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Abstract 
 
As the 21st century progresses, the problem of global warming becomes more and more 
pressing on our planet. In this regard, the proposed thesis sets itself the initial objective 
of highlighting this phenomenon to the reader, probing the numbers, the relations between 
temperature and climate-changing gas emissions (GHG) and the effects of humanity, 
which prompted the concentration of CO2 in the air over 400 ppm. Subsequently, the 
concept of problem mitigation is proposed to the reader, analyzing different aspects such 
as the carbon lock-in, the policies currently in place to limit the temperature increase 
beyond 2°C, and the possible solutions. In particular, one of the possible solutions is 
investigated, namely the capture of CO2 - the most present greenhouse gas in the 
environment. It consists in removing this gas either from the exhaust gases resulting from 
combustion or from the atmosphere. the experimental part of the thesis is divided in three 
parts. Firstly, the thermodynamics governing the process is analyzed, which requires a 
minimum energy in the order of 5-6 kJ per mole of CO2 captured by exhaust gases and 
20-21 kJ per mole of CO2 if captured from the atmosphere. The second part is constituted 
by the study and experimentation of an electrochemical capture system, based on the 
electrodialysis of NaHCO3, which releases CO2 and produces NaOH, being able to 
capture the CO2 present in a gaseous mixture regenerating the solution itself and allowing 
continuous operation over time. A simulated exhaust gas with CO2 concentration equal 
to 16% was employed as input, obtaining CO2 with purity up 98% as output. The 
continuous operation of the system was verified for up to 8 consecutive hours.  The 
operation parameters have been optimized it, with a flow of 6 ml/min of CO2 captured 
compared to 20 ml/min in the inflow. Furthermore, from the capture system, it is also 
possible to obtain valuable by products such as H2 and O2 In the last part of the work, the 
system was coupled with a CO2 electroreduction device to produce syngas. The latter 
consists of a mixture of CO (2.2%) - deriving from the reduction of CO2 - and H2 (78.3%)- 
deriving from the water splitting of the water present in the system- capable of being 
reused as fuel or as a platform for other molecules. In this way, it has been possible to 
develop a new system, consisting in a loop capable of capturing CO2 from combustion 
processes (avoiding contributing to global warming), and of directly transforming it into 
another reusable substance, with an efficiency of 7.3%, through a directly coupled system. 
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1. Climate change 
 

Climate change is a set of natural phenomena that occur on our planet in a cyclical way 

over time and involve the variation of the climatic conditions present. These phenomena 

may be due to changes in the behavior of the Sun, the Earth's orbit, volcanoes, terrestrial 

magnetism, and the amount of greenhouse gases. These aspects are studied by the 

physical, astronomic, and geological disciplines. In general, these phenomena involve the 

variation of terrestrial temperatures and, therefore, create periods of glaciation, drought 

or flood. However, these changes, barring sudden events such as a meteorite fall, are slow 

and observed over the centuries, not creating a sudden problem for the Earth's population, 

which is able to adapt. 

The problem today is that these climate changes occur too quickly, leading to the well-

known problem of 'Global Warming', i.e. the phenomenon of average rise in terrestrial 

temperatures. This leads to an increase, both in frequency and intensity, of phenomena 

such as hurricanes, fires and floods as well as the growth of sea level caused by the 

melting of glaciers and the desertification of places, due to the increase in temperature 

and the absence of rainfall. This causes problem for biodiversity, due to abnormal 

migrations, food shortages and hard living conditions [1]. 

Thanks to the research of scientists, who over the years have had to fight against a sense 

of 'indifference' of the population and politicians, who have often seen this problem as 

distant in time or even non-existent, it is possible to affirm that this situation is largely 

due to the human species, which, since the time of the industrial revolution, has started to 

emit a large amount of greenhouse gases, contributing substantially to the rise in 

temperatures and to the problems mentioned above. Although climate change exists in its 

own right, studies have revealed a very strong correlation with anthropological activities 

that are somehow connected with the emission of climate-altering gases that modify the 

Earth's heat balance too quickly compared to the natural one. 
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1.1 Greenhouse effect 
 

In particular, we focus on the factor of climate change, which is not only formally 

influenced by human activity, but is also the one predominant in this historical period: 

the greenhouse effect. 
The atmosphere already performs the function of the greenhouse effect in a spontaneous 

and natural way, without which we could not maintain temperatures suitable for life. 

However, the so-called greenhouse gases influence its behavior, amplifying this effect. 

In fact, the solar radiation incident on the planet is partly re-emitted in the form of infrared 

radiation and, if the greenhouse gas component is too high, these radiations are unable to 

escape from the atmosphere causing an increase in temperatures. it is possible to observe 

this behavior in figure 1.1, in which natural behavior and that amplified by human 

behavior are compared [2]. 

 

 

Figure 1.1- Greenhouse effect. Source: climatechange.lta.org 
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The term 'greenhouse gas' refers to different gases capable of producing the same effect, 

albeit with different intensities. In particular, this category includes carbon dioxide (CO2), 

methane (CH4), nitrous oxide (N2O), sulfur hexafluoride (SF6) and other compounds as 

hydrofluorocarbons (HFC) and perfluorocarbons (PFC). To classify the different gases 

and characterize their behavior, different aspects must be considered: 

• Concentration: based on the concentration of the gas analyzed in the environment, 

there will be different influences on the greenhouse effect. 

• Global Warming Potential (GWP): it quantifies the ability of the gas to behave as 

a greenhouse gas over time with respect to CO2, whose value is set to 1, regardless 

of the time over which the analysis is carried out. It mainly depends on two factors, 

i) the radiative forcing, which quantifies the containment force of infrared waves 

based on its spectrum, and ii) the residence time in the environment, which 

depends on the type of gas and quantifies the average lifetime in the substance in 

the 'environment. The latter is the reason why when we talk about GWP it is 

necessary to specify at what time interval the analysis consists [3]. 

By multiplying these two factors it is possible to calculate the 'Carbon Dioxide 

Equivalent' (CO2e), that is the index that specifies how much CO2 corresponds to a certain 

emission of a greenhouse gas. This factor is important to define a sort of 'overall danger' 

of greenhouse gases, which depends not only on its power over time but also on its 

quantity in the environment or on the quantity emitted, since many gases are particularly 

dangerous but not very present and vice versa. Table 1.1 shows the current and the pre-

industrial concentration values of the gases, the percentual increase, their residence time, 

their GWP at 100 and 500 years and the CO2e based on the reported concentration for 

both the GWPs. It is obvious that if the quantity emitted of a gas with a high GWP were 

equal to that of CO2, the last index would lose its usefulness as the hazard could be 

observed considering only the GWP, but if the real quantities are considered, a true 

comparison can be obtained between the different gases, considering their CO2e value on 

the basis of the quantity actually present [4].  
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 Pre-industrial 

concentration 

[ppm] 

Recent 

concentration 

[ppm] 

Percentual 

increase  

[%] 

Lifetime  

 

[years] 

GWP100 

 

[-] 

GWP500 

 

[-] 

CO2e 

(GWP100)  

[ppm] 

CO2e 

(GWP500) 

[ppm]  

CO2 280 399.5 42.7 100-300 1 1 399.5 399.5 

CH4 0.7 1.834 162.0 12.4 28 7.6 51.4 13.9 

N2O 0.27 0.328 21.5 121 265 153 86.9 50.2 

SF6 0 0.0000086 > inf 3200 23500 32600 0.2 0.3 

 

Table 1.1: Greenhouse gases. Source: Intergovernmental Panel on Climate Change Fifth Assessment Report 

From this table it is possible to observe that CO2 has the lowest GWP at 100 and 500 

years, while substances such as SF6 have high GWP and are considered compounds with 

a high environmental hazard. Furthermore, CO2 has a long residence time compared to 

other substances, therefore in the calculation of the GWP the ability to block radiation is 

lower than other substances with a shorter residence time and higher GWP. For the 

substances like SF6, in which the residence time is longer than the time considered for 

GWP calculation, it can be noted that the GWP at 500 years is higher than the one at 100 

years. This happens because the substance has not yet begun its decay and therefore its 

effect is still present. On the other hand, for the other substances the index decrease 

because of the residence time causes the gas to disappear. Finally, it should be emphasized 

that, despite the aspects listed above, CO2e, calculated on the basis of the actual 

concentration, is lower than that of CO2 for all gases. Therefore, given that CO2 is the 

most present substance in the environment and has a longer residence time than the others, 

it can be said that it is, at the moment, the most impacting climate-altering substance. 

Furthermore, it is also the climate-altering substance most emitted by humans together 

with methane as it is possible to see observe in the table 1, in which these two substances 

have the greater increase in concentration from the pre-industrial age up to now. It is 

however necessary to keep the emission level of substances with high GWP under control, 

because their eventual increase could irreversibly contribute to the temperature increase.  
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Given the fact that CO2 is the substance we need to worry about most in this historical 

period, there are many studies that certify the link between the current lifestyle of the 

population and the increase in average temperature due to greenhouse effect. In this sense, 

thanks to the analyses carried out by 'NOAA's National Centers for Environmental 

Information' it is possible to observe, in figure 1.2, the direct analogy that exists between 

temperature increase and CO2 concentration increase [5].  

 

Figure 1.2- T versus CO2 concentration. Source: NOAA's center 

From the previous graph it is observed that the average temperature has increased, leading 

to the birth of those problems discussed above. The trend is on the rise, especially since 

the post-war period in which many developing countries have begun to contribute 

substantially to emissions.  
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Still considering the studies carried out by this center, it is observed, in figure 1.3, that 

there is a correlation between the average temperature and the variation in the type of 

human activity on the planet. Furthermore, the graph highlights the difference between 

natural and artificial contributions; in fact, as previously said, the greenhouse effect exists 

naturally, but in this way it would have led to a stable temperature in the short term, 

preventing the onset of problems. The average temperature assumed in the case of natural 

influence alone is what we consider as an ideal reference in current and future scenarios. 

It is important to underline that these values are valid only for our time, as the timing of 

the natural greenhouse effect is very dilated and difficult to observe in 100-200 years [5].  

 

Figure 1.3 – Temperature versus years. Source: NOAA’s center 

Consequently, based on the information provided in this chapter, we can focus our 

attention only on carbon dioxide, confidently stating that it is the main anthropological 

cause of the greenhouse effect from the pre-industrial era onwards. 
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1.2 CO2 gas data 
 

Carbon dioxide, or CO2, is a molecule made up of one carbon and two oxygen atoms. It 

is essential for many vital mechanisms of the plant and animal kingdoms, such as 

photosynthesis and respiration. It is therefore necessary for life, but in the right quantities 

to guarantee the above-mentioned processes. On the contrary, in too high concentrations, 

it produces a strong greenhouse effect that prevents the right balance of these 

mechanisms. Furthermore, the greenhouse effect is a global issue because it is wide 

distributed and subject to fluid dynamics transport phenomena tending not to settle. The 

oceans also participate in the CO2 balance, containing a high quantity of CO2 in the form 

of carbonate and bicarbonate ions, contributing to the general equilibrium of the quantity 

of CO2 in the air, as the dissolution reaction is reversible. There is, therefore, a cycle of 

CO2 in the Earth system - figure 1.4, which includes the aspects of natural emission, 

capture and regulation [6].  

 

 

Figure 1.4 - CO2 cycle. Source: UCAR - Center for science education 
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As mentioned above, CO2 is not the most dangerous greenhouse gas, but it is one of those 

with the longest residence time and highest concentration. In fact, CO2 is produced 

through natural processes such as volcanic eruptions, geysers, dissolution of carbonate 

rocks, spontaneous and artificially driven fires such as the combustion of fossil resources, 

for the production of energy, cement, metal alloys, and uncontrolled deforestation. In fact, 

this cycle is strongly influenced by human behavior, as human activities influence many 

aspects of the cycle [7]. 

Being a minority component of the atmosphere, it is measured in ppm (parts per million) 

compared to the amount of air present on the planet. It is estimated that the concentration 

in the pre-industrial age was 280 ppm, while in 2018 it was 399.8 ppm, which is an 

increase of about 43%. In absolute terms, human CO2 emissions have gone from about 3 

Gt in 1900 to about 7 Gt in 1950, to then currently surpass 30 Gt as shown in figure 1.5, 

where it is possible to observe the trend of total annual emissions. 

 

 
Figure 1.5 - Absolute CO2 emission. Source: Our World in Data 
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Considering the current emissions, over 30 Gt, it is estimated that every year about half 

of the gas fails to enter the natural cycle of CO2 through a positive feedback, now 

saturated, effectively becoming part of the earth's atmosphere. From this it is possible to 

calculate the yearly increase of CO2 concentration in the environment through some 

calculations and the reported assumptions [8]:  

𝐶𝑂2[𝑝𝑝𝑚/𝑦𝑒𝑎𝑟]

=
𝐶𝑂2𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 [𝑘𝑔/𝑦𝑒𝑎𝑟] ∗ 𝑁𝑜𝑛 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 [−] ∗ 106 [𝑝𝑝𝑚]

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒 [𝑚3] ∗  𝐶𝑂2 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [𝑘𝑔/𝑚3]
 

( 1. 1 ) 

In this calculation, we assume an atmosphere thickness of 8 km and a terrestrial radius of 

6371 km – volume of 4.09E9 km3, CO2 density - calculated at 0 °C and Patm - equal to 

1.96 kg/m3 and emission equal to 30 Gt per year with a non-absorption factor of 0.5 

Furthermore, it is also assumed that the rest of the atmosphere remains the same, even 

though there are actually more factors at play. From eq. 1.1 we get 1.9 ppm/year. 

Therefore, assuming to maintain these conditions, there would be an increase in the CO2 

concentration equal to about 2 ppm per year, which would lead to about 560 ppm of CO2 

in the atmosphere in 2100, 40% more than the current quantity. 

 

Now, various aspects concerning the artificial emission of CO2 will be analyzed, in order 

to frame the situation more clearly. First of all, we observe the emission of greenhouse 

gases in the various locations on the planet showed in figure 1.6, through the percentage 

breakdown of total annual emissions by country [9]: 
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Figure 1.6 – Relative Regional CO2 emissions. Source: Our World in Data 

Thus, in addition to the already known trend of emissions over time, it can be seen that 

over time the territories that emit more CO2 have changed. Previously it was the so-called 

developed countries, Europe and North America, that emitted more, due to an 

energetically expensive lifestyle. To date, the countries that most pollute are the 

developing ones, such as the countries of Asia, China and India. Starting from this, we 

then have the curve of cumulative emissions over time, in figure 1.7, which can provide 

an idea of the countries that have actually polluted the most over the course of the years.  
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Figure 1.7 - Cumulative emissions during the history. Source: Our World in Data 

From the previous images, it is observed that up to the decades of the early 1900s 

emissions were almost exclusively the prerogative of Europe and North America. Over 

the years they have been gradually exceeded, in percentage of annual emissions, by 

developing countries, until today the latter are the largest emitters. Furthermore, their 

growth has been so fast that in a short time they have cumulatively emitted about the same 

amount of CO2 as the historical countries. However, it is important to underline that the 

emissions for developing countries are from a certain point of view 'forced', since in 

general the least expensive production technologies, useful for developing quickly, are 

also the most polluting, such as coal-fired thermoelectric plants. Furthermore, it must also 

be considered that the population of certain areas of the world is much higher and denser 

than that of Europe, which is another reason why emissions are higher. Finally, with 

globalization and international trade, a substantial part of the needs of states are produced 
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in other countries and then exported to countries that consume, but which therefore do 

not participate in the counting of emissions. Taking this aspect into account, we move 

from an approach based on production to one based on consumption. In this case the 

amount of CO2 is therefore counted to the states that consume the good, instead of those 

which produce it. We can see this aspect in the figure 1.8, which shows the quantity of 

CO2 embedded in global trade, that is the quantity that is ideally exchanged together with 

the exported (negative value) or imported (positive value) product [10]. 

 

Figure 1.8 - Consumption-based emissions. Source: Our World in Data 

The values shown in the previous figure should be added, with their sign, to the values 

based on the productive approach to allow for a global vision of a country. In fact, for 

example, China and India emit a lot of CO2 also for other countries that consume their 

products, while countries like Japan or the USA import many products, resulting in 

actually having higher emissions. There are also countries, such as Chile, which have a 
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zero net of exported-imported CO2, as they either produce and consume all their needs 

independently or the imports-exports are the same. 

Now, considering that, as mentioned, CO2 emissions are mainly caused by the 

combustion of fossil fuels, we analyze the quantity of each fossil source used and its 

relative emission factor during combustion. The latter depends on many factors such as 

the chemical and quantitative composition of the substance and the physical state, which 

affects the quality of combustion. It is more convenient to analyze the quantity of fossil 

fuel used and not the emissions caused by it, as in this way it is possible to separate the 

quantity of fuel used (in figure 1.9) from the emission factors of the substance (table 1.2). 

The emission factor of interest shows the quantity of CO2 emitted per unit of energy 

produced, as it is of our interest to refer to the quantity of energy that is produced - and 

therefore consumed - and not the quantity of fuel used. This is because fuels produce 

more or less energy for the same weight. In this sense, the table also shows the lower 

calorific values (LHV) which determine the link between the energy produced and the 

mass of the substance, necessary to obtain the factor of interest.  

 

 

Figure 1.9 - Fossil fuel consumption by fuel type. Source: Our World in Data 



17 
 

 
 

Emission Factor LHV 

Natural Gas 201362.4 [tCO2/TWh] 
 

35.25 [GJ/Stm^3] 

Oil 275875.2 [tCO2/TWh] 
 

41.02 [GJ/t] 

Coal 340354.8 [tCO2/TWh] 
 

24.85 [GJ/t] 

Table 1.2 - Emissions factor. Source: Ministero dell'Ambiente IT 

From the table and the graph, which present average values regardless of the by-products, 

it can be observed that although coal is the substance with the lowest LHV, it is 

historically one of the most used, due to its ease of extraction and low cost. Historically, 

coal and, above all, oil are easily stored and therefore easily usable and marketable, as the 

usage values attest. From the point of view of emissions, on the other hand, coal has the 

highest emission factor per unit of TWh, therefore of energy requirements. Oil has an 

intermediate value, while gas is the cleanest fossil source. 

Ultimately, it is necessary to observe which sectors have the highest emissions, to 

understand what the solutions could be and on which sector they could be applied. The 

subdivision observable in figure 1.10 is made taking into account the global and non-local 

values, which could be slightly different. In turn, the various sectors within them collect 

different sub-sectors with different emission rates, which are added together [11]. 
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Figure 1.10 - CO2 emission by sector. Source: IEA statistics 

These emissions are produced by the combustion of fossil fuels, such as coal, gas and oil. 

This percentage subdivision considers the emissions produced by the combustion of the 

gases analyzed in the previous paragraph. It is noted that the most important sectors are 

those of electricity generation, transport - maritime, land, air - and industry, in particular 

the cement and steel industry. A not insignificant part is due to buildings, generally for 

the production of heat for space heating. In conclusion, although the production of 

electricity and the consumption of coal are the main sources of CO2, there are many 

alternatives, spanning many fields, on which to act to control emissions. 

2. The mitigation challenge 
 

After the considerations made in the first chapter on the greenhouse effect, we can focus 

the attention on only the CO2 emissions, thus leaving out the other climate-altering gases. 

This because CO2 is the most present and lasting greenhouse gases. We will consider only 
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the emissions due to the combustion of fossil fuels, that is the most important and 

controllable artificial source.  

Given the scientific studies and physical evidence of climate change, a global policy 

aimed at mitigating the problem of temperature increase has been underway for some 

decades. The Intergovernmental Panel on Climate Change (IPCC) - the United Nations 

body for assessing the science related to climate change - has confirmed and published 

the results of several years of studies linking different indices such as temperature, 

population and GDP, with the increase of anthropological emissions of greenhouse gases 

[12]. In particular, the IPCC produced scenarios representing the evolution of 

temperatures in the current century based on present and forecast emissions. These 

scenarios, called RCP (Representative Concentration Pathways) reproduce the 

temperature trend based on the cumulative radiative forcing value expected in the next 

few years, i.e. the ability to block greenhouse gas radiations mentioned in the first chapter. 

According to this approach, the more the CO2 concentration value is expected to increase, 

the more the forcing increases and the more the RCP value and therefore the temperature 

increases [13]. In the last, report produced in 2015, it is possible to find the most up-to-

date data on the scenarios - figure 2.1 - for different values of RCP - table 2.1. 

Scenarios Features 

RCP 2.6 mitigation scenario (very high emissions reduction -rising of 2°C) 

RCP 4.5 stabilization scenario (large reductions) 

RCP 6.0 stabilization scenario (mild reductions) 

RCP 8.5 high emissions scenario (business as usual) 

Table 2.3 - RCP. Source 'IPPC' 
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Figure 2.11 - CO2-Temperature Scenarios in time. Source 'Fuss et Al. Betting on negative emissions.' 

Temperatures, as observed in figure 2.1, are expected to increase in the coming years 

between 0.9 °C and 5.4 °C, depending on the model used. Furthermore, it must be 

considered that despite the increase in emissions, the Earth is a physical system which, 

even considering the increase in emissions, after a first transitory phase, will reach an 

equilibrium phase, in which both the concentration of CO2 and the temperature will 

stabilize. However, this increase does not seem to be compatible with the current world 

standard of human, animal and plant life, predicting a worsening of living conditions, an 

increase in environmental disasters and the disappearance of many forms of life [1]. 

Figure 2.1 also shows the net CO2 concentrations predicted in these scenarios, from which 

it is possible to extrapolate the maximum concentration tolerable by the atmosphere in 

order to remain below a certain global temperature threshold. To reinforce this fact, again 

in the latest IPCC report, a new concept of cumulative quantity of CO2 emitted, called the 
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'CO2 budget', was introduced, compatible with a certain increase in temperatures - figure 

2.2 [14]. 

 

Figure 12.2 - Cumulative CO2 emissions vs Temperature. Source: 'IPCC' 

As expected, large CO2 budgets correspond to strong rises in temperatures. It is important 

to remember that it is the absolute quantity of CO2 that creates a problem, (due to its 

lifetime in the environment) and not the instantaneous emission rate. For this reason, it is 

possible to express the containment measures in the form of maximum total CO2 issuable 

in a given time interval. This because there is a quasi-linear correspondence between the 

CO2 budget and the temperature increase. 
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2.1 Policies 
 

As mentioned in the previous section, thanks to the emission scenarios and the 

expected CO2 budget it is possible to formulate an answer to the problem. The first 

phase of this process begins in 1992 with the 'United Nations Conference on 

Environment and Development' held in Rio de Janeiro with the definition by the 

United Nations of the 'United Nations Framework Convention on Climate Change 

(UNFCCC) 'for the reduction of GHGs and the containment of the increase in 

temperature. This treaty is not binding, it was ratified in 1994 with the achievement 

of 50 signatory countries and every year the parties participate in a discussion, called 

'Conference of Parties (COP)'. However, it allows the adoption of specific protocols, 

which define mandatory limits for the signatory countries, such as the Kyoto Protocol, 

defined in 1997 at COP3. The latter foresaw that in the period 2008-2012 greenhouse 

gas emissions would be reduced by 5% overall compared to 1990. The ratification, 

which was to count at least 55 countries responsible for 55% of emissions, took place 

in 2005 and to date has 175 countries, which account for 61.6% of emissions [15]. 

Subsequently, in 2015 the COP21 was held and the Paris agreement was signed. With 

this agreement, the objective was to maintain the temperature increase compared to 

the pre-industrial era of at least 2 °C. There is particular interest in limiting this 

increase to 1.5 °C, which would guarantee risks and effects of minimal climate 

change. With this agreement, each participating country had to have its own non-

binding plan to achieve the objectives. The ratification took place in 2016 with 183 

signatory countries that must present a 'national climate action plans (NDC)' in which 

their objectives and methods of achievement are collected [16].  

In particular, the EU has published the 'European Green Deal', which sets the goal of 

reducing emissions by 40% compared to 1990, increasing the share of renewable 
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energy by 32% and improving by 32.5% energy efficiency, all by 2030. In December 

2020, it updated its plan, raising the emission reduction target to 55% [17].  

Starting from the proposed policies, the goal is therefore to limit the temperature 

increase to 1.5 °C and to focus on limiting emissions by 55% by 2030, which are the 

primary objectives. Indeed, the aspects of the Green Deal are mutually dependent and 

intersected. Numerically, if we consider the same data used in the first chapter, we 

have an annual increase of about 2 ppm of pollution if we assume an emissions trend 

equal to 30 Gt per year. In reality, it is already bigger. From figure 2.1, if we consider 

an expected temperature increase of up to 2 °C, by 2100, we can assume that the 

maximum concentration of ppm in the air must be between 430 and 480 ppm [18]. 

Given the current concentration of 400 ppm, it is observed that the increase in 

sustainable concentration is at 50 ppm - considering 450 ppm as a maximum. This, 

considering a constant non-absorption factor equal to 0.5, allows us to calculate, with 

the following formula, the total issuable CO2 budget from now until 2100: 

𝐶𝑂2𝑏𝑢𝑑𝑔𝑒𝑡 [𝐺𝑡]

=
∆𝐶𝑂2[𝑝𝑝𝑚] ∗ 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒 [𝑚3] ∗  𝐶𝑂2 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [𝑘𝑔/𝑚3]

𝑁𝑜𝑛 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 [−] ∗ 106 [𝑝𝑝𝑚]
 

( 2. 1 ) 

With the assumptions made in chapter 1, we obtain a CO2 budget equal to 800 Gt (eq. 

2.1). Considering this result, we can say, albeit in an approximate manner, that by 

2100 the planet will only be able to emit more than 800 Gt of CO2. Given that the 

current issue is around 30 Gt per year, there are less than 30 years left before 

exceeding the threshold level indicated. At this point, it is clear that the solution is to 

reduce emissions. However, there are more catastrophic scenarios, that consider only 

negative trend for the environmental aspect involved in the climate change, where the 

tipping point has already been passed. This means that even by completely canceling 

emissions, today it would not be possible to stop the rise in temperatures below 2 °C, 
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compromising the health of the planet in certain contexts [19]. In any case, if this has 

not yet happened, this process will take place in the coming decades if the right 

measures are not taken. 

2.2 Age of fossil source 
 

As pointed out earlier, the obvious solution is to reduce emissions in some way. 

However, starting from the industrial revolution, we enter an age that can be called 

the 'age of fossil fuels' because the whole society has developed through the use of 

these fuels and still continues to do so. In fact, it is unthinkable to suddenly stop CO2 

emissions, for a series of reasons, which can be grouped into two macro-aspects: 

• Technological: many energy-intensive sectors are not yet able to replace many 

applications of fossil fuels due to the lack of adequate technologies, such as 

difficulties in the combustion of hydrogen. Many technologies, on the other 

hand - despite being in an advanced state of development - still do not have a 

sufficient economy of scale capable of lowering the cost. 

• Economic: for decades it has been the cost of fossil fuels that has marked the 

path of the world economy, due to the exclusive ownership of resources, 

geopolitical interests and the quantity used / sold. The cost is therefore in most 

cases still affordable, effectively blocking alternative sources and measures to 

contain emissions. 

There is also a sort of energy 'inertia', that is the fact that the coal and especially natural 

gas power generators are of recent construction, as shown in the figure 2.3. 
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Figure 2.13 - Age structure of existing coal and gas power capacity by region. Source: IEA Statistics 

This prevents the host countries from blocking them to not incur in waste of investments 

and penalties. In fact, the plants are built with an investment of at least a few decades, 

about 30-40 years. These investments concern not only the economic aspects, but also the 

environmental ones for land, water and atmospheric pollution, and the emission of 

greenhouse gases. The latter are estimated during the design of the system: on the basis 

of the planned operating hours of the system, it is possible to calculate the amount of CO2 

that will be emitted during the life of the system. This quantity is called 'Committed CO2'. 

During operation lifetime, CO2 is emitted at an annual rate, as in the figure 2.4a. While, 

considering a certain instant of life, the emissions can be divided into released and 

remaining, as in the figure 2.4b. The first considers the emissions that are released into 

the environment during working hours; the second considers the difference between the 

committed and released CO2, i.e. the quantity that the plant will theoretically still emit by 

the end of its life. [20]. 
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Figure 2.14 - a) Committed and annual emissions. b) Realized and remaining emissions.  

Source: Davis et Al. Commitment accounting of CO2 emissions 

Thanks to this approach, assuming no longer investing in fossil fuels, it is possible to 

estimate how many emissions there will still be and for how long, before the 

decommissioning of all existing plants – like in figure 2.5. This analysis assumes that 

there are five different scenarios based on the life of the plants, between 20 and 60 years, 

in which the committed CO2 is also higher as the annual emission rate is always the same. 

The future annual emissions and their duration are therefore assumed for each scenario, 

in the event that it is decided to stop designing from a certain point onwards. 
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Figure 2.15 - Future emission from committed plants. Source: Davis et Al. Commitment accounting of CO2 emissions 

As predicted, figure 2.5 shows that even if the construction of new plants is stopped, there 

will still be future emissions. In particular, newer construction plants will emit still for 

many years over time. Furthermore, the long-term plants built only in recent years have 

issued only a small part of their committed part, which must be completed after the 

contracts are stipulated. It causes the so-called 'Carbon Lock-In', that is, a situation in 

which, even in the best of cases, one is forced to continue to emit CO2 in the coming years 

due to past decisions [21]. This is shown in figure 2.6, in which the red part is the scenario 

considering to stop new investments. Instead, the grey part are the different IPCC 

scenarios, that will contribute to the carbon lock-in. 



28 
 

 

Figure 2.16 - Carbon lock-in. Source: https://www.envipark.com/wp-content/uploads/2019/11/SETHI-CCS-e-NET.pdf 

These concepts confirm the difficulties described in the course of the chapter with regard 

to reducing emissions. They are constrained by the current productive and economic 

situation. 

2.3 Future ideas 
 

The international agency IEA Statistics has produced a scenario based on the need to limit 

the temperature increase to 2 °C, considering a CO2 budget from 2019 to 2070 equal to 

800 Gt. Thanks to this scenario – figure 2.7 - we can observe that all the sectors 

responsible for emissions (at least in a proportional manner) are involved in the reduction. 

The graph shows the total annual emissions expected with the increase in mitigation 

measures. Furthermore, the cumulative CO2 value that that sector expects to emit until 

2070 is reported within each sector [22]. 
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Figure 2.17 - Global CO2 emissions from existing energy infrastructure by sub-sector, 2019-70. Source: IEA Statistics 

All emitting sectors will be part of this process, known as 'decarbonization'. Obviously, 

the production sectors do not all work in the same way, because the mitigation methods 

are many and different from each other according to the needs. Therefore, having 

confirmed the need to reduce emissions, we can have several solutions: 

• Energy efficiency: the idea is to save energy both during its consumption and 

during production itself. This solution, in addition to being environmentally 

advantageous, is also economically advantageous as waste is reduced. However, 

it is necessary to reach a trade-off between reducing consumption and social well-

being. This is because consumption can be reduced, but the quality and quantity 

of the services currently offered must not be undermined, as this would not be 

socially welcome [23]. 

• Renewable sources and electrification: the idea is to replace fossil sources with 

renewable sources, such as solar, wind and hydroelectric, thus going to use 

'carbon-free' energy sources. The energy scenarios envisage the improvement of 

electricity grids to cope with this change, since fossil sources are for the most part 
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directly linked to the production of direct energy and are often not temporally 

controllable. This process has already begun, but it has many technical difficulties, 

because they are not 'comfortable' to use. It has also economic difficulties because 

they are not yet convenient compared to fossil sources. Furthermore, it collides 

with the lock-in phenomenon which prevents its development. It is also important 

not to forget to consider the Life Cycle Assessment (LCA) of the technology, as 

the construction and decommissioning phases could be highly polluting [24]. 

• Capture with storage and reduction: the idea is to divide the CO2 present in the 

exhaust gases or in the environment through a process called 'capture'. 

Subsequently, it is planned to store the CO2 waiting to be used for other purposes 

or to transform it directly into another product that can be used immediately. This 

idea allows to continue to use fossil sources, reducing the impact on the 

environment. However, it is economically disadvantageous because it requires the 

use of energy-intensive systems without obtaining advantages. 

• Increase of green areas and intelligent agriculture: the idea is to increase green 

areas and fight the deforestation phenomenon, because the vegetation naturally 

stores CO2 and releases oxygen. Smart agriculture means the reduction of 

greenhouse gas emissions - especially CH4 - by farms and the implementation of 

a sustainable supply chain of plant and organic products [25]. 

All of these processes have pros and cons. All have environmental advantages and 

generally have economic disadvantages. This is because to reduce the emissions of a 

process that generates energy it is always necessary to spend more energy, lowering 

the yields of the systems. Therefore, from now on the analysis will proceed 

considering the environmental need to reduce emissions, neglecting the economic 

disadvantages. The subsequent analyses will be based on the fact that this process is 

mandatory and must cost as little as possible in energy and economic terms. 
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3. CO2 Capture 
 

In general, the term Carbon Capture or CO2 Capture refers to the set of processes aimed 

at separating CO2 from a gas stream and consequent storage or and/reuse. More 

specifically, the complete process is called 'CO2 capture, utilization and storage’ (CCUS) 

or ‘CO2 capture and storage’ (CCS), in which storage is carried out directly, without using 

the gas produced [26]. This solution is seen as a temporary one, before the disappearance 

of fossil fuels. In fact, while waiting for the carbon lock-in to run out and for renewable 

sources to replace fossil ones, there is still a need to reduce CO2 emissions. This process, 

if done considering the capture of CO2 from the atmosphere, could also be useful for a 

possible target of negative net emissions. It is made up of several phases, as outlined in 

figure 3.1. 

 

Figure 3.18 - CCUS supply chain scheme. Source: Zhang et Al. "An Optimization Model for Carbon Capture Utilization 
and Storage Supply Chain: A Case Study in Northeastern China." 

 

From this block diagram, we can identify the different phases of the process which will 

be analyzed in the rest of the chapter: emissions, compression - transport, end uses. It was 
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decided to dedicate a separate chapter to the capture phase, both because it is the central 

part of the study, and because it is interesting to start from the needs and constraints of 

the final uses to better design the capture process. 

3.1 Emissions 
 

CO2 emissions, already extensively discussed in the previous chapters, are the beginning 

of the problem. In our case, the objective is to reduce CO2 emissions from combustion, 

which depend on the type of fuel used, the purpose of the plant and its efficiency. We can 

find them in exhaust gases, mixed in the atmosphere and dissolved in ocean water. The 

aim is to reduce the concentration of CO2 from the atmosphere to avoid the greenhouse 

effect, so we will focus our work on capture from exhaust gases and the environment. We 

neglect capture from water due to the different technologies used and the natural storage 

phenomenon described above. In particular, we will assume to work with the three types 

of sources shown in table 3.1, which contain different amounts of CO2.  

Source CO2 quantity [%] 

Natural Gas 4 

Coal 12 

Air 0.04 

Table 3.4 - Concentration of CO2. Source: Wilcox et Al. Assessment of reasonable opportunities for direct air capture. 

We consider applying the capture process to two types of exhaust gases, deriving from 

natural gas and coal, considering only the emissions from fixed plants, thus neglecting 

mobile emissions such as those from transport. Also, we want to apply it to the air around 

us. This last process does not prevent CO2 from being emitted, but captures the one 

already present in the environment, regardless of the source produced. These data will 

take on practical value in the next chapter, which will deal with the capture part. 
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3.2 Compression – Transportation 
 

Before analyzing the final uses it is necessary to underline the weight of the compression 

and transport process in the total process. They are linked because CO2 is transported - 

and also stored - at temperatures and pressures different from the ambient one. So it needs 

to be compressed. 

Considering large power plants, CO2 emissions constitute a large volume of gas, which 

can be transported through a pipeline system or through large tanks, which can travel by 

land or by sea. This need for transport derives from the fact that for the moment the most 

followed routes for the use of CO2 - which will be discussed in detail in the next paragraph 

- are storage and use for oil recovery. Hence, this product needs to be moved. The 

transport takes place immediately after the compression, which transforms the gas into an 

ideal physical phase for the process. It is important to estimate the energy required for the 

compression, because after the capture phase it represents the most energetically 

expensive process, reducing the economic advantages of the CCUS. In order to calculate 

the energies required for the various transport processes, the Mollier diagram should be 

used [27].  

However, to simplify the calculation, we will apply the concept of ideal gas. We will thus 

calculate the ideal minimum work, which corresponds to the isothermal compression of 

an ideal gas. In this way, we will underestimate the work needed. However, this 

assumption is legitimized by the fact that we are interested in highlighting the minimum 

cost that this compression has on the yield of the plant.  

To calculate the energy required for compression, the first principle of thermodynamics 

is used, exploiting the formula for ideal gases subjected to isothermal compression: 

𝑤 [
𝑘𝑊ℎ

𝑘𝑔𝐶𝑂2
] = 𝑅 [

𝐽

𝑚𝑜𝑙 ∗ 𝐾
]  ∗  𝑇 [𝐾]  ∗  𝑙𝑛(

𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
) [−]  ∗  

1

𝜇
 [

𝑘𝑚𝑜𝑙

𝑘𝑔
] ∗

1

3600
 [

𝑘𝑊ℎ

𝑘𝐽
] 

( 3. 1 ) 
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Where R is the universal gas constant, T the reference temperature, Pin and Pout the inlet 

and outlet pressures and 𝜇 the molar mass of CO2.  

Transportation through pipe networks takes place under conditions of high pressure, 

which allows the movement of the gas. The high pressure allows, first of all, to maintain 

a high density regardless of the temperature. However, the temperature must be kept 

above a certain level to remain in a supercritical regime in which the gaseous and liquid 

phases do not differ. This situation avoids the presence of two phases and therefore the 

flow to flow regularly. In addition, a high density allows for smaller piping and lower 

pressure drops. On the other hand, the mechanism of transport through tanks often also 

consists in refrigerating the fluid as well as increasing the pressure. In this way the density 

is further increased allowing to transport a greater quantity of CO2 for the same volume. 

The gas under these conditions is similar to LPG, which is already transported in this way 

over long distances. In any case, to obtain the minimum necessary compression effect, it 

is assumed to have a pressure of at least 150 bar [28]. Considering starting from an initial 

condition of 1 bar and 20 °C and following an ideal transformation - isothermal - the 

value obtained is 0.077 𝑘𝑊ℎ

𝑘𝑔𝐶𝑂2
 (eq. 3.1).Considering a coal plant, with an emission factor 

equal to 340354.8 𝑡𝐶𝑂2

𝑇𝑊ℎ
 - see table 1.2 - and a realistic efficiency of 40%, the energy cost 

of the power produced with respect to the CO2 emitted is obtained with the following 

formula: 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑠𝑡 [
𝑘𝑊ℎ𝑒

𝑘𝑔𝐶𝑂2
]  

=  (𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 [
𝑡𝐶𝑂2

𝑇𝑊ℎ
] )−1 ∗   𝑝𝑙𝑎𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 [ 

𝑘𝑊ℎ𝑒

𝑘𝑊ℎ
 ]  

( 3. 2 ) 

By replacing the data we get an energy cost equal to 1.17 𝑘𝑊ℎ𝑒

𝑘𝑔𝐶𝑂2
. Considering that the 

energy required for compression is electricity, we can consider a figure-of-merit that is 



35 
 

the energy penalty - and therefore economic - that a coal plant must incur to treat its CO2 

emitted. The following formula is used: 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑛𝑎𝑙𝑡𝑦 [−]  =  
𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 [

𝑘𝑊ℎ𝑒

𝑘𝑔𝐶𝑂2
] 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑠𝑡 [
𝑘𝑊ℎ𝑒

𝑘𝑔𝐶𝑂2
]

 

( 3. 3 ) 

In which the treatment cost is the compression cost or, as we will see in the following 

chapters, the capture cost. By replacing the values, we can state that the 0.077 kWh 

needed to compress 1 kg of CO2 corresponds to 6.56% - energy penalty (eq. 3.3) - of the 

energy that a coal plant produces for every kg of CO2 emitted. This phenomenon lowers 

the yield of the plants, making them less advantageous. Also, only gas compression is 

considered here, but the capture penalty will also be added in the next chapter. The aim 

is to keep the penalty close to the ideal one as much as possible. 

3.3 Final uses 
 

In this last page we consider the final uses that can be done with the captured CO2, so that 

it is no longer harmful to the environment. The most widely used and best-known methods 

will be briefly described in the following analysis. While, in a following analysis, a 

process still under development will be exposed, to which its own section will be 

assigned. 

• Storage: called also sequestration, is the last step in the CCS process, where CO2 

is stored after being captured. The purpose is basically to store the CO2 to prevent 

it from mixing with the air. It is expected to last even more than a century, until it 

is possible to make another sustainable use of this CO2. Generally, we tend to put 

this CO2 in deposits depleted of fossil fuels, as they represent a space already 

present and often able to prevent the gas from escaping. In fact, the fundamental 
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aspect of this type of storage is the presence of a highly impermeable layer called 

'cap rock', which prevents the gas from escaping pushed by its pressure. It is 

certainly convenient that there are also no lateral losses, both in order not to 

contaminate the adjacent areas, and because if the interest is to reuse the CO2 this 

would be a loss. Typically, this gas is injected into a supercritical state. Therefore, 

it should be compressed even if there was no need to transport it, resulting in the 

same energy cost described above. Technically, the reverse process used to extract 

natural gas is used, placing it in the empty basin and then sealing the inlet. 

CO2 can be also stored in deep saline formation, already used for some chemicals. 

They are characterized by large volumes and many porous rock formations, but 

have not yet been thoroughly studied [29]. 

• Methanation: through this process CO2 is used as the basic molecule for the 

production of synthetic methane. It reacts with hydrogen to produce methane in 

reactors called methanators. This process is integrated with electrolysers for the 

production of hydrogen in a process called 'power to gas', that involves exploiting 

renewable sources for the creation of methane.  

• Water purification and oxygen production: the integration process with bacteria 

and algae is being studied. This implies the use of CO2 and dirty water - nourishing 

for plants - to purify the latter and also release oxygen. The process takes place in 

a reactor called 'photo-bio reactor' which with the help of sunlight repeats the 

process of photosynthesis. The algae and bacteria that are created can be reused 

later as biomass in a virtuous circle. 

• Enhanced oil recovery (EOR): this technique consists of using gases, including 

CO2, to help extracting oil out of the field. When the pressure in the liquid is low 

or the reservoir is at the end of its life, this process is used to collect what remains. 

It consists of injecting gas into the field, pushing the oil towards the exit. This 

process can take place by injecting pure CO2 or mixed with water and depending 

on the temperature and pressure conditions there is a variation in the viscosity of 
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the oil, helping its flow. It must be considered that a part of the CO2 is stored in 

the reservoir instead of oil while a part returns to the surface with it, but can be 

easily separated and reintroduced. The advantage of this technique is that CO2 is 

stored and at the same time exploited to extract oil, making the process profitable 

and highly exploited [30]. 

3.3.1 A new idea 
 

The end uses described in the previous paragraph are the best known and most used today. 

There is a new idea recently developed that we can always categorize as an end use. This 

is the prototype of an artificial leaf, studied by the Italian Institute of Technology in the 

Turin office [31]. The idea of this prototype is to treat the captured CO2 by reducing it 

into reusable compounds with added value, both in the energy and industrial fields. The 

energy required for the process is produced in a renewable way through photovoltaic 

energy. The device as a whole is shown in the figure 3.2. 

 

Figure 3.2 - Artificial leaf. Source: ACS Sustainable Chem. Eng. 2020, 8, 7563−7568 

The process combines the possibility of storing solar energy in the form of chemical 

energy with the possibility of converting, with this energy, CO2 into a reusable chemical 

product. In this way the CO2 is directly treated and reused without the need to store it. 

The idea artificially takes up the natural phenomenon of photosynthesis. In fact, the 
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process consists in producing electricity with sunlight through the use of photovoltaic 

panels. In this way, not only is CO2 reused, but it is also done in a sustainable way. These 

photovoltaic cells are of the 'dye sensitized solar cell' (DSSC) type, which also allow to 

work with indirect or artificial light. [32]. The energy produced in this mode is used by a 

reactor for electrolysis of CO2 into other chemical compounds. The reaction that takes 

place in the cell is the reduction of CO2 (CO2RR), which, based on the potential applied, 

produces carbon monoxide (CO) as main product. Other minor co-product are the formic 

acid (HCOOH) and the hydrogen (H2). This last one is obtained because the reactions are 

carried out in water-based electrolyte and the electrolysis reaction can happen. These 

molecules have a non-negligible calorific value and are reusable for combustion. Ideally, 

a virtuous circle could be created in which these products are burned, and the CO2 

produced is reused. Furthermore, these products are often used in industry for the 

production of chemicals. The most interesting molecule in this context is CO, which is a 

platform molecule in many chemical processes and is easily burnable. The most 

innovative part of the device is the integration between the two processes. In fact, 

electricity is not produced on one side and then used in the reduction cell, but the 

photovoltaic cell and the reduction cell directly share an electrode. This makes the process 

faster and less prone to electrical losses, thanks to the direct connection. Furthermore, this 

should allow for some constructive convenience. In this way, the working curves of the 

two phases overlap and the intersection point is the working point of the system as a 

whole. This device is still being improved, in order to optimize the overall efficiency of 

the system by finding the correct operating point without one of the two parts acting as a 

bottleneck. 

From a practical point of view, the prototype works at ambient pressure, so the use of 

resources for CO2 compression would be avoided. In addition, it works at room 

temperature, saving energy even in this context. It must be considered that the energy 

used for the reduction comes from a solar source, therefore it is free. Furthermore, the 

process benefits economically from the reuse of the gases produced. Although, for the 
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moment, this is still minimal due to the cost of the prototype itself. Anyway, despite the 

economical point of view, this technology is helpful to fight against the climate change. 

Therefore, it is of common benefit to develop the idea trying to maximize the return while 

keeping costs as low as possible. 

  

3.4 Purpose of the thesis 
 

In this chapter, the CO2 capture phase has been omitted. However, all the analyzed 

systems require a flow of CO2. The latter must either be produced on purpose – through 

inexpensive and not environmentally useful process - or captured and separated from the 

rest of the gases. This artificial leaf prototype currently uses a stream of CO2 stored in a 

pre-loaded cylinder for testing. The final idea is to couple to this system also one for the 

capture of CO2 from the environment or exhaust gas. In this way, at the entrance of the 

pre-existing prototype, it will be possible to have a flow of CO2 which has been prevented 

from being in the environment, thus reducing the greenhouse effect. Furthermore, this 

will occupy the last piece for the creation of the virtuous circle envisaged by the idea of 

the artificial leaf. Figure 3.3 shows this concept just mentioned. Considering the reduction 

prototype integrated with the functioning photovoltaic system, net of optimizations still 

necessary, only the capture element is missing. This figure also shows the division of 

storage and capture paths, which however can also be connected. However, due to the 

shortcomings of the storage technologies, it was decided not to consider the storage phase 

in the process. So, we can think to use immediately the products. 



40 
 

 

Figure 3.3 - CO2 virtuous cycle. 

The aim of the final work is not only studying a CO2 capture method that can be coupled 

with the artificial leaf, but focuses on the final production of syngas, that is a mixture of 

CO and H2. This means that the global process will no longer just have to capture and 

reduce CO2, but also produce an important quantity of hydrogen, in addition to that 

already produced from the reduction system, for this reusable blend. This mixture can be 

used again as a fuel for the production of energy, both in classical processes such as 

internal combustion [33], and in flameless processes, such as fuel cells. Furthermore, it 

can also be used in processes such as gas-to-liquid (Fischer-Tropsch processes [34]) or 

biological fermentation [35], where the gas mixture is treated and new hydrocarbons or 

molecules are produced for the chemical industry. In this framework, considering the leaf 

as a starting point, the idea is to study a system that is able to capture and concentrate the 

CO2, necessary for the reduction cell, and at the same time produce H2 for the final syngas. 

The CO2 will have to come from exhaust gases or from the environment in order to reduce 

greenhouse gas emissions. The capture and reduction cells must be coupled with each 

other, allowing the captured CO2 to flow directly into the reduction cell. Furthermore, as 

for the leaf, the capture cell will also have energy supplied by a renewable energy source, 
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possibly photovoltaic energy. In the end, in this way, we will have that the capture cell 

will supply CO2 to the reduction cell, which will main produce CO. The hydrogen 

produced in the capture cell will join in the final syngas. 

In this thesis we will start to implement this idea. First of all, in the following chapter the 

energy required for the capture phase will be dealt with from the thermodynamic point of 

view, a common aspect for both the described paths. Later, in chapter 5, the functioning 

of an electrochemical capture system will be experimentally analyzed, replicating a 

system present in the literature and trying to optimize it. We will simulate the capture 

from an exhaust gas mixture. This system, in addition to capturing CO2, will also make it 

possible to produce an important amount of hydrogen. In the next chapter, the sixth, we 

will show the current modifications to the pre-existing capture system to make the system 

compatible with coupling and the energy results obtained. In the last chapter, a first 

experimental solution of a coupled capture-reduction system will be proposed, which in 

this phase will still be powered by a classical source. At the end of the work, we will have 

a system able to both capture the CO2 and produce a syngas. All experimental tests were 

carried out with the 'CO2 reduction' research team at the Italian Institute of Technology 

in Turin (CSFT @ POLITO). 
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4. Theoretical CO2 capture phase 
 

From this chapter on, we will focus on the actual capture of CO2. Our aim, in particular, 

is to study a procedure that can be integrated with the idea of the artificial leaf, in order 

to have the complete process in a single machine. The idea involves, as analyzed in the 

previous chapter, to capture the CO2 and convert it directly into a reusable product. In this 

chapter we will focus on the theoretical evaluation of the phenomenon. 

First of all, let's consider capturing CO2 only in gaseous conditions. Therefore, the capture 

can be done considering separating from the rest the CO2 present in the exhaust gases or 

in the atmosphere. This process needs to consume energy, as for the compression process. 

The latter cost has been eliminated by considering working at ambient pressure with a 

direct utilization of the captured CO2. This condition is not only a theoretical 

approximation, but it is a situation obtainable in the experimental phase, as will be 

observed later. On the other hand, in the case of capture it is not possible to approximate 

the working condition to a situation in which the CO2 is not separated from the other gases 

present in the mixture and all the mixture containing climate-altering gases is directly 

treated. Therefore, while not considering a compression phase, it is necessary to separate 

the CO2 for several reasons: 

• Presence of toxic gases and harmful substances: some substances, mainly present 

in larger quantities in the exhaust fumes, are toxic or harmful for existence and 

for the technologies available. It is necessary to avoid treating toxic gases for 

living beings, as these could create potentially dangerous mixtures especially for 

professionals. In the initial mixture there may also be substances harmful to the 

technologies in use. In fact, some substances such as powders could clog or 

damage the ducts of the device. Other substances, on the other hand, could be 

harmful to the components of the device, corroding it or preventing correct 

operation, as in the phenomenon of component deactivation. These substances 
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could also create problems for the catalysts, causing them to work under non-

optimal conditions. 

• Presence of non-climate-altering gases: large quantities of non-climate-altering 

gases are present in the exhaust gases, but especially in the environment. These, 

while non-toxic, could be harmful to certain systems. Furthermore, treating a large 

amount of gas unnecessarily would lead to avoidable subsequent waste of 

resources. In this way it is also possible to have technologies of smaller 

dimensions and costs, which treat only the strictly necessary quantity. 

Hence, we have many reasons to separate the CO2 without treating the entire full stream. 

Furthermore, many problems are more related to capture from exhaust gases, others to 

capture from the environment. The choice of the source from which to capture is a 

fundamental aspect, both from the technological point of view - instrumentation, gas 

cleaning, dimensions - and energy. Subsequently, the energy differences between these 

two processes will also be dealt with, in order to have an overall picture. 

4.1 Thermodynamic 
 

This paragraph describes the thermodynamic methodology used to theoretically calculate 

the work required to capture CO2 regardless of the source. 

First of all, it must be emphasized that the following analysis will consider the separation 

of CO2 into a two-component mixture - i.e. air plus CO2. This assumption facilitates the 

analysis and is likely, since in general it can be considered to have a fixed composition of 

two gases: a climate-changing agent - CO2 - and a non-climate-changing agent - air or 

exhaust gas - which do not change their composition during the process. 

Another parameter to consider is the composition of this mixture, which depends on the 

starting gas. As seen in table 3.1 of paragraph 3.1, depending on the source on which it is 

decided to act, there is a different initial concentration of CO2. This affects the work 
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required to separate it from the remaining component. In our calculations we consider a 

variation between 0% and 14% of initial CO2 in the exhaust gases, while we consider a 

variation between 200 ppm and 900 ppm of CO2 in the ambient air. This is because the 

capture from exhaust gas can take place considering combustion of methane, with CO2 

equal to about 4%, or from coal, with CO2 equal to about 12%. For the environment, on 

the other hand, the current standard concentration is equal to 400 ppm, but could rise or 

fall by a few hundred based on climate change. Furthermore, the CO2 in the environment 

is not constant over the entire earth's surface but can change where there are areas of 

greatest emission [36]. 

Thus, there will be one inlet flow A - flue gas or ambient air - and two outflows. They 

will be a stream B with CO2 at a higher concentration, ready to be either transported or 

used in one of the final uses, while the other stream C will be the waste stream with 

possibly the residual CO2, which will go into the environment [37]. The process is 

schematized in figure 4.1. 

 

Figure 4.19 - CO2 separation scheme. Source: Bains et Al. 'CO2 capture from the industry sector' 

Other fundamental parameters for the final result are the final purity and the percentage 

of capture [38]. The first, the final purity, consists of the desired CO2 concentration - in 

molar terms - at the end of the process. This means that the separation may not be 

complete, leading to a final stream that is composed of CO2 - more than the concentration 

of the initial stream - but not necessarily 100%. The second concept, the capture 

percentage, consists of the amount of CO2 that is intended to be captured - in molar terms 

- from the initial amount. One can think of capturing all the CO2 present in a given stream 
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or only a part, if sufficient. In addition to the latter case, the situation will also be analyzed 

in which the objective is to have a CO2 concentration of 300 ppm in the discarded flow 

that will go into the environment. This concentration is the ideal one considering we want 

to keep the pre-industrial trend. 

In our analysis we will analyze four cases for both exhaust gas capture and ambient air 

capture. In each of these we will analyze the variation of a certain parameter keeping the 

others constant: 

1. Initial CO2 percentage change; constant outlet purity and capture percentage. 

2. Capture percentage variation; constant outlet purity and initial CO2 

percentage. 

3. Outlet purity variation; constant initial CO2 percentage and capture 

percentage. 

4. Initial CO2 percentage change; constant outlet purity and fixed amount of CO2 

in the waste stream. 

Thermodynamically we consider first of all the principle of conservation of mass. This 

applies to the total flow and to the two components. We considering always to have 

mixtures of ideal gases. Considering a two-component flow with an inert gas (other) and 

CO2 and considering �̇�𝑖 the mass flow rate for the i-th stream, we have the global mass 

balance equation: 

∑ �̇�𝑖 [
𝑘𝑔

𝑠
] = 0

𝐶

𝑖=𝐴

 

( 4. 1 ) 

The mass flow rate �̇�𝑖 is given by the product of the molar flow rate �̇� and the molar 

mass MMi, as shown by the following equation: 
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𝑚𝑖̇ [
𝑘𝑔

𝑠
] = �̇�𝑖 [

𝑚𝑜𝑙

𝑠
] ∗ 𝑀𝑀𝑖 [

𝑘𝑔

𝑚𝑜𝑙
] 

( 4. 2 ) 

We assume the absence of chemical reactions in this phase of theoretical study. In fact, 

we consider a simple gas mixture separation process. So, for this, we obtain that the 

conservation equation of mass is valid in molar terms: 

∑ �̇�𝑖 [
𝑘𝑔

𝑠
] ∗

1

𝑀𝑀𝑖
[
𝑚𝑜𝑙

𝑘𝑔
] = �̇�𝑖 [

𝑚𝑜𝑙

𝑠
] = 0

𝐶

𝑖=𝐴

 

( 4. 3 ) 

Always considering the absence of chemical reaction and assuming the term 𝑦 the mass 

fraction, we can write the mass balance equations for the components of the total flux: 

∑ �̇�𝑖 [
𝑘𝑔

𝑠
] ∗  𝑦𝑖,𝐶𝑂2

[−] = 0

𝐶

𝑖=𝐴

 

( 4. 4 ) 

∑ �̇�𝑖 [
𝑘𝑔

𝑠
] ∗  𝑦𝑖,𝑂𝑇𝐻𝐸𝑅[−] = 0

𝐶

𝑖=𝐴

 

( 4. 5 ) 

Considering the relationship between mass and molar streams and assuming the term 𝑥𝑖 

the molar fraction, we can expose the abovementioned equations for the components in 

molar terms: 

∑ �̇�𝑖 [
𝑚𝑜𝑙

𝑠
] ∗  𝑥𝑖,𝐶𝑂2

[−] = 0

𝐶

𝑖=𝐴

 

( 4. 6 ) 



47 
 

∑ �̇�𝑖 [
𝑚𝑜𝑙

𝑠
] ∗  𝑥𝑖,𝑂𝑇𝐻𝐸𝑅[−] = 0

𝐶

𝑖=𝐴

 

( 4. 7 ) 

Generally, as a matter of convenience, calculations will develop in molar terms. Indeed, 

most scientific papers treat CO2 capture budgets in these terms. Moreover, once a certain 

time interval has been set, the previous equations are also valid in absolute terms, that is, 

without considering their instantaneous value. In molar terms it is also possible to express 

the concept of percent capture, with the following equation: 

𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑐𝑎𝑝𝑡𝑢𝑟𝑒: 
𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑂2 𝑖𝑛 𝑜𝑢𝑡𝑙𝑒𝑡 𝑓𝑙𝑜𝑤

𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑂2 𝑖𝑛 𝑖𝑛𝑙𝑒𝑡 𝑓𝑙𝑜𝑤

=
�̇�𝐵 [

𝑚𝑜𝑙
𝑠 ] ∗  𝑥𝐵,𝐶𝑂2

[−]

�̇�𝐴 [
𝑚𝑜𝑙

𝑠 ] ∗  𝑥𝐴,𝐶𝑂2
[−]

 

( 4. 8 ) 

Similarly, it is possible to express the concept of the outlet purity in molar terms with the 

following equation: 

𝑜𝑢𝑡𝑙𝑒𝑡 𝑝𝑢𝑟𝑖𝑡𝑦:
𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑂2 𝑖𝑛 𝑜𝑢𝑡𝑙𝑒𝑡 𝑓𝑙𝑜𝑤

𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑖𝑛 𝑜𝑢𝑡𝑙𝑒𝑡 𝑓𝑙𝑜𝑤
=

�̇�𝐵 [
𝑚𝑜𝑙

𝑠 ] ∗ 𝑥𝐵,𝐶𝑂2
[−]

�̇�𝐵 [
𝑚𝑜𝑙

𝑠 ]

= 𝑥𝐵,𝐶𝑂2
[−] 

( 4. 9 ) 

Now, after analyzing the mass conservation principle, we will analyze the theoretical 

energy necessary to have the CO2 separation from the incoming stream. The theoretical 

minimum work is the net change in the potential work of the system, that is the exergy 

[39]. To have the minimum work, we consider that the incoming flow undergoes an 

isothermal and isobaric transformation, in which only splitting takes place. Furthermore, 

we consider the system as adiabatic. Thus, the minimum work 𝑊𝑀𝐼𝑁 necessary for the 
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separation is given by the net difference of the exergy of the flows 𝛹𝑖 in the system, as 

shown in the following equation: 

𝑊𝑀𝐼𝑁[𝐽] = 𝛥𝛹𝑖[𝐽] 

( 4. 10 ) 

Considering the previously made assumptions, the change in work potential equals the 

change in Gibbs free energy. Considering R the universal gas constant, T the temperature 

of the system, 𝑛𝑖 the number of moles of the flux and x the mole fraction, we obtain the 

following equation for calculating the minimum work: 

𝑊𝑀𝐼𝑁[𝐽] = 𝑅[
𝐽

𝐾 ∗ 𝑚𝑜𝑙
] ∗ 𝑇[𝐾]

∗ (∑ 𝑛𝑖,𝐶𝑂2
[𝑚𝑜𝑙] ∗ 𝑙𝑛 𝑥𝑖,𝐶𝑂2

[−]

𝐶

𝑖=𝐴

+ ∑ 𝑛𝑖,𝑂𝑇𝐻𝐸𝑅[𝑚𝑜𝑙] ∗ 𝑙𝑛 𝑥𝑖,𝑂𝑇𝐻𝐸𝑅[−])

𝐶

𝑖=𝐴

 

( 4. 11 ) 

Thermodynamically, the formula expresses the variation that the partial pressures of the 

components of the initial mixture undergo. In fact, the only process that theoretically 

needs work is the partial pressure variation. This is because if the flow were simply split 

maintaining the same initial conditions for both flows, the work would be null. The partial 

pressure variation consists of a compression or expansion that the affected gas undergoes. 

If the partial pressure rises, the gas is compressed and it needs energy. If the partial 

pressure drops, the opposite phenomenon occurs, producing energy. The partial pressure 

of the components changes as the purpose is to change the concentration of gases in the 

outgoing streams, with respect to the incoming one. CO2, which is generally concentrated, 

increases its partial pressure and therefore requires energy. The system must, however, 
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take into account the behavior of all the gases present in the system, therefore both CO2 

and the inert gas. 

It is possible to normalize the necessary work by referring it to the input moles 𝑛𝐼𝑁𝐿𝐸𝑇 

through the following equation: 

𝑊𝑀𝐼𝑁,𝑀𝑂𝐿[
𝐽

𝑚𝑜𝑙
] =

𝑊𝑀𝐼𝑁[𝐽]

𝑛𝐼𝑁𝐿𝐸𝑇[𝑚𝑜𝑙]
 

( 4. 12 ) 

Also, it is possible to normalize the necessary work with respect to the moles of CO2 

captured. In this way it is possible to compare the results of different cases based on the 

set capture conditions - such as outlet purity and percent capture - without considering 

the amount of flow. This can be calculated through the following equation: 

𝑊𝑀𝐼𝑁,𝐶𝑂2𝑀𝑂𝐿[
𝐽

𝑚𝑜𝑙𝐶𝑂2

] =
𝑊𝑀𝐼𝑁[𝐽]

𝑛𝑂𝑈𝑇𝐿𝐸𝑇 𝐶𝑂2 𝐶𝐴𝑃𝑇𝑈𝑅𝐸𝐷[𝑚𝑜𝑙𝐶𝑂2
]
 

( 4. 13 ) 

It needs be remembered that the signs of the flows, both for the conservation of mass and 

for the calculation of energy, must be consistent with the reference system adopted at the 

time of the calculations. 

As mentioned above, the aim is to capture CO2 while minimizing the work required. This 

is because the process must be done for environmental reasons and therefore it is 

convenient to use the least necessary work. Since in reality it is thermodynamically 

impossible to obtain a process with efficiency equal to 1, the real work needed will always 

be greater than the minimum ideal work. This concept is expressed with second-law 

efficiency through the following equation: 
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𝜂[−] =

𝑊𝑀𝐼𝑁,𝐶𝑂2𝑀𝑂𝐿[
𝐽

𝑚𝑜𝑙𝐶𝑂2

]

𝑊𝑅𝐸𝐴𝐿,𝐶𝑂2𝑀𝑂𝐿[
𝐽

𝑚𝑜𝑙𝐶𝑂2

]
 

( 4. 14 ) 

This equation to tend towards one must be maximized. This means that since the term 

𝑊𝑀𝐼𝑁,𝐶𝑂2𝑀𝑂𝐿 is fixed and it is the minimum to aim for, the denominator 𝑊𝑅𝐸𝐴𝐿,𝐶𝑂2𝑀𝑂𝐿 

must be minimized by trying to use less energy-intensive processes. Furthermore, it must 

be remembered that the two terms of the report must correspond to the same conditions 

of use, such as outlet purity, percent capture and temperature. 

4.2 Results 
 

This part shows the results obtained by applying the methodology described in the 

previous paragraph. The results show the work per unit of CO2 captured required under 

the study conditions. Cases 1., 2., 3. and 4. were studied, as described below. For all cases 

the following assumptions were made: 

Parameter Value 

R[
𝐽

𝐾∗𝑚𝑜𝑙
] 8.314 

P[Pa] 101325 

T[K] 298 

nINLET [mol] 40.895 

Table 4.5 - Parameters for theoretical CO2 work calculation 

For each case, the situations of capture from exhaust gases – e.g., 1.a - and directly from 

the environment – e.g., 1.b - have been studied. The applied methodology is the same, but 

the CO2 concentration at the entrance changes by several orders of magnitude. This was 

done in order to compare the two possibilities of CO2 capture from an energy point of 

view.  
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• 1. In this case we consider having 100% outlet purity - i.e. pure CO2 at the outlet 

- and having a percent capture equal to 50% - i.e. capturing half of the available 

CO2. Furthermore, for the capture from exhaust gases - table 4.2a - we consider a 

range of CO2 input - xA,CO2 - concentration between 0% and 18% in molar terms. 

For direct capture from the environment - table 4.2b - we consider to vary between 

0 ppm and 900 ppm.  

xA,CO2 

[%] 

𝑊𝑀𝐼𝑁,𝐶𝑂2𝑀𝑂𝐿 

[
𝑘𝐽

𝑚𝑜𝑙𝐶𝑂2

] 

0 0 

2 10.441 

4 8.711 

6 7.694 

8 6.968 

10 6.402 

12 5.938 

14 5.543 

16 5.199 

18 4.894 
 

xA,CO2 

[ppm] 

𝑊𝑀𝐼𝑁,𝐶𝑂2𝑀𝑂𝐿 

[
𝑘𝐽

𝑚𝑜𝑙𝐶𝑂2

] 

0 0 

100 23.581 

200 21.863 

300 20.859 

400 20.146 

500 19.593 

600 19.141 

700 18.759 

800 18.428 

900 18.136 
 

Table 4.2a - Case 1a: capture from flue gas Table 4.2b - Case 1b: direct capture from ambient 

 

• 2. In this case we again consider the outlet purity set at 100%, while the percent 

capture varies from 0% to 100%. This means that the system goes from a condition 

in which it captures nothing to one in which all available CO2 is captured. In this 

way it is possible to observe the progress of the work with respect to the quantity 

captured and it is possible to compare the difference between the work required, 

with the same percent capture, in case of flue gas - table 4.3a - and in case of 

capture from the environment - table 4.3b. For the case of capture from exhaust 
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gas, an initial amount of CO2 equal to 4% was set, as for the combustion of natural 

gas. While for the capture from the environment the quantity of 400 ppm of CO2 

has been set, the current concentration value. 

Percent 
capture 

[%] 

𝑊𝑀𝐼𝑁,𝐶𝑂2𝑀𝑂𝐿  

[
𝑘𝐽

𝑚𝑜𝑙𝐶𝑂2

] 

0 0 

10 8.099 

20 8.232 

30 8.376 

40 8.535 

50 8.711 

60 8.910 

70 9.140 

80 9.416 

90 9.774 

100 10.403 
 

Percent 
capture 

[%] 

𝑊𝑀𝐼𝑁,𝐶𝑂2𝑀𝑂𝐿  

[
𝑘𝐽

𝑚𝑜𝑙𝐶𝑂2

] 

0 0 

10 19.514 

20 19.652 

30 19.801 

40 19.965 

50 20.146 

60 20.350 

70 20.585 

80 20.866 

90 21.229 

100 21.863 
 

Table 4.3a - Case 2a: capture from flue gas Table 4.3b - Case 2b: direct capture from ambient 

 

• 3. In this case, as in case 2, we consider the same initial CO2 quantities: 4% for 

capture from exhaust gas - table 4.4a - and 400 ppm for capture from environment 

- table 4.4b. We set the value of the capture percentage at 50%, as in case 1. The 

value of outlet purity varies from 0%, a situation in which nothing is captured and 

the incoming flow is not split, and 100% in where the final stream of interest is 

pure CO2. In the range there is the situation in which the final flow of interest is 

not composed only of CO2, but also of a portion of the inert gas that makes up the 

initial mixture. This parameter usually depends on the desired CO2 stream 

composition after capture, based on usage. 
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Outlet 
purity 

[%] 

𝑊𝑀𝐼𝑁,𝐶𝑂2𝑀𝑂𝐿  

[
𝑘𝐽

𝑚𝑜𝑙𝐶𝑂2

] 

0 0 

10 1.165 

20 2.725 

30 3.788 

40 4.620 

50 5.328 

60 5.966 

70 6.571 

80 7.174 

90 7.822 

100 8.711 
 

Outlet 
purity 

[%] 

𝑊𝑀𝐼𝑁,𝐶𝑂2𝑀𝑂𝐿  

[
𝑘𝐽

𝑚𝑜𝑙𝐶𝑂2

] 

0 0 

10 12.096 

20 13.948 

30 15.102 

40 15.978 

50 16.711 

60 17.367 

70 17.984 

80 18.596 

90 19.251 

100 20.146 
 

Table 4.4a - Case 3a: capture from flue gas Table 4.4b - Case 3b: direct capture from ambient 

 

• 4. In the latter case, as in case 1, the outlet purity value was set at 100%. The initial 

CO2 values vary as in case 1: between 0% and 18% for capture from flue gas - 

table 4.5a - and between 0ppm and 900 ppm for the environment - table 4.5b. In 

this case, unlike case 1, the percent capture has not been set at a percentage value 

but has been set so that 300 ppm of CO2 are present in the discarded and directed 

flow into the environment, equal to the CO2 value in a pre-industrial environment. 

In this way, a theoretical scenario is imagined in which CO2 is to be captured so 

as not to modify the concentration of CO2 already present in the environment. 

This scenario can be evaluated for both capture cases as the treated air comes in 

any case from the environment, as air is used during combustion. 
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xA,CO2 

[%] 

𝑊𝑀𝐼𝑁,𝐶𝑂2𝑀𝑂𝐿 

[
𝑘𝐽

𝑚𝑜𝑙𝐶𝑂2

] 

0 -22.576 

2 11.990 

4 10.315 

6 9.310 

8 8.586 

10 8.015 

12 7.543 

14 7.139 

16 6.784 

18 6.467 
 

xA,CO2 

[ppm] 

𝑊𝑀𝐼𝑁,𝐶𝑂2𝑀𝑂𝐿 

[
𝑘𝐽

𝑚𝑜𝑙𝐶𝑂2

] 

0 -22.576 

100 -21.215 

200 -20.567 

300 0 

400 19.725 

500 19.412 

600 19.141 

700 18.902 

800 18.688 

900 18.493 
 

Table 4.5a - Case 4a: capture from flue gas Table 4.5b - Case 4b: direct capture from ambient 

 

4.3 Discussion 
 

In this last paragraph we will discuss the results obtained, first case by case and finally 

collectively. 

• 1. In this first case we can observe that for the same quantity captured - in 

proportion - and the final purity of the stream, the higher the initial concentration, 

the less work per unit of CO2 is required. This is valid for both capture methods. 
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We can see these trend for the capture in the chart 4.1. 

 

Chart 4.1: Capture work with variation of the initial concentration for ambient gas 

This happens because the more CO2 is present, the easier it is for the system to 

find and separate it. It is therefore obtained that the capture from exhaust gases is 

less energetically expensive than that from the environment. Paradoxically, to 

have an energetic advantage in capturing from the environment, concentrations in 

ppm should be higher, which however are not environmentally friendly. It should 

also be emphasized that in absolute terms, to capture the same amount of CO2, if 

this were the goal, it would be necessary to treat a greater amount of air in the case 

of capture from the environment as the concentration is lower. As explained in the 

thermodynamic section, the physical process is governed by the partial pressure 

of CO2, which starts from a certain initial value and must be brought to a certain 

final value according to the working conditions. In this case, the higher the initial 

partial pressure, the less work is required. 

• 2. In this second case, the capture percentage varies. In both cases, regardless of 

the initial concentration, the higher the quantity captured, the higher the work 
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required. This is because the more the percentage to be captured increases, the 

more expensive it becomes to separate all the molecules. This happens because to 

obtain the necessary work value it is necessary to consider all the flows and not 

just that of CO2. The difference between capture from flue gas and from 

environment is due to the fact that the initial concentration is different therefore 

the initial partial pressure is different. As in the first case, the capture from the 

environment turns out to be more expensive and needs to deal with larger 

incoming flows. We can see the trend in the chart 4.2. 

 

Chart 4.2: Capture work with variable percent capture 

• 3. In this case, the final purity and therefore the desired final partial pressure vary. 

In fact, the purer the final flow, the higher the need for necessary work. The same 

effect is observed between capture from the environment and from flue gas, with 

the latter having a higher partial pressure and therefore a lower required work. We 

can see the trend in the chart 4.3. The calculations are carried out while 
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maintaining a fixed capture rate, therefore the phenomenon described in case 2 

does not affect here. 

 

Chart 4.3: Capture work with variable output purity 

• 4. In the latter case, the particularity of wanting a quantity of CO2 fixed in the flow 

discharged into the environment leads to negative working values in the event that 

the inlet concentration is lower than the required discharge 300 ppm. This is 

because in such a situation it would be necessary to inject CO2 into the system 

instead of capturing it. For concentration values greater than 300 ppm, however, 

the behavior is exactly the same as in the other cases: the higher the initial 

concentration, the lower the work. Coherently, for initial concentration of 300 

ppm the work is zero because we have not to capture or inject CO2. We can see 
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the complete phenomenon in the chart 4.4 for both the capture cases. 

 

Chart 4.4: Capture work in case of fixed output for variable CO2 input 

This solution is generally not used, as it is preferred to consider capturing all the 

available CO2 or capturing a predetermined amount for one's own purposes. 

From a general point of view, we can say that the higher the initial concentration of CO2, 

the less work required for the capture with equal percentage of capture and purity at the 

outlet. This means it is more cost effective to capture CO2 from exhaust gases. The capture 

percentage shows that if the environment tolerated minimal quantities of CO2 it would be 

possible to use processes with lower capture percentages and therefore with less work. 

Likewise, the lower the purity of the outgoing CO2 stream, the less energy will be needed. 

However, at the present time, the end uses almost all foresee the use of pure CO2 flows, 

both because, as previously mentioned, costs are avoided later, and because some 

applications are not able to treat non-pure CO2 flows. In particular, this also happens for 

the artificial leaf, which treats an incoming pure CO2 stream. 
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However, in some situations the capture from the environment could be favorable because 

it can be done anywhere. Also, it is generally not necessary to treat the air before it flows 

into the system, which must be done for exhaust gases due to pollutants. From an 

energetic point of view, the comparison with direct capture is always inconvenient. It 

could be convenient in some situations if working in conditions of low output purity, 

around 5%, and low capture percentage. In case of outlet purity of 5% and percent capture 

of 50% we have to use about 10 𝑘𝐽

𝑚𝑜𝑙𝐶𝑂2

 of work to capture from the ambient (300 ppm). 

This value is comparable with the value of capture from flue gas produced by methane 

combustion (2-4% of CO2 in the gas) but with an output purity of 100%. This last solution 

is being studied, in fact there are analyzes in favor of the use of flows of this type through 

technologies that exploit microalgae [38]. 

In the following chapters we will assume to work with streams for the capture of high 

incoming CO2 - as exhaust gas - to use less energy. Furthermore, the goal for purity at the 

outlet is to reach 100% for integration with the artificial leaf. The capture percentage 

should be as high as possible to verify the effective functioning of the system. Finally, as 

the technology is under development, it is necessary to work with easily observable CO2 

concentrations for reasons of simplicity of application. 

4.4 Energy penalty  
 

As seen for the compression phase, also the capture phase represents a source of penalties 

on the efficiency of the plant or on the yield of the fossil fuel used. This is why it is 

necessary to use a renewable source for the capture phase in order not to increase the CO2 

released into the environment or the energy needed to capture it. To calculate the penalty 

represented by the capture phase, we consider to proceed in the same way as in paragraph 

3.2 for the compression phase. We directly assume the same energy cost calculated in that 

paragraph, equal to 1.17 𝑘𝑊ℎ𝑒

𝑘𝑔𝐶𝑂2
 if we consider producing electricity from a coal plant with 
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the same efficiency and the same emission factor. Now, considering to capture the CO2 

to send it to the artificial leaf, we need to have a pure CO2 flow (100% outlet purity). 

Furthermore, we consider to capture all the CO2 produced per unit of energy produced - 

as was done for compression - so that the capture percentage is equal to 100%. Assuming 

that the CO2 concentration in the flue gas is 16% and carrying out the same operations 

done previously, we obtain that the work per mole of CO2 captured is equal to 6.81 𝑘𝐽

𝑚𝑜𝑙𝐶𝑂2

. 

This value will be our reference for the future second-law efficiency calculations. Now, 

can convert the energy from kJ to kWhe and MJ and we can refer the obtained values to 

the CO2 mass unit with the following formulas: 

𝑤 [
𝑘𝑊ℎ𝑒

𝑘𝑔𝐶𝑂2

] = 𝑤 [
𝑘𝐽

𝑚𝑜𝑙𝐶𝑂2

] ∗
1

3600
[
𝑘𝑊ℎ𝑒

𝑘𝐽
] ∗

1000

𝜇
[
𝑚𝑜𝑙𝐶𝑂2

𝑘𝑔𝐶𝑂2

] 

( 4.  15 ) 

𝑤 [
𝑀𝐽

𝑘𝑔𝐶𝑂2

] = 𝑤 [
𝑘𝐽

𝑚𝑜𝑙𝐶𝑂2

] ∗
1

1000
[
𝑀𝐽

𝑘𝐽
] ∗

1000

𝜇
[
𝑚𝑜𝑙𝐶𝑂2

𝑘𝑔𝐶𝑂2

] 

( 4.  16 ) 

By substituting the data in the eq. 4.15 and 4.16, we obtain, respectively, an energy need 

of 0.043 𝑘𝑊ℎ𝑒

𝑘𝑔𝐶𝑂2

 and 0.155 𝑀𝐽

𝑘𝑔𝐶𝑂2

. Considering that the energy used for the capture phase is 

electricity, we can say that 0.043 kWh of energy to separate one kg of CO2 correspond to 

the 3.66% of energy that a coal plant produces for every kg of CO2 emitted. This is the 

minimum energy penalty that can be incurred and, as in the case of compression, it is 

necessary to stay as close as possible to these values in order not to further lower the 

efficiency of the systems. Overall, considering both capture and compression, there is a 

minimum penalty of about 11%. 
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5. Electrodialysis system 
 

After presenting the theoretical aspects of CO2 capture, we will experiment with one of 

the possible solutions. As anticipated in the previous chapters, our aim is to couple the 

capture of CO2 with the artificial leaf, also promoting the production of hydrogen. Before 

presenting the solution used, it is necessary to group together the reasons that led us to 

choose the solution to use: 

• Ambient pressure: the reduction cell works at ambient pressure; therefore, it is not 

necessary to have gas under pressure at the exit of the capture phase, saving 

energy. 

• Ambient temperature: in order not to use thermal sources and to work in the same 

environment with the photovoltaic cells and the reduction cell, it is necessary to 

adopt a solution that works at room temperature. 

• No presence of toxic agents: for reasons of safety and social impact of the artificial 

leaf, we prefer to work with solutions that use non-toxic substances. 

• Use of renewable sources: to ensure the carbon neutrality of the process it is 

necessary to use a renewable source as an energy source. 

• Coupling with the artificial leaf: the capture phase, as mentioned, must be coupled 

with the artificial leaf, so electrochemical solutions that resemble the CO2 

reduction process are preferred. 

This process, which involves the capture and release of CO2 in conjunction with the 

production of hydrogen, is well connected with the electrochemical process of 

electrodialysis of a salt. In fact, the latter meets our requirements: it works at ambient 

pressure and at room temperature, does not use toxic solvents and can be powered with a 

renewable source. Furthermore, the electrochemical process is easier to integrate with 

that already present in the leaf. To put this into practice, we took up the experiment done 
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by Nagasawa et Al. [40]. In this way, in addition to capturing CO2, we can also produce 

hydrogen.  

Last but not least, the solution chosen for the capture must minimize its energy cost as 

much as possible to be competitive with other existing solutions. In fact, as seen in 

paragraph 4.4, it is necessary to get as close as possible to a penalty of about 4%. In this 

sense, an analysis will be carried out in the following paragraphs. 

5.1 Operation 
 

The process used by Nagasawa consists of two phases: adsorption step and stripping step. 

Chemical adsorption, if present, consists in the capture of CO2 by a solution that has a 

good affinity with the CO2 itself. The stripping phase consists in the regeneration of the 

sorbent - to be reused for the capture phase - and in the simultaneous release of CO2 in 

concentrated form. This last phase is generally the most energetically expensive and, in 

our case, it takes place through an electrochemical reaction and not through heat or 

pressure treatments. The substance used for the absorption is sodium bicarbonate 

(NaHCO3) which can dissociate in Na+ and 𝐻𝐶𝑂3
− ions. Starting from the bicarbonate ion, 

to release CO2 it is necessary to produce carbonic acid by adding H+ ions. Then, further 

lowering the pH of the working ambient thanks to the presence of H+ ions, the carbonic 

acid dissociated in water and gaseous pure CO2. Globally, we have the following reactions 

– and concentration relations: 

𝑁𝑎𝐻𝐶𝑂3 ⇄ 𝑁𝑎+ + 𝐻𝐶𝑂3
− ≫ [𝑁𝑎𝐻𝐶𝑂3] = [𝐻𝐶𝑂3

−] 

𝐻𝐶𝑂3
− + 𝐻+ → 𝐻2𝐶𝑂3 ≫ [𝐻𝐶𝑂3

−] = [𝐻2𝐶𝑂3] 

𝐻2𝐶𝑂3 → 𝐻2𝑂 + 𝐶𝑂2 ≫ [𝐻2𝐶𝑂3] = [𝐶𝑂2] 

Considering to work with an aqueous solution, the bicarbonate ions become from the 

dissociation of the salt used - NaHCO3 – in solution, which has a slight basicity and, once 

it once has reacted and produced H2CO3, releases CO2 when in contact with acidic 
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substances. Hence, it is necessary to provide H+ ions and simultaneously separate the 

metal ions from the bicarbonate ones; anions and cations have to be put away in order to 

have not a recombination. This last process, called electrodialysis, is the energetically 

expensive part of the overall process, i.e. the stripping and regeneration phase. 

Electrodialysis consists of a process in which, once a potential difference is applied to the 

two ends of the cell, the positive and negative ions of the salt migrate, favored by the 

presence of anionic and cationic membranes that allow the passage of only a certain ion. 

The process for the production of H+ ions instead consists in the electrolysis of water, 

favored by the presence of a bipolar membrane. The cell arrangement can be four- or five-

chamber and can use anion-only, cation-only, or both membranes depending on the 

direction of the ions. The arrangement chosen is the one presented as most advantageous 

by Nagasawa. It consists of a four-chamber cell - as shown in the figure 5.1, in which the 

acidification of the solution occurs in the two central compartments with the release of 

CO2 in gaseous form. While in the outer two, the production of H+ ions, necessary for 

acidification, but also of OH- ions, necessary to retain the metal ions produced by 

electrodialysis, takes place. In particular, the cell used consists of the following parts: 

• Cathode electrode: negative electrode that attracts positive ions. It is composed of 

a platinum foil. 

• Chamber 2: an aqueous solution based on NaHCO3 circulates in this chamber, in 

which it has the sole purpose of increasing the electrical conductivity to move the 

ions. In this compartment, with the help of the bipolar membrane alongside, there 

is the presence of H+ ions which allow the production of hydrogen. In the 

Nagasawa case study this result was only a consequence of the need to have OH- 

ions in the adjacent chamber. In our case, this hydrogen produced is seen as a 

further product of the process, which is used for the production of syngas, as per 

the initial objective. 
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• Bipolar membrane BPM: this membrane carries out the water electrolysis 

producing H+ and OH-. The protons flow to chamber 2 and the hydroxyl ions to 

flow to chamber 4. 

• Chamber 4: this chamber is the solvent regeneration compartment. In fact, the OH- 

ions arrive in this chamber from the bipolar membrane and the Na ions from the 

cationic membrane that divides this chamber from chamber 3. In this compartment 

the two ions can combine to form sodium hydroxide (NaOH), which is able, 

eventually, to capture CO2 forming sodium bicarbonate. The latter is ready to 

restart the capture circuit. In this chamber NaCl – as electrolyte - is circulated, so 

as to allow good ionic conduction and to act as a buffer of Na+ ions. 

• Cathode Membrane CM: This membrane allows the passage of only one type of 

ions, the positive ones - in this case Na+. They will only move from chamber 3 to 

chamber 4. 

• Chamber 3: this is the feed compartment. A sorbent solution of NaHCO3 is 

introduced into this chamber. This solution, after the electrodialysis process, will 

release sodium ions that go towards chamber 4. The bicarbonate ion will react 

with the H+ ions coming from the right bipolar membrane to form H2O and CO2, 

releasing the latter in gaseous form. This chamber is therefore the one which 

releases the captured CO2 in concentrated form. 

• Bipolar membrane BPM: it works exactly like the previous one, releasing H+ ions 

towards chamber 3 and OH- ions towards chamber 1. 

• Chamber 1: this chamber works in the same way as chamber 2, except that it 

accepts OH- ions instead of H+ ions as in chamber 2. In this way, an excess of OH- 

ions remains in chamber 1, which allow the release of O2 into the environment. 

Despite oxygen is a by-product of the reactions present, it can be seen as a positive 

aspect, as in the overall process CO2 is captured and O2 is released. 
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• Anode electrode: positive electrode that attracts negative ions. A potential 

difference or current is applied between this electrode and the cathode electrode 

which allows the system to work. 

 

Figure 5.20: Basic configuration of the flow cell used (adapted from [40]). 

From an operational point of view, the experiments were carried out using a laboratory 

cell mounted according to the described scheme. Each chamber has an inlet and an outlet, 

with a flow moved by a pump. The recirculated volume of solution, for every 

compartment, was 50 mL. In this first experiment, the outlet of each compartment was 

connected to the inlet of the same chamber, so as to ensure a continuous rewinding. The 

tests, lasting three hours, consist in applying a fixed current to the cell, while returning 

the voltage, based on the internal resistance. To measure the effectiveness of the process, 

the pH inside the cell 4 is measured: it is neutral at the beginning and then gradually 

becomes more basic with the continuous formation of NaOH. We can see the setup in the 

figure 5.2. 
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Figure 5.21: Setup of the electrodialysis system 

In this case, the CO2 to be captured is that present in the sodium bicarbonate, as there is 

no external input of CO2 that regenerates the salt. To measure the quantity of CO2 

captured, it is sufficient to measure the concentration of OH- ions present at the end of 

the measurement, compared to the initial ones, in the flow container of chamber 4. 

Considering the concentration of OH- we can say that it, net of losses of non-measurable 

recombination, is equal to the concentration of CO2 released. This is because the 

concentration of OH- ions is equal to the concentration of Na+ ions present to form NaOH. 

In turn, the concentration of the Na+ ions present derives from the electrodialysis process 

that took place in chamber 3, so the concentration of Na+ ions is equal to that of the 𝐻𝐶𝑂3
− 

ions present in chamber 3. This can be observed through the following formula: 

𝑁𝑎+ + 𝑂𝐻− → 𝑁𝑎𝑂𝐻 ≫ [𝑂𝐻−] = [𝑁𝑎+] 

𝑁𝑎𝐻𝐶𝑂3 → 𝑁𝑎+ + 𝐻𝐶𝑂3
− ≫ [𝑁𝑎+] = [𝐻𝐶𝑂3

−] 

Considering the reactions shown at the beginning of the chapter, we can therefore state 

that the final concentration of CO2 released is equal to that of the bicarbonate ion, which 
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in turn is equal to that of the measured OH- ion. Moreover, the final concentration of CO2 

released is equal to the concentration of the produced H+ ions, in the same way of OH- 

ions. This is affirmable since the stoichiometric coefficients of the reactions are all equal 

to 1. To measure the concentration difference of OH- ions, the pH of the solution is 

measured, and then the following formulas are used: 

𝑝𝐻 = 14 − 𝑝𝑂𝐻 

𝑝𝑂𝐻 = −𝐿𝑜𝑔[𝑂𝐻−] 

𝛥[𝑂𝐻−] = [𝑂𝐻−]𝐹𝐼𝑁 − [𝑂𝐻−]𝐼𝑁 = 10−𝑝𝑂𝐻𝐹𝐼𝑁 − 10−𝑝𝑂𝐻𝐼𝑁

= 10𝑝𝐻𝐹𝐼𝑁−14 − 10𝑝𝐻𝐼𝑁−14 

( 5. 1 ) 

From this we have the difference Δ of OH- ions, which is equal to the concentration of 

CO2 [𝐶𝑂2] released in moles per liter of the initial solution in which the pH is measured: 

𝛥[𝑂𝐻−] = [𝐶𝑂2] 

( 5. 2 ) 

Considering a certain volume Vol, that is the volume of the recirculated flow, we can 

obtain the number of moles obtained with the following formula: 

𝐶𝑂2𝑚𝑜𝑙[𝑚𝑜𝑙𝐶𝑂2
] = [𝐶𝑂2] [

𝑚𝑜𝑙𝐶𝑂2

𝑙
] ∗ 𝑉𝑜𝑙[𝑙] 

( 5. 3 ) 

From the energetic point of view, the theory foresees that the necessary work is 0.8 𝑀𝐽

𝑘𝑔𝐶𝑂2

, 

equal to 35.2 𝑘𝐽

𝑚𝑜𝑙𝐶𝑂2

, for this system, based on alkaline carbonate solution [40]. The 

energy penalty for the theory value is 18.9% (eq. 3.3) and the second-law efficiency, with 

respect to the thermodynamic energy value (0.155 𝑀𝐽

𝑘𝑔𝐶𝑂2

), is 19.4% (eq. 4.14). However, 

the real work will be higher due to losses and irreversibility. During the experiment, a 
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constant current is applied all the time, while the potentiostat used returns the voltage 

between the two electrodes of the cell. From the voltage V, the current density j and the 

area A, considering average values, it is possible to calculate the average power applied 

with the following formula: 

𝑃[𝑊] = 𝑗 [
𝐴

𝑚2
] ∗ 𝑉[𝑉] ∗ 𝐴[𝑚2] 

( 5. 4 ) 

From this, considering a time t of the experiment, it is possible to calculate the energy 

used with the following formula: 

𝐸[𝐽] = 𝑃[𝑊] ∗ 𝑡[𝑠]  

( 5. 5 ) 

Finally, having obtained the real energy used and the amount of CO2 captured in the same 

period, it is possible to calculate the work w required for the capture per unit of CO2 with 

the following formula: 

𝑤[
𝐽

𝑚𝑜𝑙𝐶𝑂2

] =
𝐸[𝐽]

𝐶𝑂2𝑚𝑜𝑙[𝑚𝑜𝑙𝐶𝑂2
]
 

( 5. 6 ) 

5.1.1 Instrumentation 
 

To build the system, an "ElectroCell, Micro Flow Cell" electrochemical reactor, with 

electrodes having an area of 0.001m2, was used.  The bipolar membranes are fumasep 

FBM (FumaTech), while the proton membrane is Nafion Membrane N117 (Sigma-

Aldrich). The catalysts, placed at both ends, are of Platinum. For the recirculation of the 

solution inside the four chambers of the cell a peristaltic pump Peri-Star Pro (WPI) is 

used. The current is provided by a source measure unit 2635A (Keithley), that also permit 

to perform the voltage acquisition. The control and measurement of the gas mixtures 
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entering - N2 and CO2 - and exiting - CO2, H2 and O2 - from the system are made by EL-

FLOW select (Bronkhorst) mass flow controllers/meters. The reagents NaHCO3, 99.5% 

(Sigma-Aldrich) and NaCl, 99.5% (Sigma-Aldrich) were used for the solutions, 

dissolving them in distilled water. The gases used are taken from Nippon Gases Rivoira 

cylinders. In figure 5.3 it is possible to see the exploded diagram of the flow cell used. 

Specifically, it is composed of gaskets (yellow rows) to prevent the escape of gases and 

liquids, of the frames that constitute the chambers, of the membranes, and of the 

electrodes. In figure we can see also the pathway of fluids inside the cell. 

 

Figure 5.22:Exploded scheme of Micro Flow Cell 

 

5.2 Optimization 
 

Before calculating the figures-of-merit described in the previous paragraph, we 

performed an optimization of the system parameters. The purpose of this optimization is 

to find a trade-off between the amount of CO2 captured, the energy and the chemicals 



70 
 

used. To carry out the analysis we repeated the same experiment several times by varying 

the characteristic of interest while keeping the other variables constant. The factors that 

have been made to vary are: 

1. Current density applied to the cell 

2. Speed of movement of the flow by pump 

3. Concentration of NaHCO3 and NaCl. 

The starting point of these factors are taken from the work of Nagasawa: 170 mA 

(corresponding to a current density of 17 𝑚𝐴

𝑐𝑚2
), 0.1M NaCl and 0.8M NaHCO3. For the 

speed of the pump, since our equipment does not allow to follow the value of the existing 

work, we have assumed 10 𝑚𝑙

𝑚𝑖𝑛
 as starting point. In the next subsections the results of the 

three cases mentioned above are shown and discussed. It is necessary to remember that, 

in general, the pH has a logarithmic trend, so at the beginning it rises very quickly and 

then settles over time, even if the reactions continue to take place. Furthermore, the 

voltage is not immediately constant, as there is always a transient at the beginning. After 

a few minutes it stabilizes, even if some sporadic peaks may be present due to a few brief 

interruptions in flow. 

5.2.1 Effect of current 
 

In this first case, four tests were made, with currents equal to 85 – 170 – 255 – 340 mA. 

The following graphs show the results for pH over time - figure 5.4 - and for voltage V 

over time – figure 5.5. The following table - table 5.1 - shows the average voltage values 

obtained and the final pH values for each experiment. 
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Figure 5.23 - pH versus time: current variation 

 

Figure 5.24 - Voltage versus time: current variation 
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Current [mA] Voltage [V] pH [-] 

85 5.31 12.49 

170 6.12 12.67 

255 6.84 12.83 

340 7.57 12.78 
Table 5.1 - Summary values: current variation 

From the graphs we can obviously see that for an increase in the current there is an 

increase in the voltage. The pH also increases with increasing applied current, but for 

currents equal to 255 and 340 mA there is no longer a substantial difference, highlighted 

by the superimposition of the curves. Therefore, a current equal to 255 mA will be 

considered as optimal, which guarantees the best result - higher pH - with less energy. 

5.2.2 Effect of flow rate 
 

In this case, only the speed of the fluid was varied thanks to the pump, to observe the final 

pH - figure 5.6 and if there were differences in the voltage value returned - figure 5.7. 

Table 5.2 shows the summarized results. 
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Figure 5.6 - pH versus time: flowrate variation 

 

Figure 5.7 - Voltage versus time: flowrate variation 
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Flowrate [ 𝑚𝑙

𝑚𝑖𝑛
] Voltage [V] pH [-] 

5 6.04 12.67 

10 6.12 12.63 

15 6.16 12.57 

20 6.13 12.69 
Table 5.2 - Summary values: flowrate variation 

From the results, we can see that the flow does not substantially impact the final result. 

The voltage remains constant, while the pH varies slightly without a definite trend. 

However, to have a sufficient pressure at the outlet it is convenient to maintain an average 

flow of 10 𝑚𝑙

𝑚𝑖𝑛
. With higher speed the problem was that the pump tubes tended to break. 

5.2.3 Effect of electrolyte concentrations 
 

In the latter case, the concentrations of the solutions were varied - the concentration of 

NaCl with 0.1M, 0.2M and 0.5M values, while that of NaHCO3 with 0.8M and 1.2M 

values. As in the previous cases, the pH - figure 5.8 - and the voltage - figure 5.9 were 

evaluated. In table 5.3 the final results can be seen. 
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Figure 5.8 - pH versus time: concentrations variations 

 

Figure 5.9 - Voltage versus time: concentrations variations 
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NaCl [M] NaHCO3 [M] Voltage [V] pH [-] 

0.1 0.8 6.12 12.67 

0.2 0.8 6.07 12.63 

0.5 0.8 5.93 12.57 

0.1 1.2 5.78 12.69 
Table 5.3 - Summary values: concentrations variations 

For voltage, the trend seems to show lower values in case of higher concentrations. This 

is because if the salt concentration is greater, the resistance of the solution is lower and 

the voltage drops. From the point of view of the pH there are no substantial differences. 

However, there are minimal differences that allow us to say that the system works better 

with low concentrations, equal to 0.1M for NaCl and 0.8M for NaHCO3. 

At the end of the optimization analysis, we can summarize with table 5.4 the values of 

the test chosen as the best. These values have been chosen considering a trade-off between 

the energy used - considering, with the same current, the voltage - and the CO2 produced 

- considering the pH. 

Current 

[mA] 

Voltage  

[V] 

Flowrate 

[mL/min] 

NaCl  

[M] 

NaHCO3 

[M] 

pH  

[-] 

255 6.84 10 0.1 0.8 12.83 
Table 5.4 - Results of the best optimization 

From the results it is observed that the only parameter to vary, compared to Nagasawa's 

work, is the current, which in this case increases. This is due to the fact that a higher 

current increases the number of electrons available to react, thus reducing, in proportion, 

the internal losses of the cell. 

5.3 Results 
 

From the values obtained from the optimization - table 5.4 - it is possible to calculate the 

parameters described in paragraph 5.1. First of all, the concentration of released OH- ions 
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is 0.0676 
𝑚𝑜𝑙

𝐿
 (eq. 5.1) - considering an initial neutral pH, equal to 7 - which is equal to 

the concentration of CO2 released. Now, considering that, as mentioned, the quantity 

obtained is equal to the concentration of CO2 released, it is possible to calculate the 

quantity of moles of CO2 released, equal to 0.00338 𝑚𝑜𝑙𝐶𝑂2
(eq. 5.3), considering a 

volume of fluid equal to 50 mL, as presented in paragraph 5.1. Next, we consider the 

current I as the product between the applied current density J and the area of interest and 

we calculate, considering the average voltage V obtained, the instantaneous power 

applied by the potentiostat, that results in 1.744 W (eq 5.4). Then, considering to work 

for a time equal to 3 hours – 10800 s - the energy used by the process is 18.84 kJ (eq. 

5.5). Finally, it is possible to calculate the specific energy per unit of mole of CO2 

captured in this process, that is 127 𝑀𝐽

𝑘𝑔𝐶𝑂2

  (eq. 5.6). 

Now, it is possible to compare the result obtained with theory. The theoretical energy 

needed to capture CO2 from systems working with alkaline carbonate solution is equal to 

0.8 𝑀𝐽

𝑘𝑔𝐶𝑂2

 - as already reported in paragraph 5.1. The latter value consists of the 

electrochemical energy needed to develop the expected chemical reactions. The 

theoretical thermodynamic energy, on the other hand, is not a good comparison in this 

case as we work directly with a NaHCO3 solution without using any gas flow, therefore 

not knowing the composition of the mixture from which the CO2 that formed the salt was 

taken. Furthermore, thermodynamically speaking, if the CO2 concentration of the gas 

used to produce the salt were 100%, the necessary work would be zero. Nagasawa, in his 

work, obtains a value in the order of 7-8 𝑀𝐽

𝑘𝑔𝐶𝑂2

, which turns out to be an abundant order 

of magnitude less than the value we obtained. This can be explained by a number of 

reasons: 

• Time: the time taken for the tests in literature is 60 minutes, one third of ours. This 

is because we have tried to reach a pH value higher than what we obtained with 

tests of one hour. In fact, as can be seen in figure 5.8, the pH continues to rise over 
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time, creating a plateau only towards the end of the experiment when the salt 

present in the solution was almost completely consumed. 

• Current: Nagasawa's applied current was 177 mA, while our optimum was 255 

mA, 50% more. We used a higher current because the output obtained was higher. 

Consistent with the theory, applying a greater current the power used is greater, 

but this aspect will be checked later thanks to our optimization. 

• Stack: the cell used in literature is composed of 10 units in series for 

electrodialysis. In this way, the flow is better exploited over time and the losses, 

in percentage, due to the electrode chambers, in which H2 and O2 are produced, 

are less than our system consisting of only 2 units for electrodialysis. Furthermore, 

the electrochemical cell used in the literature has a gaseous fluid in chambers 1 

and 2 - those in contact with the electrodes - for which the ohmic losses are 

negligible. It follows that the energy of our system, which uses a liquid fluid in 

those chambers, is greater. 

• Final pH: thanks to the precautions described in the previous points, the final pH 

obtained in Nagasawa's work is both higher and achieved in a shorter time. This 

causes the system to be more efficient, leading to a lower required energy value 

per unit of CO2. 

Considering these aspects, it is possible to treat the data in such a way as to have a result 

that is better comparable to the literature data from an energy point of view. First of all, 

we will consider working in 60 minutes as well. In this way the final pH to be considered, 

according to figure 5.4, is equal to 12.67, obtaining an energy need (eq 5.6) equal to 61 
𝑀𝐽

𝑘𝑔𝐶𝑂2

, our reference value for this paragraph. Furthermore, also considering that our 

system works with liquid in chambers 1 and 2, it is possible to subtract the resulting ohmic 

losses from the final voltage. To do this, it is considered that the ohmic loss ΔV is 

calculated with the following formula: 
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𝛥𝑉[𝑉] = 𝐼[𝐴] ∗ 𝑅[𝑂ℎ𝑚] 

( 5. 7 ) 

Where I is the current applied to the cell and R is the resistance due to the presence of the 

solution in the chamber. In particular, R can be calculated using the following formula: 

𝑅[𝑂ℎ𝑚] = 𝜌[𝑂ℎ𝑚 ∗ 𝑚] ∗
𝑙[𝑚]

𝑆[𝑚2]
 

( 5. 8 ) 

Where 𝜌 is the specific resistivity of the solution, in this case 0.8M NaHCO3 and equal 

to 0.2299 𝑚
𝑆

 or 0.2299 𝑂ℎ𝑚 ∗ 𝑚 (This value is taken experimentally with a conductivity-

meter). S is the section, in this case the area of the chamber, equal to 10 cm2 and l is the 

length of the section considered, in our case the thickness of the chamber, equal to 2 mm. 

From these values we obtain R (eq. 5.8) equal to 0.46 Ohm. Considering to always work 

with a current equal to 255 mA, a ΔV, considering the presence of two chambers, equal 

to 0.23 V is obtained (eq. 5.9). The new voltage to be considered in this case is therefore 

the difference between the previous one (6.84 V) minus the difference just obtained, 

resulting in 6.61 V. Applying again the formulas described in chapter 5.1 and considering 

a new time of 60 mins, an energy value (eq. 5.6) equal to 59 𝑀𝐽

𝑘𝑔𝐶𝑂2

 is obtained. This value 

is of an order of magnitude lower than the previous one obtained, thus becoming more 

comparable to the value obtained in the literature, although the differences remain 

evident, mostly due to the number of layers and a better optimization of the cell. 

To obtain a more comparable value based on the same parameters used by Nagasawa, it 

is possible to consider the case of operation always in 60 minutes but with current equal 

to 170 mA. In this condition there is a pH equal to 12.44 and a voltage of 6.12 V, that 

became 5.89 V considering the losses due to the fluid in the chambers 1 and 2 as before. 

By repeating the same reasoning above, an energy value (eq. 5.6) equal to 89 𝑀𝐽

𝑘𝑔𝐶𝑂2

 is 
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obtained. This result means that we have actually increased the efficiency of our system 

by increasing the current. 

Ultimately, under the conditions present in this last analysis, it is still possible to consider 

subtracting the energy used by the two electrode compartments (chamber 1 and 2) for the 

electrolysis of water – so, the production of hydrogen. In the absence of a real value, we 

will consider the theoretical minimum necessary value equal to 1.23 V for electrolysis 

[41]. Considering that there are two membranes, the value of 2.46 V is subtracted from 

the 6.61 V (case of 255 mA, 60 mins and considering ohmic losses) calculated previously, 

obtaining a necessary energy (eq. 5.6) equal to 37 𝑀𝐽

𝑘𝑔𝐶𝑂2

, always in 60 mins. This value, 

however, must be compared to the value obtained by Nagasawa, who likewise did not 

consider the energy used by the two membranes. He estimates that the energy used for 

electrolysis is 20% of the total [40], while in our case it is 37%. The difference, as 

explained above, lies in the fact that in our case this slice of energy is proportionally 

heavier given the presence of only two chambers for electrodialysis, which optimize 

operation less. However, the energy value to be considered for the system is the one that 

also takes all these losses into account. 

 

Finally, it is important to underline that once the NaHCO3 present in the system is 

exhausted, it ceases to function, as there are no more CO2 molecules to be released. In 

fact, the value of pH in time from a certain point tends to become very stable. So, we can 

consider to do the experiments considering to work in 90 mins in the following chapter. 

This value is the right compromise between the need of energy and the consumption of 

the reagent. Furthermore, this system does not consider the introduction of a gaseous CO2 

flow to be captured, but merely separates the one already presents in the sodium 

bicarbonate. These are the starting points of the next chapter, in which we will try to 

modify the system in such a way as to make up for these two shortcomings. In the end, 

considering the theoretical value of penalty for the capture obtained in paragraph 4.4, we 
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can say that our system is not yet competitive as the real energy value obtained is at least 

one order of magnitude higher. In fact, considering our energy need of 61 𝑀𝐽

𝑘𝑔𝐶𝑂2

, we have 

an energy penalty of 1442% (eq. 3.3) and a second-law efficiency of 0.254% (eq. 4.14). 
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6. Continuous CO2 capture  
 

As will be analyzed in this chapter, the goal was to experiment with a solution to be able 

to work with the system described in the previous chapter continuously over time, in order 

to have a self-sustaining capture system. The principle of continuous work consists in 

introducing an external CO2 flow that regenerates the system. As always, our system must 

meet the same requirements already described in paragraph 5. In fact, the use of high 

temperature operating principles and the use of toxic substances will be avoided, trying 

to make the system as advantageous as possible from the economic and energetic points 

of view. The chapter will present the set-up of the system, its composition and the tests 

carried out for its optimization. In particular, the system has been optimized so that it can 

be coupled with an existing electrochemical reduction system that will use our outlet CO2 

flow - as will be described in the next chapter. The CO2 captured flow, therefore, has to 

be separated from the outlet flow of chamber 3 (liquid-gas mixture) and conveyed to the 

following system. Finally, after having optimized the system, its operation will be tested 

over time employing a gaseous fluid simulating an exhausted gas. 

6.1 Operation 
 

As previously introduced, the purpose of the system is to allow the electrodialysis system 

to work continuously and to capture the CO2 from a gaseous mixture. In the first place, 

we tried to make the system able to work over time without discharging. In fact, in the 

system described in the previous chapter, once all the NaHCO3 present in the circuit of 

chamber 3 had been consumed, the system was running out. Therefore, in this case a 

change has been made to the system set-up, in order to allow the regeneration of the fluid 

entering the chamber 3, in which the CO2 is separated, measured and conveyed to another 

system. In this experimental setup a peristaltic pump MCP (Ismatec) was used as the one 
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used previously broke the tubes beyond speeds of 10 𝑚𝐿

𝑚𝑖𝑛
. The new set-up can be seen in 

the figure 6.1.  

 

Figure 6.25: Scheme of the capture cell with regeneration of NaHCO3 and injection of flue gas. 

As can be seen from the figure, it was decided to connect the exit of chamber 4 to the 

entrance to chamber 3. In this way, in inlet to chamber 3 a gaseous mixture containing 

CO2 (flue gas simulated with N2 and CO2, controlled with a mass flow meter) was put 

that can regenerate the solvent according to the following reaction: 

𝑁𝑎𝑂𝐻 + 𝐶𝑂2  →  𝑁𝑎𝐻𝐶𝑂3 

The CO2 involved in the reaction is the one captured from the system. In this way, at the 

inlet of chamber 3 there is always NaHCO3 which no longer runs out but is regenerated 

as long as there is an external flow of CO2. Similarly, the flow out of chamber 3 is sent 

to the inlet of chamber 4, so as not to have an imbalance in the quantity of circulating 

fluid and so as to be able to capture and concentrate the gaseous CO2 emitted by the 

chamber without colliding with the CO2 flow entering the same chamber. To do this, 



84 
 

before entering chamber 4, a simple liquid gas phase separator was created, in which the 

mixture coming from chamber 3 can be separated from the CO2 produced, and therefore 

captured, simply through a vent located in the upper end of the separator. The rest of the 

system has remained unchanged and, as in the previous case, there is always the 

production of H2 in chamber 2 and of O2 in chamber 1. Hydrogen can be used in the final 

mixture as a reusable product, while oxygen released in environment can contribute to 

the reduction of the greenhouse effect. Also the components and the instrumentations 

utilized have remained the same as those used in the previous chapter. The tests presented 

in this chapter consist in applying a current to the cell set as described above. Thanks to 

the applied power, the reactions described in the previous chapter are carried out, which 

work continuously thanks to the regeneration obtained with the incoming flow of CO2. 

Consequently, the flow of CO2 released after the phase separation system is measured 

with the flow meter. Given the simultaneous production of O2 and H2 they were also 

measured. The following paragraph will provide the results of the optimization made on 

the working parameters. 

6.2 Optimization 
 

The purpose of the optimizations in this paragraph was to increase the captured CO2 outlet 

flow, in order to subsequently couple this system with the reduction one. All experiments 

were performed in ambient conditions and lasted 90 minutes. Moreover, all tests were 

carried out at least twice in order to guarantee the repeatability of the results. 

 The following parameters have been optimized: current, pump speed and the inlet 

regeneration flow. In this first series, the incoming flow is pure CO2. 

• Current effects 

The effects of varying the applied current were explored first. The voltage and flow of 

CO2 captured over time were evaluated. Still considering to work with an electrode area 
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equal to 0.001 m2, currents equal to 0.25 A, 0.5 A, 0.75 A, 1 A were applied. We can see 

the voltage behavior in figure 6.2a and the average CO2 outflow – in 90 mins - in figure 

6.2b. All tests were carried out with an inlet CO2 flow of 20 
𝑚𝐿

𝑚𝑖𝑛
 and a pump speed of 1 

𝑚𝐿

𝑚𝑖𝑛
. 

 

Figure 6.26a: Effect of current on voltage in time 

 

Figure 6.2b: Effect of current on CO2 outlet flow rate 
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As expected, in figure 6.2a we can observe that the voltages turn out to be constant over 

time, a sign that the experiments are stable, regardless of the current. Furthermore, it drops 

with the descent of the applied current, as per the physical law. In particular, as can be 

seen in Figure 6.2b, for low currents the average output flux is lower since the extent of 

reactions that occur is fewer. In addition, the trend is not linear. Given these results, we 

will work with 1 A. 

• Pump flow rate effects 

The pump flow rate controls the circulation of fluids in the pump, allowing both the 

electrodialysis phase and the regeneration phase of the sorbent, leading to continuous 

reactions that are constant over time. In figure 6.3 it is possible to observe the optimization 

made on this parameter, analyzing the pump speed such as to have 0.25, 1, 3 and 5 𝑚𝐿

𝑚𝑖𝑛
 of 

pump flow, in order to have a higher average CO2 output. All measurements were made 

by applying a 1 A of current and introducing a CO2 flow equal to 20 𝑚𝐿

𝑚𝑖𝑛
. 

 

Figure 6.27: Pump flow rate effect on CO2 outlet flow rate 

As can be seen from the figure, a maximum output flow is obtained with a pump flow of 

1 𝑚𝐿

𝑚𝑖𝑛
. This happens because probably the speed is such as to allow the cell to exploit the 
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fluid inside it with sufficient time, thanks to the type of fluid dynamic motion formed. In 

fact, with a higher flow it seems that the cell does not have time to develop a consistent 

number of reactions, probably due to a too turbulent flow. While, with too low velocities 

the fluid exchange available for new reactions seems to be insufficient. 

• CO2 inlet flow rate effect 

Finally, the amount of incoming CO2 was optimized, analyzing flows equal to 0, 5, 10 

and 20 𝑚𝐿

𝑚𝑖𝑛
. In this regard, both the average quantity of CO2 in output and the percentage 

captured were measured. These values can be observed in figure 6.4, which presents the 

CO2 output values on the ordinates and the percentage value of CO2 captured above each 

column. This last parameter is calculated with the following formula: 

𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 =
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 [ 

𝑚𝐿
𝑚𝑖𝑛]

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑛𝑙𝑒𝑡 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 [ 
𝑚𝐿
𝑚𝑖𝑛]

 

( 6. 1 ) 

 

 

Figure 6.28: Effect of CO2 inlet flow rate on CO2 outlet flow rate and percentage of capture 
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First of all, it is important to underline that initially the CO2 released is the one present in 

the starting NaHCO3 solution, which is why even with zero CO2 input flow the quantity 

captured is not zero. This quantity is in any case the lowest among those obtained, a sign 

that the reaction is running out and in the other cases, in which CO2 is introduced, the 

solution is actually regenerated. Considering the percentage of capture it is observed that 

for incoming CO2 flows equal to 10 𝑚𝐿

𝑚𝑖𝑛
 and 5 𝑚𝐿

𝑚𝑖𝑛
 there are respectively 45% and 91% of 

capture (eq. 6.1), while for 20 𝑚𝐿

𝑚𝑖𝑛
 there is only 32%. However, it is necessary to 

remember that in our case the quantity of absolute CO2 produced that will be used in the 

coupled capture/reduction system is important, which is why we decided to work with an 

inlet flow of 20 𝑚𝐿

𝑚𝑖𝑛
, to the detriment of the percentage captured. The average CO2 outflow 

is greater by increasing the incoming CO2 as probably, even if the capture is lower in 

percentage, a greater flow is able to mix better with the solution, regenerating a greater 

quantity. 

6.2.1 Interpolation 
 

At the end of this optimization, the parameters considered ideal for the system are 

therefore current equal to 1 A, flow imposed by the pump equal to 1 𝑚𝐿

𝑚𝑖𝑛
 and CO2 inlet 

flow equal to 20 𝑚𝐿

𝑚𝑖𝑛
. To better represent the results obtained, all the tests were grouped 

and represented in a MATLAB interpolation graph, as shown in figure 6.5. It shows the 

parameters optimized as a function of the amount of CO2 output, our target, in the form 

of a curve. The curve is the result of the interpolation of the experimental data - the blue 

points. Furthermore, it considers to always work at a current equal to 1 A, since as noted 

above, if the current is increased, the output flux increases. 
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Figure 6.29: interpolation of the optimization results with MATLAB 

As previously introduced, it is possible to observe the behavior of the pump speed and 

the incoming CO2 flow. It is observed that the zone that tends to the maximum, the yellow 

one, coincides with the zone in which we have chosen our work point, which maximizes 

the flow of CO2 captured at the outlet. 

6.2.2 Typical test 
 

This paragraph shows the results over time - 1.30 hours - of a typical test, carried out with 

the optimized parameters found previously: constant current equal to 1 A, constant flow 

applied by the pump equal to 1 𝑚𝐿

𝑚𝑖𝑛
 and pure CO2 introduced equal to 20 𝑚𝐿

𝑚𝑖𝑛
. In figure 

6.6a it is possible to observe the trend of CO2, H2 and O2 productions over time, together 

with the voltage. In figure 6.6b, on the other hand, it is possible to observe the increase 

in production of the same gases over time, obtaining the total quantity released by the 

system at the final instant of time. 
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Figure 6.30a: CO2, H2, O2 outlet flow rate and voltage in typical test 

 

Figure 6.6b: CO2, H2 and O2 produced in time 

From figure 6.6a we can see the stability of the optimized test in 90 minutes. In fact, the 

voltage – with an average value of 12.4 V - rises a little, due to the mixing of the solutions, 

without presenting peaks. The same happens for gases, which remain stable over time. 

Thanks to this result it will be possible to couple the reduction system. The curves of the 

gases produced, in figure 6.6b, are sufficiently linear and monotonous, demonstrating that 

the system works in a constant and correct manner over time. As regards the two 

energetically useful products - CO2 and H2 - we can say that for CO2 in a typical test the 

quantity captured is equal to 32-33%, given by the ratio between the final captured value 
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- 584 mL - and the total flow introduced over time – 20 𝑚𝐿

𝑚𝑖𝑛
 per 90 mins. Since we have 

observed that CO2 regenerates the solvent, we can consider excluding the amount of CO2 

supplied by NaHCO3 as at the end of the experiment this chemical, having been 

regenerated, will be present in the same quantity. While for hydrogen we can compare 

our value with respect to the theoretical production – in number of moles per second, that 

in these conditions can be calculated with the following formula, deriving from Nernst 

equation [42]: 

𝑛𝐻2
[
𝑚𝑜𝑙𝐻2

𝑠
] =

𝐼[𝐴]

𝑍𝐻2
[−] ∗ 𝐹 [

𝐶
𝑚𝑜𝑙

]
 

( 6. 2 ) 

In which I is the current - equal to 1A, 𝑍𝐻2
 is the number of electrons involved in the 

reaction - 2 for hydrogen - and F is the faradic constant, equal to 96485 𝐶

𝑚𝑜𝑙
. With our 

values, the theoretical production would therefore be 5.18E-6 𝑚𝑜𝑙

𝑠
 (eq. 6.2), equal to 684.6 

mL in 90 minutes. From graph 7.5b we can see that our value is equal to 430 mL, which 

leads to a theoretical capture efficiency: 

theoretical capture efficiency η =  
𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 [𝑚𝐿]

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑐𝑎𝑝𝑡𝑢𝑟𝑎𝑏𝑙𝑒 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦[𝑚𝐿]
 

( 6. 3 ) 

Substituting the values, we obtain a result of 63%. This means that there are faradic losses, 

which if decreased can lead to better efficiency. The best efficiency is necessary since, as 

seen in the previous chapter, each H+ ion produced corresponds to a released CO2 

molecule. This means that given the presence of two H+ ions inside the hydrogen 

molecule, theoretically 1369.2 mL of CO2 could be released in an hour and a half. This is 

the maximum production value. From the experimental value obtained, 584 mL, we 

obtain a theoretical capture efficiency of 43% (eq. 6.3). This is due to the fact that there 
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are faradic losses and ionic losses across the membranes involved. The efficiency value 

is similar to the one obtained by Nagasawa, so the system works correctly. In the end, if 

we could guarantee 100% efficiency, the optimal regeneration CO2 flow would be 15.2 
𝑚𝐿

𝑚𝑖𝑛
. Thus, maximum capture efficiency can be achieved while not capturing all of the 

incoming flow, which can be in excess. 

From the energetic point of view, it is possible to repeat the same arguments made in the 

previous chapter. The difference is that in this case it is not necessary to go through the 

pH of the solution to calculate the amount of CO2 produced, but it is sufficient to use the 

value obtained from the gas flow meter. First of all, using the values obtained in this 

stability test as a reference, the energy used in the process results in 66.96 kJ (eq. 5.5). 

Considering the greenhouse gas captured, it is possible to obtain the energy required per 

unit of CO2 produced, that is 58.4 𝑀𝐽

𝑘𝑔𝐶𝑂2

 (eq. 5.6). Neglecting the potential drop due to the 

presence of liquid in chambers 1 and 2 - equal to 0.92 V calculated as in the previous 

chapter (eq. 5.7) - an energy value equal to 54.1 𝑀𝐽

𝑘𝑔𝐶𝑂2

 is obtained (eq. 5.6). This value, 

therefore, is similar that obtained in the previous chapter (61 𝑀𝐽

𝑘𝑔𝐶𝑂2

), without a continuous 

loop. This means that our system appears to be functioning correctly. Furthermore, by 

optimizing the previous system, this will also benefit from the same improvements. 

Considering to neglect the energy necessary for the electrolysis of the water in chambers 

1 and 2 - always 2.46 V, an energy value equal to 42.5 𝑀𝐽

𝑘𝑔𝐶𝑂2

 is obtained (eq. 5.6). In this 

case the energy required for electrolysis represents only 21% of the total energy used, 

similarly to Nagasawa (20%) [40]. 
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6.2.3 Stability test 
 

This section shows the result of a typical test, carried out with optimized parameters 

(current equal to 1 A, pump flow rate 1 𝑚𝐿

𝑚𝑖𝑛
 and CO2 inlet flow rate 20 𝑚𝐿

𝑚𝑖𝑛
), for a time of 

8 hours, in order to verify the stability of the capture system over time. Figure 6.7 shows 

the results achieved in terms of voltage, outlet flow rate and the composition of the latter. 

 

Figure 6.7: Stability test 

From this, we can observe that the system works correctly and constantly for at least 8 

hours. In fact, the voltage remains constant for all the time after a short initial settling 

phase, due to the hydraulic mixing of the chemicals flowing in the chambers 3 and 4, 

caused by the crossing of the outlets in the external tanks. As regards the flow of CO2, as 

already mentioned above, at the beginning the captured CO2 is that supplied by the 

electrodialysis of the NaHCO3 solution, while subsequently this solution is regenerated 

and the captured CO2 is part of the incoming one. This situation is maintained over time, 

a sign that the system works and the solution is regenerated, otherwise the CO2 flow 

would decrease over time, while instead it becomes constant. Ultimately, after 1.30 hours 

the CO2 percentage of the outflow is 98% and remains constant over time. This means 

that before coupling the system with the reduction system it is necessary to wait this time 

to be sure of having pure CO2 at its entrance. This time is due to the fact that from the 
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start of the experiment it takes some time before the whole system is 'clean' of the air 

present. Finally, it is important to underline that the purity of the outflow is not 100% as 

there are minimal losses between the chambers, so there are traces of other elements. This 

test provides us the information that the system is able to work in a constant way for a 

long time. 

6.3 Flue gas simulation 
 

After optimizing the capture system and observing its operation over time, it is necessary 

to simulate the actual capture from exhaust gases. To do this, we have added nitrogen in 

the regeneration gas flow introduced into the system, which up to now has always been 

made up of pure CO2. Thanks to this, it was possible to simulate the behavior of the 

system with the introduction of exhaust gas, composed, net of particulates, pollutants and 

unreacted oxygen, of the nitrogen in the air and the CO2 produced. Therefore, in this 

paragraph we will analyze different CO2/N2 ratios (0%/0%, 100%/0%, 0%/100%, 

50%/50%, 16%/84%) to better frame the behavior. In each of these situations the absolute 

quantity of CO2, when present, is equal to 20 𝑚𝐿

𝑚𝑖𝑛
, while the quantity of N2 is adjusted 

where necessary. The applied current is 1A and the applied pump flow is 5 𝑚𝐿

𝑚𝑖𝑛
. In figure 

6.8 it is possible to observe the output of the CO2 captured in the different cases. They 

are 90 minutes long and have been replicated at least twice to ensure repeatability. 
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Figure 6.8: CO2 outlet flow rate depending on CO2/N2 inlet ratio 

The test carried out with CO2 equal to 100% and null N2 is the same previous case, which 

in this case serves as a reference. In this regard, tests were also carried out with zero flow, 

which as before have a non-null output flow, given by the electrodialysis reaction of the 

NaHCO3 present. To confirm this behavior, testing the case with pure nitrogen inlet flow 

gives the same result. This is because nitrogen does not participate in any reaction and is 

not soluble in water [43]. Therefore, the two cases with CO2/N2 ratio equal to 0%/0% and 

0%/100% have the same result, implying that the system correctly does not capture 

nitrogen. It is however good to remember that the presence of bubbling of a gas can help 

the mixing of the solutions. The capture from exhaust gas was simulated with 

concentrations equal to 50% CO2 and 50% N2 and 16% CO2 and 84% N2 in input. In 

particular, this latter ratio optimally simulates the capture from exhaust gases, as already 

observed in chapter 4. We can say that they do not differ substantially from the case of 

pure CO2 inlet flow, a sign that the capture also works with an inlet gas mix, which can 

simulate capture from after combustion. The differences that are observed are probably 

due to the fact that, especially for the case with 84% of N2, the CO2 in the inlet is too 

dissolved in the gaseous flow itself, failing to effectively react with the sodium hydroxide 

present. 
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Even in the case of simulation of exhaust gas capture it is important to consider the energy 

required. In this regard, the situation is assessed that the CO2/N2 ratio is 16%/84%. In this 

context, we have an average outflow of 3.9 𝑚𝐿

𝑚𝑖𝑛
 - observable in figure 6.8. In 90 minutes, 

this corresponds to an amount of 350 mL of CO2 captured. Considering to work at 1 A, 

the resulting voltage is the same as the typical test, equal to 12.4 V. From these values, a 

necessary energy of 97.6 𝑀𝐽

𝑘𝑔𝐶𝑂2

 is obtained (eq. 5.6). The value obtained is inclusive of all 

losses that could be separated, but which in any case are present at the moment. It is higher 

than that obtained in paragraph 6.2.2 (58.4 𝑀𝐽

𝑘𝑔𝐶𝑂2

) since, as previously mentioned, using 

a gas mixture at the inlet there is a smaller quantity of CO2 captured due to the difficulties 

in mixing. Following the same reasoning as in paragraph 6.2.2 we have a theoretical 

capture efficiency equal to 25.6% (eq. 6.3), while the quantity captured on the total input 

is 19.4% (eq. 6.1). An energy penalty of 2307% is calculated (eq. 3.3). Also this value is 

higher than that obtained in the electrodialysis system because the quantity of capture 

CO2 is lower considering to use the same energy quantity. The same happen for the 

second-law efficiency value, that is 0.16% (eq. 4.14). 
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7. CO2 reduction 
 

In this last chapter the aim is to finally couple the two electrochemical systems, namely 

the capture and reduction ones. The reduction process consists in the direct production of 

CO starting from the captured CO2 molecules. In addition to the CO, a substantial amount 

of H2 will also be produced, which will make up the final, readily reusable, syngas 

mixture. A coupled system of this type, not yet present in the literature, allows numerous 

advantages: 

• The ability to work with systems based on the same physical principle allows 

systems to be coupled using the same energy supply. 

• It allows to work under the same ambient temperature and pressure conditions for 

both systems 

• Possibility of by-passing the compression and temporary storage phases of CO2, 

allowing to have a product with added value immediately available. 

Afterwards, we will observe the functioning of the electroreduction cell, the coupling 

with the capture cell and the related set-up, the experimental values obtained and the final 

results. 

7.1 Electroreduction cell 
 

The reduction system, like the capture system, consists of an electrochemical cell to which 

a potential difference is applied, and the current flows. In particular, our system consists 

of a two-chamber system, named A and C. A is the anodic chamber, in which the water 

oxidation reaction takes place, which allows the formation of H+ ions and the release of 

oxygen molecules. Subsequently, there is the passage of protons from chamber A to C 

through a Nafion cathodic membrane, attracted by the negative pole, the cathode – also 

called working electrode. The remaining OH- ions react at the anode – also called counter 

electrode - further by reforming water and releasing oxygen and electrons: 
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2𝐻2𝑂 ⇄ 2𝐻+ + 2𝑂𝐻− 

2𝑂𝐻− ⇄ 𝐻2𝑂 +
1

2
𝑂2 + 2𝑒− 

 The passage of electrons is allowed by an external connection. In this system there is also 

the presence of a reference electrode, used to fix the potential of the working electrode 

with respect to a certain reference value. The anodic electrode, as for the capture cell, is 

a platinum foil. Chamber C is the cathode chamber in which the electro-reduction 

reactions take place. In this chamber there is the simultaneous presence of protons, 

electrons and CO2 molecules. As the aim is to reduce the CO2 into short-chain carbon 

molecules, such as carbon monoxide (CO) and formic acid (HCOOH), it is necessary to 

be selective towards this reaction - CO2 reduction reaction - rather than on the production 

of hydrogen (for this purpose there are water electrolysers, which are electrochemical 

systems suitable for this [44]). Then, a zinc oxide (ZnO) catalyst was used [45]. The 

reactions that arise are therefore: 

2𝐻+ + 2𝑒− ⇄ 𝐻2 

𝐶𝑂2 + 2𝐻+ + 2𝑒− ⇄ 𝐶𝑂 + 𝐻2𝑂 

𝐶𝑂2 + 2𝐻+ + 2𝑒− ⇄ 𝐻𝐶𝑂𝑂𝐻 

The electrolyte used, both as catholyte and anolyte, is a 2M KHCO3 solution, which 

allows both the ionic movement and the presence of CO2 inside the cell. In fact, the 

solution is kept in constant saturation of CO2, so as to allow the catalyst to always have 

the molecule to be reduced. In the anolyte the presence of CO2 allows the acid-base 

balance of the cell. Both the electrolytes are kept in movement by a recirculating pump. 

In this type of cells it is difficult to be very selective towards the reduction of CO2 due to 

problems related to the phenomenon of mass transport [46]. To overcome this problem, 

a gaseous CO2 flow is sent to the face of the cathode not exposed to electrolyte, so that 

the CO2 can go directly into contact with the catalyst, through a diffusion process [47]. 
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This is allowed through a gas diffusion layer (GDL) on which the catalyst is deposited, 

which is impermeable to liquids, but permeable to gases. The GDL is deposited onto a 

special nanostructured carbon electrode, that is conductive.  

In figure 7.1 we can see the diagram of the cell used in our. It presents the two chambers 

A and C, the path of electrolytic substances, CO2 and reaction products inside the cell. 

The gaseous reaction products, CO and H2, are able to permeate through the cathode GDL 

and exit in the purely gaseous phase with the unreacted CO2, as said before. This flow, 

together with the hydrogen produced in the capture cell, will form the final syngas. The 

liquid products, formic acid, come out of the cell in aqueous solution, which will be 

separated at the end of the process. In particular, to the left of chamber C there is an area 

- closed from the external environment - where the necessary external CO2 can flow. 

Furthermore, it shows the gray cathode membrane - which divides the two chambers - in 

the center of the cell and the three electrodes – CAT, AN and REF. For both we observe 

in the center the presence of the conductive material, the GDL with zinc oxide catalyst - 

in yellow - for the cathode and the platinum sheet - in black - for the anode. Finally, 

externally to the system, connecting the anode and cathode, there is the external circuit, 

with the potentiostat, mentioned above. 
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Figure 7.31: Reduction cell (adapted from [48]). 

7.1.1 Parameters 
 

As previously mentioned, the catalyst employed is ZnO. This was experimentally 

employed previously, in the work of Zeng et Al. [45]. The important aspects to 

characterize an electroreduction cell are the faradic efficiency, the amount of reacted 

substance, the applied current and the resulting voltage, and the test time: 

• The faradic efficiency FE consists in the measurement of the reaction products, 

necessary for the classification of the selectivity of the cell and therefore of the 

catalytic material. According to the applied current there is a certain maximum 

number of electrons that can participate in the reactions. The FE therefore consists 

in the measurement of each of the reaction products on the maximum number of 

electrons participating in the reaction: the higher the FE for that product, the 

greater the selectivity towards it. Theoretically speaking, the sum of the faradic 

efficiencies of a test should be 100%, however often there are difficulties in gas 

identification and we consider a range of 90%-110% for the total FE as correct. 
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To calculate the faradic efficiency of a product, the following formula is used 

[49]: 

𝐹𝐸[−] =
𝑧[−] ∗ 𝐹[

𝐶
𝑚𝑜𝑙

] ∗ 𝑁[𝑚𝑜𝑙]

𝑄[𝐶]
=

𝑧 ∗ 𝐹 ∗ 𝑁

∫ 𝐼(𝑡)𝑑𝑡
𝑡

0

 

( 7. 1 ) 

Where z is the number of electrons involved in the specific reaction, F the Faraday 

constant, N the number of moles of product measured and Q the charge available 

in the time interval. This last value corresponds to the integration of the current 

over the time of the measurement. The material we use should have 75% of FE 

for CO and 5% for HCOOH and the remaining destined for the hydrogen 

evolution reaction [45]. To identify the gases present in the product mixture, the 

output flow is sent to a gas chromatograph (GC), which returns the gas 

concentrations present. 

• The quantity of reacted substance is the value that tells how much substance 

introduced into the system has reacted:  

 𝑅𝑒𝑎𝑐𝑡𝑒𝑑 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 [−] =
𝑜𝑢𝑡𝑙𝑒𝑡 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡[𝑚𝑜𝑙]

𝑖𝑛𝑙𝑒𝑡 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒[𝑚𝑜𝑙]
 

( 7. 2 ) 

This value, especially in the case of capture-reduction coupling, gives an idea of 

how well the system is coupled. Obviously, we need to know the inlet quantity of 

the substance. In our case, neglecting HCOOH as a product, it is possible to 

simplify eq. 7.2 in the eq. 7.3, considering that the reduction of CO2 produces only 

CO (since H2 is produced by the electrolysis of water): 

  

𝑅𝑒𝑎𝑐𝑡𝑒𝑑 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 [−] =
𝐶𝑂 𝑜𝑢𝑡𝑙𝑒𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛[𝑝𝑝𝑚]

𝐶𝑂2 𝑜𝑢𝑡𝑙𝑒𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛[𝑝𝑝𝑚]
 

( 7. 3 ) 
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• These types of tests are carried out at constant potential on the cathode VCAT (it is 

expressed as V vs reversible hydrogen electrode (RHE) [50]), therefore, once the 

potential applied is known, the resulting current I is ascertained through the use 

of a potentiostat. The applied potentials must be chosen in order to fix the desired 

selectivity of the catalyst. In fact, based on the potential applied a reaction can be 

more or less preferred because of its reaction potential [49]. It is important also to 

know the total potential over the reduction cell VTOT in order to know the total 

energy used. 

• The evaluation of the time t of the test is necessary to visualize the durability of 

the catalyst, before it degrades, and the stability of the overall operation of the cell 

for the necessary time. 

7.1.2 Functioning test  
 

Before coupling the system, the catalyst and the reduction cell were tested. The test was 

carried out by applying to the cathode a constant potential VCAT equal to -1.2 V vs RHE, 

for a duration of about one hour. The input CO2 flow equal to 25 𝑚𝐿

𝑚𝑖𝑛
. In the figure 7.2 it 

is possible to observe the results obtained over time: 
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Figure 7.32: Electrochemical reduction cell test 

 In the graph we can see in black the resulting current over time, with an average value 

equal to -62.3 mA. In addition, the faradic efficiency of CO has an average value of 

66.4%. Finally, the FE of hydrogen is on average equal to 26.3%. In this test the FE values 

obtained for CO are slightly lower than the values obtained by Zeng et Al., but in general 

the trend obtained reflects their work and is constant for the entire duration of the 

experiment. The quantity of reacted substance, in this case, turns out to be the 0.8% of 

the inlet CO2. 

7.2 Coupled system 
 

After having tested the effective functioning of the reduction cell, we continued with the 

coupling of the latter with the capture system optimized in the previous chapter. The 

overall layout of the electro-capture and reduction system is shown in figure 7.3. 
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As can be seen from the figure, the capture system with an electrochemical cell is shown 

above, powered by an external energy supply. On the right are the CO2 and N2 cylinders 

that simulate the mixture of exhausted gases, which needs to be purified before being 

released into the environment. The concentrated CO2 first passes into a gas-liquid phase 

separator to avoid damaging the following devices with any traces of liquid. 

Subsequently, before entering the reduction chamber, the quantity is measured through a 

mass flow meter. In the reduction chamber there are pumps for recirculation and the 

necessary potentiostat. There is a difference with respect to figure 7.1: in our coupled 

case, the catholyte is saturated only with the CO2 coming from the capture system, which 

enters to the left of the GDL and subsequently spreads going to keep the solution 

saturated. In this way, the amount of CO2 considered for the scales will be the same, i.e. 

the one arriving from the capture system. At the same time, the CO2 passage channel is 

closed at the exit, in order to force all the CO2 to diffuse and all the reaction products to 

exit with the cathodic solution, to avoid gaseous losses. Therefore, the gaseous flow in an 

outlet, a mixture of unreacted CO2, CO and H2, flows back into a phase separator before 

being analyzed by the gas chromatograph for the identification and quantitation of the 

substances present. 

The capture cell, in the coupled configuration, works at 1A, with a pump speed equal to 

1 𝑚𝐿

𝑚𝑖𝑛
 and with an input gaseous mixture composed of 50% CO2 - equal to 20 𝑚𝐿

𝑚𝑖𝑛
 of 

carbon dioxide - and the 50% of N2 firstly. Then, the real flue gas simulation, 16% CO2 - 

equal to 20 𝑚𝐿

𝑚𝑖𝑛
 of carbon dioxide - and the 84% of N2. Before starting the test, we waited 

for the capture cell to work stably (about 1.30 hours) and for the output to be pure CO2.
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Figure 7.33: Coupled capture and reduction systems 
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• 50%/50% CO2/N2 ratio 
 

In this case, a VCAT of -1.2 V vs RHE was applied again for 90 minutes, the same time as 

the capture test. The CO2 exiting the capture cell was directly fed into the reduction cell. 

Theoretically, the flow should have been 5.0 𝑚𝐿

𝑚𝑖𝑛
, as obtained above. However, due to 

problems related to low gas pressure, an average flow of 3.5 𝑚𝐿

𝑚𝑖𝑛
 was measured for the 

duration of the experiment. The resulting average current is equal to 47.9 mA, as shown 

in figure 7.4. Experimentally, FE values of 56.2% for CO and 40.9% for H2 were 

obtained, with a traces of HCOOH (FE <5%). These values are different from the 

reference case as the incoming CO2 flow is substantially lower (3.5 𝑚𝐿

𝑚𝑖𝑛
 instead of 25 𝑚𝐿

𝑚𝑖𝑛
) 

and cannot reach all the active sites made available by the catalyst for the CO production. 

Furthermore, also due to the low pressure, already mentioned, there is difficulty in the 

passage of CO2 through the GDL. Nevertheless, the percentage of reacted substance is 

equal to 19%, that is higher than the value reported in the paragraph 7.1.2. This happen 

because in this case the inlet CO2 flow is lower, but it is sufficient to guarantee a good 

number of reaction. 
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Figure 7.34: Current reduction cell of CO2 50%/50% N2 ratio 

• 16%/84% CO2/N2 ratio 
 

In this case we have simulated a flue gas. The flow captured should be 3.9 𝑚𝐿

𝑚𝑖𝑛
, but due 

to pressure problems, as in the previous case, the flow seen by the reduction system is 

equal to 1.6 𝑚𝐿

𝑚𝑖𝑛
. The voltage, like the coupling time, are the same as the previous case 

(1.2 V vs RHE for 90 mins). The resulting mean current is equal to 52.7 mA. We can see 

the current trend in the figure 7.5, that is constant for all the time, guaranteeing a constant 

working. The final FE for carbon monoxide and hydrogen were obtained, respectively, 

36.8% and 58.9% (negligible traces of HCOOH, minor of 5%). Compared to the previous 

case, the effects of flow and low pressure manifest themselves in an even more consistent 

way, forcing the catalyst to work in a condition, far from our initial target, in which the 

FE of H2 is greater than that of CO. The quantity of reacted substance is equal to 24%.  
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Figure 7.35: Current reduction cell of CO2 16%/84% N2 ratio  

In conclusion, the coupling of the two solutions is working, but not yet working in an 

optimal way. In fact, the capture system works under its own potential, not allowing all 

the capturable flow to flow into the reduction chamber. In this regard, the flow of CO2 

captured in this configuration, equal to 1.6 𝑚𝐿

𝑚𝑖𝑛
, requires a specific energy (eq. 5.6), equal 

to 237.9 𝑀𝐽

𝑘𝑔𝐶𝑂2

, greater to be produced since the capture cell works under the same 

conditions described in paragraph 6.3. The production of hydrogen, on the other hand, 

coming from compartment 2 and being dependent on the current alone, is always equal 

to 430 mL in 90 minutes, equal to a flow of 4.8 𝑚𝐿

𝑚𝑖𝑛
. The reduction cell, in turn, does not 

work in optimal conditions due to the hydraulic problems described above. This means 

that the same energy is used to produce a greater quantity of hydrogen, at the expense of 

CO, than expected. For this purpose, the reduction cell working with a total average 

voltage VTOT of 3.0 V and a current of 52.7 mA used 0.85 kJ to reduce 0.384 𝑚𝐿

𝑚𝑖𝑛
 of CO2 

- 24% of the input flow (eq. 7.2), which consists of 12.58 MJ per kg of CO2 reacted. At 
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the end of the process, at the outlet there are 6.4 𝑚𝐿

𝑚𝑖𝑛
 total of syngas mixture, composed 

of 78.3% H2 (part from the capture cell plus part from the reduction cell), 2.2% CO (from 

the reduction cell) and 19.0% of CO2 (captured and unreacted). The total is slightly lower 

that 100% due to traces of other chemicals, such as HCOOH. From an energy point of 

view, the overall system, in 90 minutes, used an amount of energy equal to 68.1 kJ, of 

which 98.7% for the capture phase and 1.3% for the reduction phase. 

It is possible to calculate the efficiency power to fuel PtF of the reduction system if we 

consider the lower calorific value LHV of the CO and H2 compounds of the mixture, 

which consist of the so-called 'added value': 

𝜂𝑃𝑡𝐹[−] =
𝑣𝑜𝑙 [𝐿]  ∗ 𝜌 [

𝑘𝑔
𝐿 ] ∗ 𝐿𝐻𝑉 [

𝑀𝐽
𝑘𝑔

]

𝐸[𝑀𝐽]
 

( 7. 4 ) 

Where vol is the volume of fuel - the reduction product in our case, 𝜌 is the density (that 

is calculated consider to work at 0 °C and Patm) and E is the energy used by the system. 

Substituting the values (eq. 7.4), we get a PtF efficiency of 44.4%. Always considering 

our final target, the production of syngas, it is possible to calculate the overall efficiency 

of the capture-reduction system only by considering this contribution as well: H2 from 

capture cell as a usable product and the energy used as a cost. Thus, we obtain an overall 

efficiency value equal to 7.3% (eq. 7.4). This value is lower than that obtained previously 

due to the energy weight of the capture phase, but the beneficial environmental weight of 

CO2 removal must also be considered. 
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Conclusions 
 

After delving into the problem of global warming and analyzing the works from the 

scientific community, we have introduced strategies to mitigate the problem. Strategies 

that, from scientific evidence, can no longer be based only on the concept of reducing 

greenhouse gas emissions through the use of renewable sources. They must be based, for 

at least the current century, on the idea of mitigating emissions from fossil fuels. The 

latter cannot, at least instantaneously, be removed from the market for both economic and 

technical reasons. With this in mind, we tried to experiment with a first electrochemical 

coupled system for capturing and converting CO2 into a product with added value, which 

can be used directly by industry. In the first instance, the thermodynamic theory was 

presented, through which the comparison values for the capture efficiencies from flue gas 

and the environment were calculated. Considering the capture of coal combustion gases 

from flue gas, the minimum necessary energy value is 0.155 𝑀𝐽 

𝑘𝑔𝐶𝑂2

, leading to an energy 

penalty of 5%, compared to the energy produced by a power plant for each unit of CO2 

emitted. Experimentally, at the beginning, a capture system, already present in the 

literature and based on the principle of sodium bicarbonate electrodialysis was optimized. 

It is based on the concentration of only the CO2 already included in the NaHCO3 molecule 

and works with an energy equal to 61 𝑀𝐽 

𝑘𝑔𝐶𝑂2

, equivalent to an efficiency of 0.254% with 

respect to the thermodynamic value and an energy penalty of 1442%. Subsequently, the 

setup was modified, verifying its continuous operation and with the introduction of a gas 

mixture to simulate the exhausted one to be purified. The system has been optimized 

again in order to have a sufficiently high and constant output flow to be able to couple 

this system with an electro-reduction system, for the direct reuse of the captured CO2, in 

a final mixture called syngas. This capture system has been shown to work with an input 

mixture of 16% CO2 and 84% N2, with an output CO2 flow of 3.9 𝑚𝐿

𝑚𝑖𝑛
. While, the N2 was 

not captured and the system worked with a capture percentage - with respect to the flow 
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introduced - of 19.4% and a capture efficiency of 25.6% - with respect to the theoretically 

captured quantity with the same amount of energy used. The system used 97.6 MJ per kg 

of CO2 captured. Furthermore, it produces a significant amount of hydrogen - 4.8 𝑚𝐿

𝑚𝑖𝑛
, 

which flows directly into the final syngas. In general, the simulation of capture from 

exhaust gas worked, although it presented a deterioration compared to the capture system 

from sodium bicarbonate only due to the difficulty of reaction of the CO2 - for the 

regeneration of NaHCO3 - dissolved in a stream composed of majority of an inert 

substance. One solution could be to use a device for better dissolution of the exhaust gas 

in the solution to be regenerated. Furthermore, it might be interesting to test the system 

by working with NaHCO3 in all compartments, to facilitate mixing and streamline the 

process. It is obviously necessary to reduce the energy used for this phase in order to both 

increase efficiency and be able to power the system with a renewable source. The energy 

penalty must also be lowered, otherwise it is illogical to use a capture system that 

consumes more energy than that produced by the plant that emits CO2. To achieve this 

goal, it may be interesting to try to eliminate as much as possible the losses of this system, 

such as those due to the presence of liquid solutions, parasitic current losses, the mixing 

of solutions and the potential drop on the membranes. Subsequently, if the aim is only to 

capture the CO2 and not to produce hydrogen, a system will have to be studied that can 

work with only two chambers and with a lower reaction potential. Finally, the fluid-

dynamic seal of the system must also be improved, avoiding fluid leaks between the 

chambers of the flow cell used and trying to have as little head loss as possible, trying to 

raise the working pressure of the system. 

When coupled with the reduction cell, the capture system provides a CO2 inlet flow of 

1.6 𝑚𝐿

𝑚𝑖𝑛
, leading to FE of 36.8% and 58.9% for CO and H2, respectively, and reaction rate 

of 24%. The coupling proved to work, despite with lower performance with respect to the 

functioning of the reduction system alone (FE of 66% for CO and 26% for H2 in the test 

under optimal conditions - 25 𝑚𝐿

𝑚𝑖𝑛
 of CO2 in the inlet, with a reacted percentage equal to 
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0.8%). For this reason, some aspects of the cell itself need to be studied further. In fact, 

the faradic efficiency of carbon monoxide drops if the incoming amount of CO2 lowers. 

This behavior, however, is not due to the lack of CO2, which is present in sufficient 

quantity, but is due to the fact that it is unable to reach the reaction sites of the catalyst. 

An improvement of the diffusion system, through obligatory routes for inlet gas, could 

improve the capillarity. At the same time, as mentioned for the capture system, an increase 

in inlet flow pressure could help diffusion. In this regard, the reduction system forms a 

bottleneck on the coupled system: the coupling of the two systems ensures that the amount 

of CO2 captured is less than the value obtained in the separate tests. This is due to a 

pressure problem, which at the outlet of the capture cell is too low so the flow is hindered 

by the reduction cell which acts as a cap. The resolution of this problem would also allow 

the reduction cell to work with a higher flow resulting in a better faradic efficiency. To 

solve the problem it may be interesting, as already mentioned, to work under pressure in 

the capture cell or to slightly compress the flow at the inlet of the reduction cell. 

Furthermore, since in many contexts CO2 is not necessary in the final syngas, the goal is 

also to increase the number of reactions in the reduction cell, trying to use all the incoming 

CO2. This can be possible either by increasing the performance of the catalyst, by 

increasing the active sites, or by increasing the area of the same and therefore the size of 

the cell. 

In the final syngas, whose flux is equal to 6.4 𝑚𝐿

𝑚𝑖𝑛
, there is 78.3% of H2, 2.2% of CO and 

19% of CO2. It is usable, but it is desirable to increase the amount of CO in the ways 

described above. From an energy point of view, the reduction system has a sufficient 

efficiency, equal to 44.4%, in the production of syngas. In this case, it is the capture 

system that appears to function as the bottleneck of the system as the overall efficiency 

of the system is only 7.3% due to the energy expended in the capture phase. It is therefore 

necessary to reduce the energy expenditure of the capture phase simultaneously with the 

increase in reduction reactions and fluid dynamics improvement, to obtain a syngas 
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mixture with a lower H2/CO ratio and with a better energy - and therefore economic - 

cost. 
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