic one, when the stochastic parameter 

is the production cost of CO2-based compounds.  

In Chapter XI, a new deterministic version of the innovative model for carbon supply chains is suggested, 

considering an unique pipeline network for CO2 distribution, in the utilization and storage section. The new 

MILP model that minimizes total costs is applied to the supply chain producing more compounds in 

Germany. Results show that the high level of CO2 purity imposed to all captured streams implies only a 

slightly higher total cost compared to the system reported in Chapter IV (0.104 trillion€/year). For this new 

scheme, only carbon tax is required to reach profitability from an economic point of view: the NPV is 0.616 

trillion€, while the PBP is 5.7 years.  

Regarding future work, it would be interesting to consider more complex CCUS supply chains taking into 

account, at the same time, a multiplicity of carbon sources, storage sites and utilization sites, trying to 

design a more realistic picture for each Country. This would imply to eliminate the assumption of only one 

storage site, or the restriction to only two utilization sites, with a substantial production capacity, so to keep 

the ratio between utilization and storage above a given threshold limit dictated by the need to establish a 

circular carbon economy.  
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In addition, following the development of a supply chain model like that described in this Thesis, applied 

to different Countries and under different constraints, it would be interesting to extend the model to a CCUS 

supply chain involving the whole Europe that should achieve a reduction of CO2 emissions according the 

COP21 agreement.  

To enlarge and better characterize the basket of carbon-dioxide-based compounds, of their dynamic market 

demand and most convenient production processes (economically and environmentally speaking – green 

chemistry), realization of a comprehensive data bank would strongly help an even more reliable application 

of such models, as a result of combined efforts in economic and engineering research. 

 

 

 

 

 

 

 

 

 

 

 

 

 


