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 Carbon Dioxide: Utilization Options to Reduce 
its Accumulation in the Atmosphere  
  Michele   Aresta         

  1.1 
 Carbon Dioxide Emission 

 Carbon dioxide (CO 2 ) is considered to be the major cause of climate change, 
because of its greenhouse properties and continuous accumulation in the atmos-
phere. Indeed, the atmospheric concentration of CO 2  has risen from 278   ppm 
during the preindustrial era to a current level of 387   ppm (Figure  1.1 )  [1] . The origin 
of this massive emission of CO 2 , and of its steady accumulation in the atmosphere, 
has been the use of carbon - based fossil fuels in human activities (Figure  1.2 ). 
Moreover, as carbon - based fossil fuels currently represent 80 – 85% of the world ’ s 
energy sources, and will continue to play such role at least in the short to medium 
term, a major expansion is visualized in the emission of CO 2  (Figure  1.3 ).   

 Today, the robust growth of emerging economies such as China and India is 
driving worldwide energy demand and usage such that is increasing at a rate never 
before experienced; in fact, a further expansion of 50 – 100% is envisaged by the 
year 2030  [2] . The novel point here is that, compared to the recent past, these 
emerging economies will drive the expansion  [2]  of energy use, with the energy 
requirements of the  OECD  ( Organisation for Economic Co - operation and Develop-
ment ) countries envisaged to grow at a rate of 0.7% per year, while that of non -
 OECD countries will grow at 2.5% per year. For example, China and India increased 
their combined share of world energy consumption from 8% in 1980, to 18% in 
2005. Moreover, it is estimated that, in 2009 the energy consumption of China will 
become equal to that of the USA, and that by the year 2010 China will become the 
world leader in terms of CO 2  emission.  

  1.2 
 The Accumulation of  CO 2   in the Atmosphere, and the Effects that We Fear 

 Today, as CO 2  continues to accumulate in the atmosphere, serious concerns are 
being raised regarding its infl uence on climate change. The greenhouse effect that 
is associated with energy production and use    –    whether by the direct release into 
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the atmosphere of fl ue gas - associated heat produced by the energy, industrial, and 
transport sectors, or by the emission of greenhouse gases    –    is slowly causing the 
temperature of the Earth to rise, as revealed in a report by the  Intergovernmental 
Panel on Climate Change  ( IPCC ) (Figure  1.4 )  [3] . Inevitably, these changes in the 
thermal structure of the atmosphere, and of the Earth ’ s solid surface, are causing 
the temperatures of the planet ’ s waters to rise and their volume to increase, to a 
point where the rising water levels on the Earth ’ s surface are seen as a major 
problem, especially in coastal areas.   

     Figure 1.1     The steady increase in CO 2  concentrations in the atmosphere in recent years. 
Solid and open symbols indicate average and seasonal trends, respectively.  
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     Figure 1.2     The origin of the emission of CO 2 .  
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     Figure 1.3     Scenario of the emission of CO 2  until 2030. In 2010, China will become the 
leading CO 2  emitter worldwide.  

     Figure 1.4     Variation of the temperature of the Earth during the last millennium. The upper 
panel shows the trend during the past 140 years (IPCC data).  
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 Unfortunately, the time required to stabilize the effects of increased greenhouse 
gas concentrations in the atmosphere will be very long. Any response by the Earth 
to measures that we might take today will not be effective tomorrow, nor the day 
after tomorrow    –    it will take centuries (Figure  1.5 ). So, with such a long time - scale, 
the ability to forecast scenarios will be affected by any major errors that might 
emerge as a result of any, often unpredictable, changes that might occur. During 
the past twenty years, there have been major changes in the social, political, and 
economical structures of a large part of society that, in 1985, were not considered 
realistic when forecast scenarios were fi rst constructed. The subsequent develop-
ment of a market economy in Eastern Europe and Russia has led to large demands 
for energy, whilst the current changes in China and India are creating much 
uncertainty with regards to future energy needs. Today, the economies of large 
areas of the Earth, including Eastern Europe and Russia, Southern America, other 
Asian countries in addition to China and India, and almost the whole Africa, are 
undergoing continuous evolution to a point where their real rate of growth is 
not exactly known. Clearly, under such conditions the variability and uncertainty 
of any foreseen scenario is very large, and it will inevitably become essential 
that responsible measures are taken in order to avoid reaching a  ‘ point of no 
return. ’     

  1.3 
 Technologies to Reduce  CO 2   Accumulation in the Atmosphere 

 It has been predicted that carbon - based fossil fuels will continue to provide 80 –
 85% of the world energy consumption at least until 2030. Consequently, it is clear 
that, despite uncertainties regarding the role of atmospheric CO 2  on climate 

     Figure 1.5     Correlation among the emission of CO 2  into the atmosphere, the time of 
stabilization of its concentration, the temperature variation, and the rise in sea - level.  
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  Table 1.1    Technologies for controlling the emission of  CO  2  into the atmosphere. 

   Technology     Examples of application     Comments  

  Effi ciency    Production of electric 
energy  

  The effi ciency of the technologies of 
conversion of chemical - into - electric 
energy may rise from 32% to over 50%  

  Use of any form of 
energy  

  Saving energy through a responsible 
use  

  Fuel shift    Substitution of coal 
with oil or gas  

  Emission value expressed as kg CO 2  
per kWh electric energy produced: 1 
for coal, 0.75 for oil, 0.5 for gas.  

  Advanced technologies 
for electric energy 
production  

  IGCC    Concentration of the production of 
CO 2  via decarbonization of fossil fuels. 
CO 2  can be either disposed of or used  

  Non - carbon - based 
fuels  

  Nuclear energy    Use of nuclear fuels for the production 
of electric energy; used by sectors that 
require a high intensity  

  Perennial energies    Solar, wind, hydro, 
geothermal  

  Their exploitation depends on the 
geographic position of a country  

  Renewables    Biomass utilization    Residual and cultivated terrestrial and 
aquatic biomass can produce liquid or 
gaseous fuels suitable for the 
transportation sectors.  

  Carbon dioxide 
capture and storage 
(CCS)  

  Capture and disposal of 
CO 2   

  This technology has a large disposal 
potential, but sites are not available in 
all counties. It is energy - intensive and 
will expand the use of fossil - C well 
beyond the current limits  

  CO 2  utilization    CO 2  is recycled, 
mimicking Nature  

  Chemical, technological, and 
enhanced - biological uses are the only 
ones that generate a profi t, adding 
value to a waste  

change and on the occurrence of catastrophic events, as well as links between 
population growth and energy consumption, the predicted large rise in CO 2  emis-
sions is raising serious concern in relation to the rise in the Earth ’ s temperature. 
Today, the need to control CO 2  production and emissions is the center of attention 
of both scientifi c and industrial worlds and, as a consequence, several methods 
have been developed to achieve this goal (Table  1.1 ).   

 None of the technologies listed in Table  1.1  can alone provide a short -  to 
medium - term solution to reduce atmospheric CO 2  emissions at a level necessary 
to stabilize current concentrations. Rather, the correct blend of technologies 
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must be identifi ed to achieve the most effective reduction in CO 2  emissions, 
while paying the lowest social (by boosting development) and economic (afford-
able technologies for all societies) costs. In this way, these methods may be 
developed over time such that they become effective for application on the large 
scale. 

 Likewise, the optimal use of resources may be maximized by applying intelligent 
solutions. Based on the different intensities of energy required, industrial and 
collective electrifi ed transport uses may be separated from personal transportation 
and municipal uses of energy. For example, gasoline, diesel and methane might 
represent the best options for the individual and mass road - transportation sector, 
as they have the correct energy density (Figure  1.6 ), whereas  ‘ renewables ’  might 
represent the ideal candidate to partially substitute fossil fuels in the transportation 
sector and in the chemical industry. Perennial sources could be used to best 
advantage in the short term by municipalities or small industries, fossil carbon 
could be used in the production of certain necessary chemicals or fuels, while 
nuclear power would be better used for industrial other applications that demand 
a highly intensive use of energy.    

  1.4 
 The Utilization of  CO 2   

 In 2008, increases in the price of oil and the recognition of a need to reduce the 
impact of the chemical and energy industries on climate change, notably by reduc-
ing the emission of CO 2 , directed interest towards the use of renewable sources 
of energy and alternative feedstocks for the chemical industry. This strategy 
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     Figure 1.6     Energy density of several different liquid and gaseous vectors.  
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included the industrial utilization of CO 2  and the enhanced fi xation of CO 2  in 
aquatic biomass, with both applications having huge potential for the recycling of 
carbon and reductions in CO 2  emissions. 

 The enhanced, direct fi xation of CO 2  into fast - growing biomasses might contrib-
ute towards reducing its accumulation in the atmosphere, under non - natural 
conditions. Such an approach could be used for the production of chemicals and 
energy (e.g., conversion into gaseous and liquid fuels, rather than direct combus-
tion of the solid biomass), with benefi cial effects on reducing CO 2  emissions and 
accumulation in the atmosphere. The potential of biomass as a possible substitute 
for fossil fuels in the USA is shown in Figure  1.7 .   

 The implementation of an artifi cial photosynthetic cycle which could recycle CO 2  
 [4, 5] , thus complementing the natural cycle, could also make an effective contribu-
tion to reducing CO 2  emissions. 

 The utilization of CO 2  through technological, chemical, or enhanced biological 
methods may lead to reductions in CO 2  emissions, with these innovative processes 
being substituted for older technologies and products, and imparting direct and 
indirect benefi ts on the impact of climate change. In this case, a direct effect might 
be considered the reduction of both CO 2  emissions and fossil fuels extractions, 
whereas an indirect effect would be a substitution, with CO 2 , of chemicals such 
as chlorofl uorocarbons and congeners having a  climate change power  ( CCP ) many 
thousand - fold that of CO 2   [6] . 

 It should be remembered that, whilst the use of CO 2  in this way will not solve 
the problem of atmospheric CO 2  accumulation, it might contribute to such an 
issue by reducing the volume of CO 2  produced. It is also worth noting that the 
fraction of CO 2  produced via the use of chemicals is approximately 10% of the 
total, the remainder being derived from energy products. It follows, therefore, that 
if all chemicals were to be produced from CO 2 , then 10% of the emitted CO 2  could 
be recycled so as to achieve an almost carbon - neutral use of chemicals. Unfortu-
nately, this situation would be impossible to achieve for several reasons, among 
which are the energy costs. A realistic estimate of the total amount of CO 2  to be 
avoided  [7]  has been set at 7%, this being the contribution of CO 2  use in the short 
to medium term. However, if effi cient technologies capable of converting CO 2  into 
energy - rich products (fuels) were to be developed, then a much greater amount of 
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     Figure 1.7     Potential of biomass in the USA  (from EIA - Paris, 2004) .  
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CO 2  could be converted into usable products. This would result in a much more 
signifi cant step in the direction of chemicals and energy production, with a close 
to zero carbon - emission level.  

  1.5 
 Conditions for Using  CO 2   

 The utilization of CO 2 , whether technological, biological, or chemical, to cause an 
effective reduction in its emission into the atmosphere, must comply with certain 
key rules, namely: 

   •      the new process must reduce the overall CO 2  emissions;  
   •      it must be less energy -  and material - intensive with respect to the on - stream 

processes that it aims to replace;  
   •      it must employ using safer and more eco - friendly working conditions; and  
   •      it must be economically viable.    

 The reduction in overall CO 2  emission for a given application of CO 2  is not easily 
quantifi ed. Both, the  energy and material consumption  must be minimized, through 
the control of process parameters, such as the conversion yield and selectivity, the 
temperature, the pressure, and the post - reaction operations such as isolation and 
purifi cation.  Mass control  requires more direct (fewer steps), effective (high - yield) 
and selective (product entropy control) processes, with waste (gas, liquid, solid) 
minimization at source, and with a better carbon - atom utilization. As CO 2  is not 
a toxic substance, under controlled conditions of utilization it does not cause any 
serious worries. In particular, its fi re - extinguishing properties ensure that the risk 
of combustion is close to zero when a high pressure is used [30 – 40   MPa when 
supercritical CO 2  (sc - CO 2 ) is used as solvent and/or reagent]. Hence, CO 2  can be 
considered to be  safe  reagent or solvent, especially when sc - CO 2  is used as a process 
fl uid (see Chapter  2 ). 

 The economics of CO 2  utilization depend on its quality, with the price reaching 
up to US$ 400 per ton, according to the purity required and the purifi cation tech-
nologies involved  [8] .  

  1.6 
  CO 2  : Sources and Prices 

 As noted above, CO 2  can be obtained from several sources, with a variety of prices. 
Although  natural wells  are an important and cheap source ( € 15 – 20 per ton)  [9]  of 
pure ( > 99%) CO 2 , this source should be discontinued and the use of recovered 
CO 2  (from power - generation plants or industrial processes) encouraged as an 
alternative. The captured CO 2  is characterized by different degrees of purity, 
according to its origin, and may require extensive purifi cation in specifi c applica-
tions, such as in the food industry. These purifi cation steps will, of course, affect 
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the price of CO 2 , and this will in turn invite the discovery and use of new sources, 
an example being fermentation reactors which may provide high - purity gas. One 
possible drawback of such a source might be its seasonality (e.g., sugar cane har-
vests), although this could easily be circumvented by the year - round storage of 
these raw materials. 

 In the case of several applications in the chemical industry, the presence of 
contaminants such as O 2 , SO  x  , or NO  y  , which may be present in the fl ue gases of 
power plants, might be deleterious by causing negative (poisoning) effects on the 
catalysts.  

  1.7 
 The Potential for  CO 2   Utilization, and the Content of This Book 

 The large - scale separation of CO 2  from power and industrial plant fl ue gases, or 
its recovery via new technological applications (e.g.,  integrated gasifi cation com-
bined cycle ;  IGCC ) which produce concentrated fl ows of CO 2 , will make available 
huge volumes of CO 2 . The subsequent fate of the recovered CO 2  would be either 
disposal in natural fi elds (spent gas or oil wells, unmined coal seams, aquifers), 
or its utilization. Whilst, in principle, the former option can be used to eliminate 
large volumes of CO 2 , in practice the disposal sites are few in number and the 
procedure would involve high energy and economic costs. Eventually, however, 
the implementation of this technology will surely lead to an expansion of the 
extraction of fossil carbon - based fuels. Conversely, the utilization of CO 2  has 
already been implemented at the level of over 130   Mt per years in the energy and 
chemical industries  [6] , and is a technology that is known to add value to the waste 
CO 2 . Today, new technologies using CO 2  are under development, the exploitation 
of which will greatly expand the amount of CO 2  that can be either used or 
recycled. 

 The large - scale utilization of CO 2  can be integrated very well with its large - scale 
recovery, yet, whilst the utilization process will produce economic benefi ts, the 
disposal process will incur economic costs. It is essential that these new applica-
tions of CO 2  are energetically more convenient than the existing processes, and in 
this respect the biological  [10]  and technological  [6, 11]  applications of CO 2  utiliza-
tion have been extensively reviewed. Indeed, the aim of this book is to describe in 
detail the chemistry of the utilization of CO 2 , presenting an up - date in each specifi c 
fi eld of CO 2  use. 

 The technological use of CO 2  contributes to a reduction in its atmospheric 
accumulation, through CO 2  being substituted into species with a much higher 
CCP  [6] . Some examples where the use of CO 2  lowers the impact on climate 
change (even if the CO 2  is ultimately vented to the atmosphere) are listed in 
Table  1.2 .   

 Among the applications listed in Table  1.2 , the CO 2  substitutes either species 
with a higher CCP or an organic solvent which, on completion of the process, may 
be partly recovered using energy - expensive technologies, or burned so as to 
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produce large amounts of CO 2   [11] . Specifi c aspects of the use of CO 2  as a tech-
nological fl uid are described in Chapter  2 . 

 Enhanced  biological fi xation   [10]  has great potential, especially if an aquatic 
biomass can be created that is capable of producing chemicals and fuels; this topic 
is discussed in Chapter  13 . 

 The  chemical utilization  of CO 2  is also considered in detail, with the pros and 
cons of each application highlighted to provide a detailed picture of the state of 
the art, and of the use of CO 2 . Areas in which further research in order to fully 
implement this utilization strategy are noted as key points. The potential of such 
a technology is especially interesting with regards to reducing CO 2  emissions. In 
fact, often the most important aspect in the chemical utilization of CO 2  is not the 
amount of CO 2  used (if a chemical made from CO 2  is used, the CO 2  will be 
re - formed within a short time, except in the case of polymers that may last for 
decades!); rather, it is the introduction of innovative technologies that may lead to 
a reduction in the use of materials and energy. 

 The potential uses of CO 2  in chemical applications are shown in Figure  1.8 , 
where some of the products (carboxylates, carbonates, and carbamates in routes 
A and B) are obtained by incorporation of the entire CO 2  molecule. The reactions 
bearing such products will have a low energy content and may occur at room 
temperature, or lower (see Chapters  5  to  8 ). Processes in which CO 2  is reduced to 
other C1 or Cn molecules (Figure  1.8 , routes C and D) require an input of energy. 
In order to be consistent with the information provided in Section  1.5 , such energy 
cannot be provided by fossil fuels, and alternative sources must be found, with 
solar energy the best candidate. In Chapters  9  to  12 , details are provided of the 
potential for reducing CO 2  to fuels or chemicals.   

 Most processes involving CO 2  conversion can be compared to the natural proc-
esses described in Chapter  3  (biological reactions) and Chapter  14  (geological 
inorganic reactions). 

 The fundamentals of CO 2  chemistry and reactivity are described in Chapter  4 .  

  Table 1.2    Some examples of technological applications of  CO  2 . 

   Example of 
application  

   Product 
substituted  

   Example of 
application  

   Product 
substituted  

   Example of 
application  

   Product 
substituted  

  Dry cleaning    Chlorinated 
solvents  

  Fire 
extinguisher  

  Flame 
retardants  

  Extraction of 
caffeine  

  Hexane  

  Water 
treatment  

  Sulfuric acid    Cleaner in 
electronics  

  Fluorinated 
solvents  

  Solvent in 
reactions  

  Various 
organics  

  Air 
conditioning  

  Fluorinated 
compounds  

  Mechanical 
industry  

  Fluids with 
higher CCP  

  Production of 
nanomaterials  

  Organic 
solvents  

  Antibacterial    Complex 
pharmaceuticals  

  Extraction of 
fragrances  

  Hexane    Solvent in 
polymerization  

  Organic 
solvents  
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  1.8 
 The Need for Research to Speed an Exploitation of the Utilization Option 

 The fi rst intensive investigations into the chemistry of CO 2  followed the initial 
description of the transition - metal complex, Ni(CO 2 )(PCy 3 ) 2   [12] . Subsequently, 
during the late 1970s and 1980s, much emphasis was placed on investigating CO 2  
conversions and the associated reaction mechanisms  [13, 14] . Unfortunately, 
however, this early enthusiasm in academia was not supported by industrial invest-
ment (at the time, there was no compulsion to reduce CO 2  emissions and waste 
production!), and consequently during the following decades the research effort 
was decreased and the benefi ts were lost. Yet, today, interest in CO 2  utilization has 
been totally re - vamped, based on the above - mentioned aspects. Clearly, whilst 
current research must be funded along selected axes so as to identify the most 
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useful results in terms of exploitable technologies, it is vital that the fundamental 
research should also be continued. 

 The use of CO 2  in the synthesis of carboxylates (including acrylates), esters 
and lactones, carbonates, carbamates, and polymers may help to solve substan-
tial problems encountered in the chemical industry, and hopefully advance 
towards sustainability. In all such cases, the new processes based on CO 2  would 
replace old energy -  and material - intensive technologies that employed either 
the use of toxic compounds (e.g., phosgene) or were characterized by a high 
E - factor  [6] . 

 The use of sc - CO 2  as a solvent and reagent represents an application that reduce 
not only the amount of waste organic solvents, but also the emission of CO 2  
derived from the combustion of spent solvents. 

 The dry - reforming of methane is a technology that may pressurize the  gas - to -
 liquid  ( GTL ) approach by converting methane and CO 2  into liquid fuels at the 
 liquefi ed natural gas  ( LNG ) extraction well. 

 The photoassisted electrochemical reduction of CO 2  in water represents a very 
interesting technology that may allow the effi cient use of residual or intermittent 
energies  [6] , with the concomitant conversion of large volumes of CO 2  into chemi-
cals or fuels. 

 Unfortunately, the technological use of CO 2  has several hidden benefi ts  [6] , 
the most prominent of which is that it should be implemented on a large scale 
so to replace toxic species and compounds which have a high CCP. The use 
of sc - CO 2  has already been exploited in several areas (e.g., as a solvent in dry -
 washing, or in extractions or chemical reactions); however, its use will inevitably 
be expanded into the chemical industry, as well as in the process of enhanced oil 
recovery. 

 By mimicking Nature and combining biotechnology and chemistry, it may be 
possible to bring about the discovery of new technologies which, together with a 
greater use of biomass, may support the substitution of fossil - carbon with quasi -
 zero - emission technologies. One major exploitation of the concept that  “ Nature 
makes and Chemists re - shape ”  may bring about important benefi ts that have not 
yet been fully identifi ed. 

 The  “ inorganication ”  of CO 2  is a technology that may, at least potentially, be 
used to store large volumes of CO 2  over the long term, in the form of  “ safe ”  
chemicals. Of course, such an approach would be especially welcome in situations 
where residual inorganic oxides and sludge from industrial processes could be 
used for the CO 2  fi xation. 

 Whilst, in future, it is essential that industry, international and national funding 
organizations all support research investigations in the above - mentioned areas, it 
is equally vital that these studies are conducted in complementary fashion. In this 
way, it will be possible to investigate a wider variety of applications, taking into 
account specifi c factors applicable to different countries, and consequently produc-
ing the greatest benefi t to Society in general.  
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