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Abstract

In this doctoral thesis knowledge and methods from engineering sciences were applied to defining
atmospheric CO2 balance and the role of anthropogenic utilisation in industrial processes and
global CO2-flows. In addition, barriers to the commercialisation of new CO2-utilisation
applications were discussed. These subjects were studied through literature reviews and
calculations.

By using mass balance calculation global CO2-flows were analysed and with this as a basis,
the Earth's carrying capacity was defined numerically. Direct and indirect actions which could
mitigate the overload situation were derived from the results. To define the attractive CO2
properties in utilisation applications, a mapping analysis was carried out. Properties which
enhance mass and heat transfer are the most meaningful characteristics from a chemical
engineering point of view. Most often, attractive properties are achieved at the supercritical state. 

Engineering thermodynamic methods were used in fluid phase determination of the case
studies. Even simple methods are sufficient to help us understand the phase behaviour of mixtures
in experimental research. Thermodynamic knowledge is fundamental in the development and
design of industrial scale chemical processes. If attractive properties of CO2 are to be utilised on
an industrial scale, an understanding of the theory of high pressure operation is required. Also,
defining the physical properties for all components and mixtures in a system plays a central role.
In addition to engineering knowledge, successful technology transfer requires a positive social
structure as well. 

Finally, if an even braver development vision is aimed for, i.e. to use the light of the Sun as an
energy source in processes as Nature does, the development of thermodynamic methods is
required also in this area.  Work is a central thermodynamic concept. Work transfer energy from
the surroundings in the system. It was originally defined in classical mechanics: the displacement
of an object from one point to another. In chemical engineering, the equation for work has been
formulised in pressure-temperature-volume systems. If the elements of work could be defined for
photoenergy, this would open a whole new way of looking at reaction chemistry. If this
development work is successful, we may see a shift from a thermodynamics approach to
'photodynamics'. 

Several courses of action are required for the mitigation of global warming. On the road to a
carbon neutral society, engineers can make their contribution by applying methods and theories
known in engineering sciences and where necessary, develop theories into new areas of
application. 

Keywords: butane dimerization, CO2 activation, CO2 balance, CO2 utilisation, CO2-
methanol binary system, critical locus, critical point, Earth's carrying capacity, global
warming, high pressure operation, high pressure system, phase determination, phase
envelope, photodynamics, property prediction, supercritical CO2, supercritical fluid





Turunen, Helka, Ilmakehän CO2-tase ja CO2:n hyötykäyttö. Insinöörinäkökulma
Oulun yliopisto, Teknillinen tiedekunta, Prosessi- ja ympäristötekniikan osasto, Lämpö- ja
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Tiivistelmä
Väitöskirjatyössä sovelletaan insinööritieteissä käytettyjä metodeja ja tietämystä määriteltäessä
ilmakehän CO2-tase sekä antropogeenisten hyötykäyttökohteiden merkitys teollisissa prosesseis-
sa ja globaaleissa CO2-virroissa. Lisäksi pohditaan uusien CO2-hyötykäyttösovellusten kaupal-
listamiseen liittyviä rajoitteita. Näitä aiheita on tutkittu käymällä läpi tieteellistä kirjallisuutta ja
tekemällä laskelmia. 

Insinööritieteistä tutun taselaskennan avulla tarkastellaan ilmakehän CO2-virtoja. Sen pohjal-
ta määritetään numeerisesti maapallon CO2-kantokyky. Tuloksista johdetaan suoria ja epäsuoria
toimenpide-ehdotuksia, joiden avulla voidaan lieventää ilmakehän CO2-ylikuormaa. Kartoitus-
menetelmän avulla selvitetään hyötykäytön kannalta edulliset CO2:n aineominaisuudet. Kemian-
tekniikan näkökulmasta ominaisuudet, jotka parantavat aineen- ja lämmönsiirtoa, ovat kiinnosta-
vimpia. Nämä ominaisuudet tulevat esille silloin, kun fluidi on ylikriittisessä olomuodossa. 

Termodynaamisia laskentamenetelmiä sovelletaan esimerkkiseosten olomuodon eli faasin
määrityksessä. Tulokset osoittavat, että jopa verraten yksinkertaiset menetelmät antavat tietoja,
jotka auttavat ymmärtämään laboratoriokokeiden faasikäyttäytymistä. Teollisen mittakaavan
kemiallisten prosessien kehityksessä ja suunnittelussa termodynamiikan hallitseminen on kes-
keinen edellytys. Jos CO2:n kiinnostavia ominaisuuksia toivotaan hyödynnettävän teollisesti,
korkeapaineisten systeemien termodynaamisen teorian hallinta sekä aineominaisuuksien määrit-
täminen kaikille systeemiin osallistuville komponenteille ja niiden seoksille nousee merkittävään
asemaan. Läpikotainen teorian ja teknisten perusteiden hallitseminen ei vielä takaa menestyksel-
listä teknologiansiirtoa pienestä suureen mittakaavaan. Lisäksi tarvitaan myönteinen ja kannus-
tava yhteiskuntajärjestelmä. 

Mikäli tavoitellaan vielä rohkeampaa kehitysnäkymää, tilannetta, jossa luonnon tavoin CO2-
prosessien energianlähteenä käytettäisiin auringonvaloa, havaitaan, että tämäkin askel edellyttäi-
si termodynaamista menetelmäkehitystä. Keskeinen termodynaaminen konsepti on työ. Työ siir-
tää energiaa ympäristön ja systeemin välillä. Tämä on määritelty jo klassisessa mekaniikassa;
kappaleen siirto tietystä paikasta toiseen. Kemiantekniikassa työlle on kehitetty käyttökelpoisia
kaavoja paine–tilavuus–lämpötila-systeemeihin. Mikäli työn elementit kyettäisiin määrittele-
mään auringonvalon fotoenergialle, avaisi se uusia näkymiä reaktiokemiaan. Silloin termodyna-
miikan sijaan voitaisiin ehkä mieluummin puhua 'photodynamiikasta'.

Ilmaston lämpeneminen on ongelma, jonka lieventämiseen tarvitaan useanlaisia toimia. Etsit-
täessä tietä kohti hiilineutraalia yhteiskuntaa, insinöörit voivat avustaa suunnan löytämisessä
hyödyntämällä tieteenalallaan käytettyjä metodeja ja teorioita sekä tarpeen vaatiessa kehittää nii-
tä edelleen uusille alueille. 

Asiasanat: aineominaisuuksien arviointi, buteenin dimerointi, CO2-aktivointi, CO2-
hyötykäyttö, CO2–metanoli -binäärisysteemi, CO2-tase, faasimääritys, ilmaston lämpe-
neminen, korkeapaineoperointi, korkeapainesysteemi, kriittinen käyrä, kriittinen piste,
maapallon kantokyky, photodynamiikka, ylikriittinen CO2, ylikriittinen tila
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Abbreviations 

a Measure of the attractive forces between molecules or activity 

b Covolume occupied by the volumes 

Cv Heat capacity at constant volume (J/K) 

Cp Heat capacity at constant pressure (J/K) 

cv Molar heat capacity at constant volume (J/(K mol)) 

cp Molar heat capacity at constant pressure (J/(K mol))  

C CO2 emissions 

CFC Chlorofluorocarbons  

CP Critical point 

GDP Cross domestic product, economic activity 

Energy/GDP Energy intensity of economic activity 

C/Energy Carbon intensity of energy use 

GDP/Population Income per capita 

DMC Dimethyl carbonate  

EoS Equation of state 

EOR Enhanced oil recovery 

ECBM Enhanced coal bed methane recovery  

F Force (N)  

G Gibbs free energy (J/mol) 

∆fG° Standard molar Gibbs energy of formation at 298.15 K (J/mol) 

GHG Green house gas 

GWP Global warming potential 

H Enthalpy (J/mol) 

∆fH° Standard molar enthalpy (heat) of formation at 298.15 K 

HCFC Hydrochlorofluorocarbons 

HFC Hydrofluorocarbons 

K Reaction equilibrium 

l Distance, length (m) 

LCST Lover critical solution temperature (K) 

M Molecular weight (g/mol) 

n Number of moles (mol) 

ODS Ozone-depleting substance 

p Pressure (kPa, MPa, absolute pressure), (bar, over pressure) 

pc Critical pressure (kPa, MPa, absolute pressure) 

PFC Perfluorocarbons 
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PR Peng-Robinson equation of state 

Q Heat (J) or charge 

R The universal gas constant, (Pa m3)/(K mol) 

S Entropy (J/K) 

SCF Supercritical fluid 

scCO2 CO2 in its supercritical state  

SRK Soave-Redlich-Kwong equation of state 

T Temperature (K, absolute) 

Tc Critical temperature (K, absolute) 

U Internal energy ( J) 

UCST Upper critical solution temperature (K) 

V Molar volume (cm3/mol) or volume (m3) 

Vc Critical molar volume (cm3/mol) 

VOC Volatile organic compound 

VLE Vapour liquid equilibrium 

W Work (J) 

δ Density (kg/m3) 

x Concentration of substance (mol/dm3) 

Z Compressibility factor 

μ Chemical potential 

γ Activity coefficient  

ω Acentric factor 
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1 Introduction 

One of the greatest problems we face at present is the rise of the Earth’s surface 

temperature (global warming). The reason for this is mainly the increase of 

carbon dioxide (CO2) in the atmosphere. It is generally accepted that this 

accumulation is due to human technological activities. Global warming, leading 

to climate change, is expected to have impacts on social, economic and 

environmental systems and so will touch everybody on this planet. (IPCC 2001a-

e, Stern 2006) 

In this context, it seems that our modern technological civilisation has failed 

to maintain the prerequisites for life on earth. Flows or throughputs of materials 

and energy from planetary sources through the human economy to the planetary 

sinks, where wastes and pollutants end up, are in many cases greater than Earth’s 

processes are able to absorb or regenerate into less harmful forms (Meadows et al. 

1992). The increase of the CO2 level in the atmosphere is an example of this. On 

the other hand, technological innovations have improved human welfare over the 

past century particularly in the fields of public health, nutrition and agriculture 

(unmilleniumproject 2005). 

Engineers are central players in technological systems. They design, create 

and operate new production plants and equipment to satisfy the needs and 

consumption requirements of society. The goals set for chemical engineering are 

to put science into force (Shaw 2001), to produce goods and services that enhance 

the quality of life or to produce high-value chemicals from low-value raw 

materials and so make money in any manufacturing industry (Turton et al. 1998). 

Recently, engineers have been challenged to participate in the discussion to find 

sustainable solutions to environmental questions. This can be seen as an honour 

but also as a collective and ethical responsibility. A holistic approach; where 

nature, technological and social systems are integrated, has been sought. (Amadei 

2004, Allenby 1999, Retoske & Beaver 2002) In the concept of industrial 

ecology, engineering is supposed to take the role of describing and explaining 

phenomena (Korhonen 2004).  

In this thesis, an engineering approach is taken on the CO2 question. The 

approach is not only a description of the phenomena but also the active side of 

engineering in problem solving is taken into use. In this work, methodologies 

which are helpful in problem solving are applied. Such methodologies are applied 

to the analysis of the global balance of CO2, to find effective mitigation 

instruments. From the engineering point of view, CO2 utilisation is an interesting 
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mitigation option. CO2 has been viewed as a renewable feedstock (Aresta & 

Dibenedetto 2004, Anastas et al. 2000) and thus there is a possibility to close the 

material cycle (Turunen et al. 2003).  

Very encouraging CO2-utilisation applications have been reported (Jessop & 

Leitner eds 1999, Halmann & Steinberg 1999, DeSimone & Tumas eds 2003, 

Aresta ed 2010) and from these applicationsinteresting properties of CO2 from the 

engineering point of view have been mapped and analysed. Also, the challenges 

that these promising utilisation possibilities give to the field of engineering are 

studied and discussed in this thesis. When the CO2 molecule, being gas in 

atmospheric temperature and pressure, is in contact with other components this 

brings up the paramount issue of fluid phase determination of the system. To 

achieve successful results in reactive or mass transfer systems, proper contact 

between components is of ultimate importance. An overview and consideration of 

reactor types suitable for CO2-utilisation applications, as well as related safety 

issues in design, is also given. 

Fluid phase determination is one central subject to chemical engineering. An 

overview of the theoretical background to thermodynamics is included and 

theoretical methods are applied in case studies. These are the CO2-methanol 

binary system and butane dimerization system. The critical point of the mixtures 

and fluid phase border lines were calculated using simulation programs. Results 

of the binary system were compared with the data from literature and laboratory 

observations. Additionally, selected properties of the binary systems were 

simulated and presented in three dimensional diagrams as a function of 

temperature and pressure. 

On the way to putting CO2-utilisation application ideas into practice other 

challenges can also be found. Among these are reaction thermodynamics, 

technology transfer as well as attitudes and values. Finally, it is generally known 

that Nature utilises CO2 in vast quantities. The thoughts of engineers, arising from 

the reviews of photosynthesis and in particular in the context of thermodynamics, 

are presented. 
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2 Global CO2-balance in the atmosphere 

2.1 Methods 

A literature review has been implemented in the study to describe natural and 

anthropogenic systems and to estimate the amount of CO2 flows on a global scale 

as well as to understand the natural phenomena and processes. The system and 

quantitative flow analysis methods used in process and chemical engineering 

were applied. These results led to a new literature review and further discussions. 

2.2 Overview on the progress of the CO2 question from 19th 

century to present 

2.2.1 Early warnings  

The discussion on climate change has its roots in the 19th century. Already in 

1861, The London, Edinburgh and Dublin Philosophical Magazine and Journal of 

Science published a seminar paper on the effects of the transmission of solar and 

terrestrial heat through the Earth’s atmosphere on climate. This was written by 

John Tyndall, who was a British physicist and fellow of the Royal Society. The 

paper handled such issues as the influences of the aqueous vapour and carbonic 

acids diffused through the air on the Earth heat balance. (Benarde 1992, Wallén 

1983) The phenomenon described in this paper is nowadays known as the 

greenhouse effect. 

A Swedish chemist, S. A. Arrhenius, recognised in 1896 that carbon dioxide 

allows solar radiation to pass through the atmosphere but sequesters a portion of 

the reradiated energy (heat) from the Earth (Benarde 1992, Bolin et al. 1986, 

Wallén 1983). In 1899, Chamberlain published the theory where he expressed that 

climate change may be related to fluctuations in the atmospheric CO2 amount 

(Wallén 1983). S.A. Arrhenius calculated that doubling the amount of CO2 in the 

atmosphere could produce a 6°F (3.3°C) increase in the mean global surface 

temperature. With the same assumption in 1938 G.S. Callender estimated a 2°F 

(1.1°C) (Benarde 1992), and in 1956 G.N. Plass a 3.6°C (Plass 1956) increase in 

the Earth’s surface temperature. Today, mathematical climate models with 

computer-aided calculation routines give an increase between 1.9–5.2°C in the 

global average surface temperature for the amount of CO2, which is double in 
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comparison to the pre-industrial level. The main uncertainty arising from the 

problem was of how to simulate clouds. (IPCC 1990) 

In 1956, G.N. Plass published his article ‘The Carbon Dioxide Theory of 

Climate Change’, where he indicated that CO2 is the major ‘greenhouse’ gas. He 

also presented a global CO2 balance with an estimate that at the time, fossil fuel 

combustion was adding to atmospheric CO2 by 6 Gt/a (about 1.64 Gt/a of 

carbon). He concluded that the amount of CO2 in the atmosphere would increase 

by 30% by the end of the 20th century if humans continued to burn fossil fuels 

along the same trajectory. He also estimated and confirmed earlier arguments 

given by Callendar in 1938 and 1949 that additional CO2 will increase the 

average temperature by 1.1°C. (Plass 1956) The observed CO2 concentration was 

367 ppm in 1999 (IPCC 2001a). That means an increase of around 30% during 

the last century. The mean global surface temperature has increased by 0.3–0.6°C 

since the late 19th century up to the late 20th (IPCC 1996). From these values it 

can be concluded that Plass estimated accurately the increase in CO2 

concentration, but a little overestimated the temperature increase. However, if we 

take into account the complexity of the task, even the temperature estimate is 

within an acceptable margin. 

The first reliable measurements of the amount of CO2 in the air are from the 

1860’s. From the data, the reliability of which was evaluated by Callander in 

1958, it is concluded that the content of CO2 in the atmosphere in 1890 was about 

290 ppm. This value has been used as one of the most reliable measurements for 

the time period before the beginning of human industrial activity and the burning 

of fossil fuels on a larger scale (Wallén 1983). Other reported values are 270 15 

ppmv in 1870 and 285–290 ppmv in the 1880s (Bolin 1986). The 

Intergovernmental Panel on Climate Change (IPCC) uses the value of 280 ppmv 

for the pre-industrial atmospheric concentration of CO2 (1750–1800) (IPCC 

1990). 

Modern accurate measurements of atmospheric CO2 were begun under the 

supervision of C. D. Keeling and his colleague R. B. Bacastow at the Mauna Loa 

Observatory on Hawaii in early 1958. The value of atmospheric CO2 in 1958 in 

the Moana Loa observations was 312 ppmv. (Bolin 1986) Since 1972 an 

additional monitoring programme has operated on Hawaii, which has made it 

possible to double-check the trends in atmospheric CO2. (Wallén 1983) These 

observations have continued since then. Nowadays, monthly values for measured 

CO2 as mole fractions in dry air and historical trends can be found on the internet. 

The trends show a continuous increase in the CO2-content in the atmosphere. In 
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November 2010 the observed CO2 value at Moana Loa was 388.59 ppm (NOAA 

2010, http://www.esrl.noaa.gov/gmd/ccgg/trends/).  

Carbon dioxide content fluctuates regularly on a seasonal basis. This is due to 

photosynthesis during spring and summer and the increase in CO2 is due to 

respiration during autumn and winter (Benarde 1992). Additional fluctuation is 

caused by variations in sea level surface temperature, which influences the 

solubility of CO2 in sea water as well as photosynthesis in the sea (Bolin 1986).  

Some quotations from “the early days” regarding greenhouse gas 

accumulation in the atmosphere have been included below:  

By Callendar in 1938 and 1949: ’If no other factors change, man's activities 

are increasing the average temperature by 1.1ºC per century.’ (Benarde 1992, 

Plass 1956) 

‘The extra CO2 released into the atmosphere by industrial processes and other 

human activities may have the temperature rise during the present century. In 

contrast with other theories of climate, the CO2 theory predicts that this 

warming will continue, at least for several centuries.’ (Plass 1956) 

‘The possible climate change due to emissions of greenhouse gases into the 

atmosphere cannot be considered in isolation. It is one of the many important 

environmental problems that must be addressed, but in a long-term 

perspective probably the most important one.’ (Bolin et al. 1986)  

‘Climate change is a problem with a unique characteristic. It is global, long-

term (up to several centuries), and involves complex interactions between 

climatic, environmental, economic, political, institutional, social and 

technological processes.’ (IPCC 2001d)  

These expressions indicate that the accumulation of greenhouse gases, especially 

CO2, in the atmosphere have been estimated amazingly exactly already at an early 

stage and also the influence on global average temperature recognised. The 

comprehensiveness, seriousness and complexity of the impacts have also been 

understood with measured data as well as considerations being published in 

scientific literature. Nevertheless CO2 was not regarded as a pollutant until the 

late 1980s, and thus there were no significant policies to restrict CO2 emissions 

then (Schemalensee et al. 1998). 

This shows and indicates that we are standing in front of a complicated 

problem, which needs a multidisciplinary approach and discussion. 
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2.2.2 From CO2 accumulation to climate change 

The average surface temperature of the Earth is 14°C. If there were no 

atmosphere, the Earth's average surface temperature would be expected to be 

around –19°C in theory. The reason for this difference is the greenhouse effect. 

This phenomenon is caused by small amounts of gases in the earth’s atmosphere, 

particularly carbon dioxide (CO2), water vapour (H2O) and ozone (O3). These 

gases absorb reflected solar radiation from the Earth’s surface. These molecules 

are called greenhouse or radiative gases. (Burroughs ed 2003, Halmann & 

Steinberg 1999) 

Carbon dioxide is the dominant human-influenced greenhouse gas 

representing 60% of the total concentration increase of all of the stable and 

globally harmful greenhouse gases. In the 1990s, the annual increase in CO2 

content in the atmosphere varied from 0.9 to 2.8 ppm/yr, equivalent to 1.9 to 6.0 

PgC/yr (GtC/a). (IPCC 2001a) The global average surface temperature increased 

by 0.6°C during the 20th century. It is likely that the 1990s was the warmest 

decade of the last millennium (Burroughs 2003).  

The observed change in the global mean, the annually averaged temperature 

over the last century and especially over the last 50 years, are unlikely to be 

entirely due to the natural fluctuation of the climate system (IPCC 2001b, 

Burroughs 2003). Recently, the opinion that climate warming due to an increase 

in greenhouse gases in the atmosphere is leading to climate change is being 

accepted more and more. International communities have reacted to this. 

Examples are the entry into force of the Kyoto Protocol on 16 February 2005, EU 

communications (EU 2005) 'Winning the Battle Against Global Climatic Change' 

in February 2005, 'Limiting Global Climate Change to 2° Celsius: The way ahead 

for 2020 and beyond, and the Nobel Prize in 2007 to the work done by IPPC and 

Al Gore ‘for their efforts to build up and disseminate greater knowledge about 

man-made climate change, and to lay the foundations for the measures that are 

needed to counteract such change’ (Nobel Prize 2011). EU communications 

opened the discussion to find possible strategies for achieving necessary emission 

reductions that are in line with limiting the average global temperature increase to 

2°C above pre-industrial levels. On the other hand, a policy of adapting and 

acting to a warmer climate has also emerged (Weaver and Green 1998). 
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2.2.3 Definition of the climate system 

The climate system consists of five major components: the atmosphere, the 

hydrosphere, the cryosphere, the land surface and the biosphere. This is the 

interactive system, which is forced or influenced by various external forcing 

mechanisms, the most important of which is Sun. Also, the direct effect of human 

activities on the climate system is considered as an external force. The climate 

response to the internal variability of the climate system or to external forcing is a 

complicated process of feedbacks and non-linear responses of the components. 

When the change of one climatic variable triggers the processes which reinforce 

the impact of the original stimulus, it is a question of positive feedbacks. In the 

case of negative feedbacks the response tends to damp down the impact of the 

initial stimulus. (IPCC 2001b, Burroughs 2003) 

A complex, non-linear system may display what is technically called chaotic 

behaviour. This means that the behaviour of the system is critically dependent on 

very small changes in the initial conditions. (IPCC 2001b) However, the climate 

in any particular part of the world at any given time of the year stays within 

relatively narrow limits. This indicates that for the most part the regularity of the 

seasons suggests that climate is not chaotic. (Burroughs 2003) In addition to 

surface temperature increase, other observed changes in the climate system point 

to climate change are the decreases in snow and ice cover, the rise of the global 

sea level, or rainfall increase in certain areas while other areas have a decrease in 

rainfall or even drought. (IPCC 2001a, Burroughs 2003) 

2.2.4 The carbon-cycle in the climate system 

To describe the carbon-cycles in the entire climate system or in one part of it, 

many kinds of modes and schemes are used. Box diagrams are used to describe 

the global carbon-cycle (Baes 1983, Bolin 1986). Box models, which also include 

mathematical models concentrating on CO2 exchange between the atmosphere 

and mixed layers of the ocean and deep sea in addition to the biosphere, are 

presented in several publications (Craig 1957, Oenscheger et al. 1975, Björkström 

1983). Several schematic figures for the global carbon cycle including reservoirs 

have also been published (e.g. IPCC 1996, FAO 2001). 

The carbon-cycle is also illustrated within certain systems. For example, box 

diagrams for the Finnish forest industry (Korhonen et al. 2001), a verbal 

description of the Finnish forest ecosystem (Ilvesniemi et al. 2002) as well as one 
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for the global forest system (Kauppi 2003) can be found. The Earth system 

engineering approach has produced carbon-cycle figures placing emphasis on 

anthropogenic actions. In his book, Allenby reviews the future looking for a 

deliberately engineered human carbon-cycle governance system. (Allenby 1999)  

Under the Industrial Ecology approach, basic flow diagrams for the interface 

between industry and the environment are introduced. This kind of chart can be 

used to integrate a wide array of data, providing a basis for comparing natural and 

industrial flows, in terms of volumes, flow paths, and environmental sinks. They 

are a starting point for the analysis of the environmental impact of industrial 

flows and modifications by exploiting trade-offs and choices. (Tibbs 1992) The 

CO2 flows could be embedded into the large diagram presenting the whole 

integrated collection of physical processes that converts raw materials and energy, 

plus labour, into finished products and wastes or into the generalized four-box 

model for bio-geo-chemical cycles or for industrial material cycles by Ayres 

(1994). 

2.3 Engineering methods in complex system problem solving 

2.3.1 Problem solving – The engineering approach  

The classical perspective for an engineering problem solving is that success in 

engineering design involves a good deal of common sense, the ability to plan and 

organise, a preference for simple solutions as opposed to complex ones, 

dissatisfaction with the status quo, attention to detail, and an appreciation of 

constraints of time, material properties, and costs (Shaw 2001). A piece of advice 

often given to chemical engineers is to 'keep it simple'. This is very important 

because most people tend to make things more complicated than they need to be. 

The simple approach to achieving the basic objective should be maintained. After 

that, process improvements, which allow effective and economical results, can be 

made. (Ginkel & Olander 1991) 

In terms of global warming, the atmosphere has been proven to be the most 

problematic part of the system. The level of CO2 in the atmosphere has risen from 

around 280 parts per million (ppm) in pre-industrial times to around 370 ppm at 

the end of the 20th century (IPCC 2001a, Burroughs 2003). The concentration 

increase in CO2 indicates that the amount (mass) of CO2 has increased in the 

given time period. Thus, from the process engineering point of view, the problem 
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we have in our hands is a mass balance problem in the atmosphere and further 

analysis shall be built on this conclusion.  

Using the metaphor of an industrial system, the atmosphere can be considered 

to be an intermediate vessel in a very complex production plant. If mass flows 

into the vessel are continuously greater than mass flows out of the vessel, the 

vessel will become overloaded and sooner or later it will overflow. How do 

engineers study this kind of a problem and what kinds of solutions could be found 

to avoid the overload situation? 

2.3.2 Input-output flow diagram and mass balance – The process 
engineering approach  

The most effective way of communicating information about a process is through 

the use of flow diagrams. A convenient way to start process analysis studies is to 

create an overall input-output block flow diagram for the system under study. 

Usually, the process flow diagram is structured so that the process feed stream(s) 

enters from the left and the product stream(s) leaves to the right. In the block 

diagram, unit operations and vessels are shown as blocks. (Turton et al. 1998) 

The input-output block flow diagram method is applied in the analysis of the 

CO2 accumulation problem. Preliminary ideas based on this approach are 

presented in earlier publications (Turunen et al. 2003, 2004a, Turunen 2010). The 

ideas are developed further and presented in Figure 1, where the atmosphere is 

presented as an intermediate vessel in the middle. Input flows to the atmosphere 

are leaving from the anthropogenic and natural processes. Natural processes are 

situated in the biosphere and land surface in the climatic system. Output flows 

from the atmosphere are entering into the anthropogenic and natural processes. 

The atmosphere and hydrosphere are in interaction with each others. This is 

shown by arrows to both sides. All parts of the climate system are included in the 

diagram: atmosphere, hydrosphere, cryosphere, biosphere, and land surface.  



 26

Fig. 1. Overall input-output block flow diagram illustrating CO2 flows into and out from 

the atmosphere in the climate system. The solid arrows show the CO2 flows and 

dashed arrow lines represent products, natural or artificial, in which CO2 has been 

fixed. 
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The next step in the analysis is to create the mass balance. The material balance of 

an industrial process is an exact account of all the materials that enter, leave, 

accumulate, or are dissipated during a given time interval of operation. The 

material balance is thus an expression of the law of conservation of mass in 

accounting terms. One basic term used in this context is the recycling stream of a 

product. (Hougen et al. 1954) 

Whilst working to find exact values, it is good to know that in the 

approximate solution of engineering problems relative values, rather than absolute 

numerical values, are often sufficient. Relative numbers are more easily obtained 

and in some cases preferred. This is a principle that Galileo (1564–1642) already 

applied. (Shaw 2001) Furthermore, when screening alternatives rough 

calculations using reasonable approximations are more useful than detailed 

simulations. (Turton et al. 1998) 

Applying the advice given above, the plausible mass balance based on 

lumpsums was created and is shown in Table 1. The numbers in Table 1 express 

the amount of carbon bound in CO2. 
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Table 1. The mass balance of CO2 over the atmosphere, numerical presentation 

shown. Numbers presented in amounts of carbon. 

Input flows    Output flows 

Source  PgC/a  PgC/a  Source 

Anthropogenic processes      Anthropogenic processes 

Consumption of products      Cultivation, re- and afforestration 5) 

and services releasing CO2    0.03  CO2 utilisation 

Energy production                      1)  6.5    (long and short term fixation) 2,3) 

Transportation    0.01  CO2 stirage 

Industrial processes      (enhanced oil recovery and  

Felling and tilling      geological storage) 3) 

Changes in soil use                   1) 

(deforestation) 

 2     

Desertification       

Natural processes      Natural processes 

Biosphere and land surface      Biosphere and land surface 

Decomposition of biomass         1)  60  63  Photosynthesis (terrestrial plants) 1) 

Respiration      Land surface 

Desertification    -  Mineral carbonation 5) 

Forest fires                                 5)  -     

Volcanic eruptions       

Hydrosphere      Hydrosphere 

Thermodynamic equilibrium 1,4)  90  92  Thermodynamic equilibrium 1,4) 

Cryosphere      Cryosphere 

Thermodynamic equilibrium 5)  -  -  Thermodynamic equilibrium 5) 

Total input flow  158.5  155.04  Total output flow 
1 FAO, Food and Agriculture Organization of the United Nations, 2001 
2 Arakawa et al.2001 
3 IPCC, Intergovernmental Panel on Climate Change, Climate Change, 2005a 
4 Sieglerhaler & Sarmiento, 1993 
5 Not estimated separately 

The difference between the input and output flows gives a value of 3.45 PgC/a, 

which shows annual carbon accumulation in the atmosphere. Accumulation 

represents 2.18% of the total global input flows and 2.23% of the total global 

output flows. 

2.3.3 Discussion on the mass balance 

From Table 1 it can be easily seen that the flows of natural processes are much 

greater than the flows of anthropogenic processes (60+90 vs. 6.5+2 GtC/a). 
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Another observation is that natural output flows are greater than equivalent input 

flows (biosphere −63/60 GtC/a and hydrosphere −92/90 GtC/a). Input flows of 

the anthropogenic processes are 8.5 GtC/a (6.5 + 2 GtC/a). At the same time, 

natural processes consume more carbon than they emit into the atmosphere 

(biosphere −3 GtC/a and hydrosphere −2 GtC/a). Thus more than half of the input 

flows of carbon from anthropogenic processes are used in natural processes. The 

table also shows that there is hardly any anthropogenic activity which consumes 

carbon in the form of CO2. Because input flows are greater than output flows, the 

system is not in balance. Greater input flows mean that material is accumulating 

into the subsystem under study, i.e. the atmosphere. 

To get an understanding of the magnitudes of accumulation in comparison to 

the flows shown in the mass balance, simple mathematics is used and percentages 

of accumulation from the input and output flows are calculated. The results are 

shown in Table 2. 

Table 2. CO2 accumulation proportion from the input and output flows. 

Accumulation* against flows Accumulation percent, % 

Anthropogenic input flows 38 

Natural input flows 2.2 

Anthropogenic output flows 11 200 

Natural output flows 2.1 

* CO2 accumulation amount 3.37 GtC/a, is amount of bound carbon in CO2 

Table 2 clearly shows that the accumulation rate is relatively low in comparison 

to the natural flows but is remarkable in comparison to the anthropogenic flows.  

2.4 Earth’s estimated carrying capacity and system overload 

For sustainable production and consumption, the term eco-efficiency has been 

introduced. The World Business Council for Sustainable Development (WBCSD) 

has defined eco-efficiency as follows: ‘Eco-efficiency is reached by the delivery 

of competitively priced goods and services that satisfy human needs and bring 

quality of life, while progressively reducing ecological impacts and resource 

intensity throughout the lifecycle, to a level at least in line with the Earth’s 

estimated carrying capacity’. (WBCSD 1996) 

What is the Earth's estimated carrying capacity in the case of the CO2-cycle 

to the atmosphere? The information in Table 1 is transferred into Figure 2. Input 
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and output flows are shown in two separate columns divided into the sections of 

natural and anthropogenic flows. The green column of natural processes in output 

flows (155 GtC/a) represents the amount of carbon which is used by natural 

processes. This amount of carbon corresponds to about 570 Gt of CO2 annually. 

This is the amount of CO2 that Earth is able to handle. Thus Earth's estimated 

carrying capacity in the case of CO2-cycle to the atmosphere is about 570 Gt/a in 

the present circumstances.  

The gap between input flows and output flows represents accumulation (3.46 

GtC/a). This corresponds to about 13 Gt of CO2 annually. This is the amount of 

CO2 which has not been handled in either natural or anthropogenic processes. 

Presently Earth's carrying capacity of CO2 is exceeded annually by about 13 Gt of 

CO2. In other words, in the system shown in Figure 1, the atmosphere is 

overloaded by this amount of CO2. The overload is presented graphically in 

Figure 2.  

 

Fig. 2. Estimate of the Earth’s carrying capacity of CO2 and overload of CO2. The 

numbers express the amount of carbon bound in CO2 (Turunen 2010). 
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2.5 Direct and indirect stabilisation 

The previous two main solution alternatives for the problem of CO2 imbalance are 

to decrease the input flows or to increase the output flows. Both of these 

alternatives can be implemented at the same time. However, keeping in mind the 

lessons learned from text books, one needs to resist the temptation to focus only 

on one solution or the first one that comes to one’s mind. Also, when 

brainstorming a troubleshooting problem, one should consider all ideas, no matter 

how unusual they may seem. (Turton et al. 1998) 

If the information included in Tables 1 and 2 as well as in Figures 1 and 2 are 

studied together, stabilisation alternatives can be found, which may contain direct 

as well as indirect effects. The basic ideas of direct and indirect stabilisation 

alternatives are discussed by the author (Turunen 2010). 

The direct way to decrease the overload is to limit emissions from 

anthropogenic CO2 flows. This is dealing with, for example, energy efficiency 

and forest management. If sustainable methods to utilise and store anthropogenic 

CO2 emissions can be found, this can be counted as the direct stabilisation 

alternative.  

In indirect stabilisation, manipulation of the overload passes through natural 

processes. If human activity affects the natural processes so that the amount of 

CO2 utilised by them changes, the Earth’s carrying capacity is again affected. If 

natural processes are able to handle more than 155 GtC/a, the gap between input 

and output flows decreases, which means less accumulation and lower overload. 

In the reverse case the gap or, in other words, overload, increases. An example of 

the indirect effect is acidic rains, which are shown to be harmful to the growth of 

vegetation.  

The annual CO2 accumulation in the atmosphere can vary, even from 1.9 

GtC/a to 6.0 GtC/a. This variability is reported to be mainly caused by variations 

in land and ocean uptake. (IPCC 2001e) If this is true, this is evidence that the 

performance of natural processes is not continuously stable, but has a dynamic 

property. It would not be wise to think that human activity would not have any 

impact on natural processes, their performance or dynamics. 
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2.5.1 A direct way to affect the overload 

Decrease anthropogenic input flows 

From Table 2 it can be found that the decrease in anthropogenic input flows 

should be about 40% if a balance in the system was attained. The language of 

engineers is equations and mathematics and these are used to understand trends in 

the studied system (Turton et al. 1998). The overall volume of human induced 

CO2 emissions seems to follow the equation called the Kaya identity which is as 

follows (IPCC 2001c),  

 C = GDP*(Energy/GDP)*(C/Energy). (1) 

Also the following formula of this equation has been published (Albrecht et al. 

2002), 

 C = (C/Energy)*(Energy/GDP)*(GDP/Population)*Population. (2) 

Formulas of Equations (1) and (2) are used in economics. The primary parameters 

of these equations are related to several different disciplines, i.e. the economy 

(GDP), social sciences (population), engineering and natural sciences (energy and 

carbon).  

Here Galileo advises us again, in the solution process of complex problems 

one should concentrate on a dialog and group action (Shaw 2001). Use the 

expertise of other people and avoid building mental fences (Ginkel & Olander 

1991). This is advice that has been given by engineers to other engineers. These 

indicate that multidisciplinary co-operation is preferred, it is important to use the 

knowledge of other professionals and give them room to act.  

A practical example of the positive co-operation of groups representing 

several professionals or social groups can be found in agriculture. Technological 

development in the sector has increased human well-being by enhancing and 

increasing economic growth. (unmilleniumproject 2005) 

Increase anthropogenic flows 

According to the numbers shown in Table 1, the present activity in the field of 

anthropogenic CO2-utilisation is very modest. This is the reality even though it is 

easy to list a number of publications presenting research results in CO2-utilisation. 

From these it can be seen that CO2 is used as a raw-material in chemical 
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synthesis, as well applications where the physical properties of CO2 have been 

utilised. Nice reviews on the possibilities to use CO2 as a raw material in 

chemical reactions have been published (Jessop & Leitner 1999, Halmann & 

Steinberg 1999, Arakawa et al. 2001, Aresta ed 2010, Beckman 2004, Creutz & 

Fujita 2001, Aresta & Dibenedetto 2004, Aresta et al.1991, DeSimone & Tumas 

eds 2003). Examples of CO2 use based on its physical properties are: Extraction, 

as a solvent in chemical reactions, cleaning, as a cooling medium and shielding 

gas in food packing, welding and fire extinguishing, or as a pH agent in water 

solutions. (Halmann & Steinberg 1999, Arakawa et al. 2001, Aresta eds 2010, 

Beckman 2004, Xiaoding, X. et al. 1996, Suresh et al. eds 2007).  

The combination of CO2 storage with enhanced oil recovery (EOR) (IPCC 

2005a) represents at the moment the largest deal of anthropogenic CO2 utilisation 

(Suresh et al. eds 2007). The same kind of combination is also possible in 

enhanced coal bed methane recovery (ECBM) (IPCC 2005a). Other long-term 

storage applications being researched are mineral carbonation and storage in 

geological formations. In mineral carbonation, CO2 reacts with alkaline and 

alkaline-earth oxides, such as magnesium oxide (MgO) and calcium oxide (CaO). 

Mineral oxides to be carbonated can be of natural origin, but also industrial 

wastes can be considered (Teir 2008, Teir et al. 2004, IPCC 2005a). In particular, 

the carbonation of magnesium oxide minerals has been studied (Zevenhoven 

2002, Kohlmann et al. 2003, Lackner et al. 1995). At present, the search for 

carbon capture and storage possibilities has received wide interest. The main 

storage options are different geological formations (IPCC 2005a, EIA 2010) 

including the injection of CO2 into empty oil reservoirs (Jenssen et al. 2005). 

The effective and sustainable implementation of these ideas in practice could 

increase anthropogenic output flows remarkably. Table 2 shows that 

anthropogenic output flows should be increased by more than 100 times to 

stabilise the present overload. This might be found to be a desperate task, but on 

the other hand this is also an opportunity: there is a lot of raw material available 

and there is an open field for new actors and players. In fact, there is a call for 

new innovations.  

It is estimated that about 10% of CO2 emissions are caused by the use of 

chemicals. If this amount of CO2 could be recycled and utilized, maybe about 7% 

of CO2 emissions could be avoided. (Aresta 2010) Additionally, it is estimated 

that the shift to a low-carbon economy will open huge markets for low-carbon 

technologies, which will be worth at least $500bn, perhaps much more by 2050 if 
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the world acts on the scale required (Stern 2006). A part of this large sum of 

money should also be directed to CO2 utilisation. 

The ‘kick-back’ flow around the intermediate vessel (atmosphere) that is 

shown in Figure 1 means there is a possibility to return carbon back to the vessel. 

If processes in the CO2-utilisation block do not operate in a sustainable way, the 

amount of the returned CO2 could be even larger than the amount of utilised CO2. 

It is essential to analyse the lifecycle of the CO2-utilisation process, to ensure that 

CO2-balance is positive or at least better than the conventional way to 

manufacture the studied product. Only this way can the true benefits in waste 

recycling be achieved. 

2.5.2 Indirect way to affect the overload 

The indirect way to affect the overload in Earth System Engineering (ESE) is an 

interesting approach. The goal is to reduce unintended perturbations to natural 

systems from human activity. It requires the development of coupled human-

natural systems, which appear in a highly integrated fashion. Such Earth System 

Engineering activity is proposed to rely on Industrial Ecology studies and 

methodologies to provide critical elements of the required science and technology 

base. The target, in terms of the CO2 problem, is to develop an institutional ability 

to deliberately modulate the carbon cycle to maintain specified atmospheric 

concentrations of CO2 and other greenhouse gases to achieve and maintain the 

desired global state. (Allenby 1999)  

Due to the magnitude of the natural flows, in comparison to the 

anthropogenic flows, it is worth stopping to think about the character of the 

natural processes and the role of human actions in respect to the performance of 

natural processes. 

Natural flows, biosphere and land surface 

From Table 2 it can be seen that accumulation defined through mass balance 

analysis in Section '2.3.3. Discussion about the mass balance’ represents only 

2.3% of the natural output flows. The result tells that if such actions could be 

found which increase natural output flows, even by a couple of percentage points, 

it would make a major contribution to the existing imbalance problem. This 

requires that input flows do not increase at the same time.  



 35

From the literature we can find that forests especially play an important role 

in the global carbon cycle. The management or destruction of forests could 

significantly affect the course of global warming. Forests can contribute towards 

emission reductions, carbon storage and carbon sequestration. The conservation 

of existing carbon stocks in forests is potentially a more powerful tool than 

carbon sequestration. However, forestry measures alone will not be enough to halt 

the increase in the atmospheric CO2 concentrations. (FAO 2001)  

Forests belong to the biosphere, thus it can be said that the biosphere is a 

potential carbon sink. This leads us to wonder if it is possible to increase the 

efficiency of bioprocesses or if there is anything which restricts natural processes’ 

efficiency or performance. At this stage one has to remember that the increase in 

bioprocess efficiency does not decrease the amount of carbon in the atmosphere at 

a uniform rate, because of a kick-back flow due to degradation (Figure 2). 

From engineering guidelines it can be learnt that in complicated systems the 

root cause for problems might sometimes be difficult to identify. The cause of an 

observed process failure may be located in a different part of the process. (Turton 

et al. 1998) In an industrial system, the process may be upset by the poor quality 

of feed streams and catalyst deactivation may also cause problems in processes. 

For example, sulphur components are known to be catalyst poisons in industrial 

processes (Carberr 1976).  

A large body of knowledge has shown that significant yield losses of biomass 

can occur in the absence of visible symptoms. Gaseous emissions such as sulphur 

dioxide (SO2) and nitrogen oxides (NOx) can travel over very long distances, 

transported by the wind over hundreds of kilometres, then be deposited and cause 

impacts far from the source of pollution. The direct impacts of increased SO2 

concentrations on the biosphere are largely confirmed in urban areas, pre-urban 

areas and close to industrial sources of pollution. (Kuylenstierna et al. 2002) In 

industrial processes, if the amount of equipment is reduced or not maintained 

accordingly, this will lower the capacity of the plant. By ensuring high 

performance for photosynthesis high natural output flows can also be anticipated. 

Natural flows, hydrosphere 

Atmosphere and hydrosphere are strongly linked together. There is a continuous 

exchange of substances like CO2 and water between liquid and gas phases 

between the atmosphere (gas) and hydrosphere (liquid). From an engineering 

point of view there exists a vapour-liquid equilibrium. The fundamental exchange 
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phenomena of CO2 between atmosphere and oceans are based on the 

thermodynamic solubility equilibrium, which is a function of temperature and 

pressure (Sieglerhaler & Sarmientor 1993, Salminen et al. 2002, Salminen 2004). 

The thermodynamic equilibrium state will always occur in a closed system, if 

sufficient time has been given. In addition, a system open to flows of mass and 

energy, depending on the nature of these interactions between the system and its 

surroundings, may also evolve an equilibrium state. (Sandler 1989)  

The role of the oceans as carbon sinks is essential, it is estimated that oceanic 

sinks account for about 48% of the total fossil-fuel and cement-manufacturing 

emissions from 1800 to 1994 (Sabine et al. 2004). These facts lead us to study the 

relations between hydrosphere and atmosphere through thermodynamics. 

Theoretical thermodynamic calculations are applicable also in natural water 

system applications. Even a very small decrease in pH due to the addition of acid 

in a closed ionic aquatic system, may change thermodynamic equilibrium to the 

direction where the system's ability to maintain CO2 in a dissolved form in 

aquatic solution decreases. (Kobylin et al. 2003, Turunen et al. 2004a) If that 

happens on a large scale, hydrospheric CO2 uptake decreases. 

2.5.3 Discussion on stabilisation alternatives and carrying capacity 

According to the methods used in engineering problem solving, several 

alternative solutions were found. It is clear that to reach a balanced situation in 

the CO2 accumulation problem shown in Figure 1 and Table 1, a number of 

simultaneously accomplished solutions should be put into practice. In fact, this is 

nothing new. As mentioned, climate change is a problem with unique 

characteristics. Additionally, there is no single path to a low emission future and 

no single technology option will provide all of the needed reductions in 

emissions. (IPCC 2001d) 

From the reaction engineering point of view, a so-called runaway reaction is a 

known phenomenon. A type of reaction exists, which creates heat (exothermic 

reaction) and this heat increases reaction temperature which further promotes 

reaction and escalates the production of heat. If the heat produced in the reaction 

is not removed from the system with a cooling medium, the situation may lead to 

the uncontrolled runaway situation ending in severe hazards.  

If Equations (1) and (2) are reconsidered in terms of this metaphor, what 

could be the cooling medium to prevent these reactions running out of control in a 

socio-technological-natural system? 
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It is believed, no single solution exists. Thinking positively, this provides a 

possibility, a challenge and freedom to use creativity to design and provide 

actions towards achieving a carbon neutral society. Further, due the complex 

nature of the problem, all members of society have the possibility to take part in 

this work. This does not mean the abandonment of privileges only, but is also a 

business opportunity to develop products and materials that can help people 

minimise climate impacts (Retoske & Beaver 2002) and to make technological 

and system innovations in the area of mitigating climate change (Soimalkallio et 

al. 2002, Korhonen et al. 2004). As mentioned earlier, large markets are 

anticipated for low-carbon technologies. Furthermore, it is important to know that 

there is still time to avoid the worst impacts of climate change if we act now on 

an international level. Governments, businesses, organisations and individuals all 

need to work together to respond to the challenge. Strong, deliberate policy 

choices by governments are essential to motivate change. (Stern 2006) 

From the idea of direct and indirect stabilisation studies several solution 

alternatives were found.  

1. Decrease of anthropogenic input flows. This needs highly integrated co-

operation inside society. 

2. Increase in anthropogenic CO2-utilisation and storage. To estimate 

sustainability of CO2-utilisation, proper life-cycle calculation methods are 

needed.  

3. Ensure the highest possible operation capacity for natural processes in 

biosphere and land surface, which work as CO2 sinks. This needs proper 

conditions, a clean environment and sufficient land area for plants. 

4. Ensure favourable thermodynamic equilibrium conditions between the 

hydrosphere and atmosphere so that natural dissolution of CO2 into the 

hydrosphere is preferred. In this phenomenon even a small decrease in the pH 

of aquatic systems plays an important role. 

Due to the magnitude of natural flows, only small changes in these flows may 

cause a large response in the scale of the CO2 accumulation rate in the 

atmosphere. This makes solution alternatives three and four very powerful, but 

also sensitive to drawbacks. 

In regarding the Earth's estimated carrying capacity, it has to be remembered 

that in dynamic systems the carrying capacity is not a fixed value but depends on 

performance conditions. If the Earth's carrying capacity is exceeded, this means 

that the ability of natural processes to handle substances like CO2 is overloaded. If 
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the quantity of the overload is decreased by limiting anthropogenic emissions or 

creating new uses and storage possibilities for CO2, then the effect is directed to 

the overload and Earth's carrying capacity remains untouched.  

From the engineering perspective, process performance in a dynamic system 

may vary according to process conditions. If human activities, intended or 

unintended, affect the capacity of the natural processes, this leads to changes in 

carrying capacity. If part of the carrying capacity is changed and there are no 

changes in the amount of input flows, there will be changes in the amount of 

overload as well. The effect of the overload is then indirect. Harmful substances 

like sulphur components may decrease the performance of the photosynthesis and 

thus the fixation of CO2. Conversely, proper soil and forest management may 

increase CO2 fixation by natural flows. 

2.6 The role of the CO2-utilisation and modern views of industry 

Carbon dioxide utilisation is a CO2 stabilisation alternative which is interesting 

from the engineering point of view. This is studied and discussed further in the 

context of a modern industrial concept and prospects. 

2.6.1 CO2 in the context of industrial ecology and the definition of 
waste 

Industrial ecology is the study of the flows of materials and energy inside 

industrial, environmental and social systems. The major way in which the 

industrial metabolic system differs from the natural metabolism of Earth is that 

the natural cycles are closed, whereas industrial cycles are open. In other words, 

the industrial system does not generally recycle its nutrients. (Ayres 1994) In this 

context, CO2-utilisation in industrial or artificial processes represents the human 

made solution to close the CO2 cycle (Turunen et al. 2003). The possibility to 

close the system can be clearly seen also from Figure 1, the arrow from the 

anthropogenic output flows back to the input flows. 

This leads us to think more closely about the essence of waste. According to 

the re-defining of the concepts of waste and waste management: ‘waste is a man-

made thing that has no purpose: or is not able to perform with respect to its 

purpose’. This description allows for the possibility of waste being turned into a 

non-waste, if the purpose can be defined. (Pongrácz 2002) Anthropogenic CO2 

utilisation applications, described in Chapter ‘2.5.1 Direct way to affect the 
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overload, Increase in anthropogenic flows’ give numerous good examples of 

purposes, and thus a possibility to turn CO2 from waste into non-waste.  

The beneficial relation of waste recycling to the environment and economy is 

well known. Wastes from one industrial process can serve as the raw materials for 

another, thereby reducing the impact of industry on the environment (Frosch & 

Gallopoulos 1989). By recycling ‘wastes’ between companies, industry can turn a 

negative flow into a positive one – for the environment and shareholders 

(Forward & Mangan 1999). These positive aspects should also be transferred into 

the CO2-utilisation activity. 

2.6.2 CO2-utilisation in terms of health and safety, the environment 
and green chemistry  

Increasing CO2 utilisation should not be viewed as a mitigation instrument, but 

CO2 should also be regarded as a raw-material, which in spite of its 

asphyxiational properties, fulfils health and safety criteria better than many other 

alternatives. CO2 may, for example, substitute very toxic phosgene reaction 

synthesis (Ballivet-Tkatchenko & Sorokina 2003), replace organic volatile 

solvents (Ikariya et al. 2003) and probable human carcinogenic substances in the 

dry cleaning of textiles (Steward 2003). It is also used as a shielding gas 

(Halmann & Steinberg 1999). Compared to nitrogen, CO2 gives a larger non-

explosive operation area for hydrogen (H2) in air, which becomes important in the 

case of H2 leakages (Beckman 2004). 

Green Chemistry is an approach to the synthesis, processing and use of 

chemicals that reduces risks to humans and the environment (Anastas & 

Williamson 1996). In terms of the 12 principles of green chemistry, utilisation of 

CO2 has been discussed to meet the following principles, (1) prevention of waste, 

(4) designing safer chemicals, (5) safer solvents and auxiliaries and (7) use of 

renewable feedstock (Anastas & Williamson 1996, Beckman 2004). 

2.6.3 Future scenario 

If we look at the evolution of the chemical industry’s business drivers, the 1950's 

could be typified by the question, 'What to make?' and the focus of making was in 

chemistry. The highest point was the era of 'How to make it?' in the mid 1970s, 

the focus being on process technology. In 2000, the greatest interest was on the 

question 'How to remain profitable?' the focus being on products and the issue of 
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process optimisation and advanced process control. Now, it is estimated that we 

are going to look at the question 'How to replace it?'. The issue of this era would 

be product renewal and sustainability, the emphasis: innovation and focus: the un-

met market needs. (Trainmaham et al. 2007) 

According to the paradigm of Industrial Ecology, the emergence of industrial 

and economical actions as a series of interlocking ecosystems is not possible only 

with technical innovations, but also needs management support. In the creation of 

industrial ecosystems, 'closing loops' by recycling and making maximum use of 

materials in new production plays an important role. At the same time, the 

management side offers tools for the analysis of the interface between industry 

and the environment and provides a basis for developing strategic options and 

policy decisions. The result of this kind of industrial ecology approach will, 

during several decades, culminate in an eco-industrial infrastructure where 

process systems and equipment as well as plant and factory design will eventually 

be built to interconnect industry and ecosystems. Reaching this target requires the 

leaders of industry to recognize the conceptual logic of this new approach to 

technology and investments in research and development. (Tibbs 1992)  

At the moment, commercial utilisation of CO2 is rather marginal (Aresta & 

Dipenedetto 2004, Creutz & Fujita 2001) in comparison to global CO2 flows, as 

can be seen from Table 1. However, potential utilisation areas can be found. 

According to some estimates, the total utilisation of CO2 could be even tripled in 

the short and in the long term it could reach even higher levels (Aresta & 

Dipenedetto 2004).  

2.6.4 Discussion on the possibility to close the CO2-cycle in a 
modern carbon neutral society 

According to the future scenario described, CO2-utilisation is embedded well and 

could provide an anthropogenic instrument to close the carbon material cycle 

according to the principles of Industrial Ecology. CO2 represents material which 

increases the level of health, safety and environmental issues (HSE) in 

comparison with many other alternatives. If industrial products and services were 

performed in a sustainable way using this renewable material, it would be a step 

toward a carbon neutral eco-industrial society. In the context of the driving forces 

originating from industrial evolution and supported by management strategies and 

political decisions, it may provide a base for the commercialization of CO2-

utilisation. 
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3 Anthropogenic CO2-utilisation 

3.1 Methods 

A literature review was implemented to describe the present status of 

anthropogenic CO2-utilisation. A modified mapping method was used in 

analysing the reasons which have lead to the use of CO2. These results led to a 

new literature review and discussions. 

3.2 Overview on present status 

A large amount of literature describing the possibilities of utilising carbon dioxide 

exists i.e. books, scientific papers, reviews and conference presentations and 

proceedings. One area of CO2-utilisation that is mentioned very often are the 

applications where CO2 is used as a solvent in reactions, an extractant or as an 

auxiliary medium in cleaning or cooling systems (Halmann & Steinberg 1999, 

Baiker 1999, DeSimone & Tumas eds 2003, Savage 1997). In chemical syntheses, 

CO2 has been used as the carbon (C1) feedstock (Freund & Roberts 1996, Aresta 

et al. 2001, Arakawa et al. 2001, Creutz & Fujita 2001, Ballivet-Tkatchenko et al. 

2001, Aresta ed 2010). Some relevant examples of chemical reactions using CO2 

as a starting material are syntheses of formic acid derivatives, organic carbonates 

and polycarbonates (Jessop et al. 1995, Isaacs et al. 1999, Sakakura et al. 2000, 

Ballivet-Tkatchenko & Sorokina 2003, Darensbourg et al. 2010). In many of 

these examples CO2 is used at its supercritical state (scCO2). 

Some specific applications can also be found. In catalytic chemistry, CO2 has 

several roles. It can be used as a co-catalyst in homogeneous catalytic reactions 

(Keim ed 1983), additionally CO2 has also been demonstrated to have a large 

variety of coordination modes with transition metals, which offers the possibility 

to develop catalysis based on this property (Gibson 1996). Impregnation of metals 

using a supercritical medium containing CO2 provides high and uniform 

dispersion of metals, which consequently results in a high available active surface 

area in catalysts (Alibouri et al. 2009). Also scCO2 may decrease catalyst 

deactivation by dissolving coke components or removing deposits from the 

catalyst surface, allowing the use of heterogeneous catalysts for longer periods. 

Deposits may act as precursors for coke formation. (Adewuyi 2005) 
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Carbon dioxide has been found to be a substance which replaces more 

harmful chemicals. CO2 may substitute phosgene as a raw material in the 

synthesis of dimethyl carbonate (DMC) (Aresta & Quaranta 1997, Ballivet-

Tkatchenko et al. 2001, Ballivet-Tkatchenko & Sorokina 2003), 

perchloroethylene which is suspected of being carcinogenic, in dry cleaning 

(Stewart 2003) and anthropologically made acids in applications where carbonic 

acid (CO2 + H2O) can be used as a pH agent (Salminen 2004). CO2 may also 

replace chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), 

hydrofluorocarbons (HFCs) and perfluorocarbons (PFCs), which are all 

greenhouse gases and generally used in refrigeration systems though some other 

applications can also be found. Additionally CFCs and HCFCs are substances 

which contribute to ozone depletion (ODS). (Metz et al. eds 2005b)  

Carbon dioxide is an old ‘new’ cooling medium. It has been used in 

refrigeration already in the 19th century. The re-entry of CO2 in refrigeration has 

been seen in the late 20th century. (Pearson 2005) The driving force for this has 

been the following; CO2 is not an ozone depleting substance (ODS) and its global 

warming potential (GWP1) is negligible when compared with dominant 

refrigerants. CO2 alone or together with ammonia has been found to be an 

alternative for refrigerants in commercial, industrial and transport applications as 

well as in food processing and cold storage. In these applications, CO2 is used in 

the form of gas, liquid, supercritical fluid, solid or ice slurry. Also in residential, 

commercial and mobile air conditioning equipment CO2 can be considered as an 

alternative refrigerant. In certain areas CO2 offers advantages in terms of 

efficiency and costs. This is particularly the case in large low temperature 

industrial applications and in transport systems. (Metz et al. eds 2005) 

In the production of foamed (or cellular) polymers CO2 may replace blowing 

agents such as the CFCs and HFCs used traditionally. In fire protection systems 

CO2 may replace halons, which are ozone-depleting substances. In fixed systems 

where a clean agent2 is needed CO2 is a relevant supplement. However the use of 

CO2 may be limited due to its lethality in concentrations necessary to extinguish 

fire. In portable extinguishers it is an economical alternative. (Metz et al. eds 

2005)  

                                                        
1 GWP is a measure of the future radiative effect of an emission of a substance to the emission of the 
same amount of CO2 integrated over a chosen time horizon (Metz et al. eds 2005).  
2 Clean agent: An electrically non-conducting, volatile or gaseous fire-extinguishing agent that does 
not leave a residue upon evaporation (Metz et al. eds 2005) 
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Some solvents are also classified as ozone depleting substances (ODS), 

additionally conventional organic solvents are in many cases regulated as volatile 

organic compounds (VOCs) (Lozowski ed 2010) causing, in certain conditions, 

ground-level ozone increase (Marshall ed 2007). These are some reasons which 

make supercritical CO2 an attractive alternative to conventional organic solvents.  

In addition to the environmental aspects, advantages in reactions play an 

important role for the benefit of supercritical CO2. Many of the chemical 

reactions are shown to have higher reaction rates and selectivity in supercritical 

conditions (Jessop et al. 1999, Halmann & Steinberg 1999, Baiker 1999, Darr & 

Poliakoff 1999, DeSimone & Tumas eds 2003, Savage 1997). In general, 

supercritical conditions in chemical reactions allow all reactants to exist in a 

single homogeneous fluid phase, which eliminates mass transfer resistance 

through interfaces (gas-liquid or liquid-liquid) as encountered in multiphase 

systems (Baiker 1999, Savage 1997, Turunen et al. 2004b). Relatively high 

density in phase operations allows the use of high reactant concentrations (Savage 

1997) and gives the possibility to mix reactants in the desired ratio, while it is not 

dependent anymore on, for example, the gas solubility in liquid (Turunen et al. 

2004b).  

If mass and heat transfer in heterogeneous catalysis is considered, some 

advantages are found. A dimensionless equation called the Reynolds number (Re-

number) is commonly used in the description of mass transfer from liquid to solid 

material. The higher the Re-number, the better the mass transfer. Combinations of 

supercritical fluid physical properties generally give high Re-numbers. Key 

parameters are high density and low viscosity. This promotes the achievement of 

high mass and heat transfer in a system where supercritical fluid is in contact with 

the catalyst bed. (Turunen et al. 2004b)  

Critical properties do not give advantages only in heterogeneous catalysis, 

but also in homogeneous catalysis (Jessop 2006) amongst many others. Clearly 

one of the most important reasons for the interest in supercritical operation is that 

slight changes in temperature and pressure, especially in the near critical region, 

cause extremely large changes in fluid density and thus its dissolving power 

(Johnston 1983, Tucker 1999, Baiker 1999). This kind of sensitivity can be 

noticed also in other physical properties, e.g. in compressibility and viscosity 

(Johnston 1983, Tucker 1999, Hougen et al. 1959, Luft et al. 2001, Poling, et al. 

2001). The tuneable solvent properties of scCO2 as a function of pressure and 

temperature offer new immobilization protocols for organometallic catalysts. The 

recent interest in biphasic ionic liquids-scCO2 systems demonstrates the 
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feasibility for an efficient continuous-flow operation. (Ballivet-Tkatchenko et al. 

2003) 

Improved mass transfer, as a result of a favourable combination of physical 

properties, is useful especially in solid settling during precipitation and solvent 

diffusion through solid phases like in extraction (Johnston 1983) as well as in 

cleaning (Stewart 2003). These properties are high fluid density which is nearly 

comparable to liquid as well as the viscosity and the diffusivity typically between 

liquid and gas fluids (Johnston 1983). Together with low surface tension, these 

properties are usable also in processes like coating and impregnation. ScCO2 has 

an ability to penetrate into the pores or imperfections on the surface. (Chernyak et 

al. 2003, Alibouri et al. 2009) 

In applications of particle formation, supercritical CO2 is added into solvent 

or it replaces solvent totally. In the first case high pressure CO2 is used as a 

viscosity reducer of mixtures. Also, while the high pressure solution of solvent, 

CO2 and solute leave the spray nozzle, compressed CO2 undergoes a sudden 

pressure drop. This pressure drop creates a large driving force for expansion of 

dissolved CO2, resulting in the rapid formation of small liquid droplets. If high 

pressure CO2 replaces solvent totally, then the driving force in spray atomization 

is due to physical properties, namely, supersaturation-induced nucleation and 

diffusive- and shear-driven coagulation. These phenomena based on CO2 

properties are also applied in coatings, impregnation (Chernyak et al. 2003) and 

cocoa butter particle formation (Letourneau et al. 2005). 

It is not a surprise then that supercritical and near-critical carbon dioxide is 

considered as a versatile solvent for sustainable technologies (Jessop & Leitner 

eds 1999, Eckert et al. 2000, Blanchard et al. 2003, Beckman 2004, Lozowski ed 

2010, Galia & Filardo 2010). Recently there have been reports on switchable-

hydrophilicity solvents. These solvents have the ability to change poor miscibility 

with water to good miscibility with water. Carbon dioxide treatment in 

atmospheric pressure is used to switch solvent to its hydrophilic form and air or 

heat to return solvent back to hydrophobic form. This kind of a property is based 

on protonation of the amidine by carbonic acid. In addition to amidines, also 

guanidines have been noted to have the same kind of switchable-hydrophilicity 

property. (Jessop et al. 2010)  

Carbon dioxide not only comprises of carbon but also oxygen. As an end 

product of combustion, CO2 cannot oxidize itself anymore, which make it an ideal 

solvent in oxidation processes (Beckman 2004). On the other hand, due to its 

oxygen, CO2 is used also as an oxidizing agent in applications where mild 
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oxidation is needed (Xiaoding et al. 1996). Inertness, especially towards 

oxidation, makes CO2 an excellent shielding gas in various applications. It is used 

to prevent the oxidation of materials on burning as well as in the food industry to 

prevent loss of flavour or growth of bacteria. (Halmann & Steinberg 1999, Metz 

et al. eds 2005, Suresh et al. eds 2007) CO2 is dissolved easily into water and thus 

one classical and common use of CO2 in food industry is beverage carbonation 

(Suresh et al. eds 2007). 

3.3 Analysis of issues leading to CO2-utilisation 

3.3.1 Mapping the attractive properties of CO2 

From Chapters ‘2.5.1 Direct way to affect to the overload, Increase anthropogenic 

flows’ and ‘3.2 Overview of the CO2-utilisation’ it is easy to see that CO2 can be 

utilised in a variety of ways; as a raw material and solvent medium of the 

synthesis, as a shielding and filling gas or as a cleaning and cooling medium. 

Some of the applications have been put into practice a long time ago, much earlier 

than the beginning of the discussion on global warming or climate change. From 

this one can conclude that the driving force for CO2-utilisation has not only been 

environmental awareness, but also some other aspects have influenced the 

decision to take CO2 into use. From this a particular question arises. What are the 

excellent properties that CO2 offers particular applications? This has been 

analysed next using the mapping method.  

Systematic mapping analysis methods have been used in grouping the 

findings and organising information into visual form. Probably the most well 

known analysis is the mind mapping analysis, but other methods have been 

developed, for example the concept mapping (Novak & Cañas 2008). In this 

study, modified concept mapping has been applied. In this application, focused 

questions play an important role. Instead of cross-links and boxes, in this specific 

case analysis an entire table is created by giving answers to the focus questions. 

As a result, organised information is received. The analysis table contains three 

columns and as many rows as needed. In each of the three columns, there is a 

focus question on which answer(s) will be given. The questions are: 

1. What purpose does CO2 have in utilisation (e.g. raw material, solvent, 

shielding gas, cooling medium)? 

2. What is the practical CO2 application objective (e.g. synthesis or process)? 
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3. What are the CO2 properties, which are attractive in this particular application 

(e.g. comprise carbon, low critical value, low viscosity, low toxicity)? 

Using literature sources covered in the chapters mentioned earlier and general 

engineering knowledge, answers have been given. The results can be found from 

Table 3.  
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Table 3. CO2-utilisation, categorised according to CO2 purpose, objective and 

attractive property. 

A. Commercial applications 

Purpose of CO2   Objective  Attractive CO2 property 

Raw material  Urea synthesis  Comprises carbon 

 Salicylic acid synthesis  

 Methanol synthesis  

(CO + H2 + CO2) 

 Comprises carbon and oxygen 

 Horticulture industry  Comprises carbon and oxygen 

 Oxidation processes  

(eg C + CO2 ↔ 2CO) 

 Carries oxygen and mild oxidizer 

Raw material 

(copolymer) and solvent 

 Polycarbonate synthesis to 

polyethylene and polypropylene 

carbonates (cyclic oxide + CO2) 

 Comprises carbon, low critical point and 

scCO2 fluid density dependence on 

temperature and pressure. 

Solvent under the 

supercritical or liquid 

state 

 Extraction processes, coffee, tea, 

hops, other similar applications in 

food processing industry 

 Low critical point, scCO2 fluid density 

dependence on temperature and 

pressure, good mass transfer and 

penetration into pores (high density, low 

viscosity and diffusivity), low 

evaporation temperature, low toxicity 

and Inert towards oxidation 

  Spray coating and particle 

formation 

 Low critical temperature, scCO2 fluid 

density dependence on temperature and 

pressure, low evaporation temperature, 

large expansion, inertness and no VOC 

emissions 

Cleaning medium   Dry cleaning, under the 

supercritical state 

 Low critical point, good mass transfer 

and penetration into pores (high density, 

low viscosity and diffusivity), low 

evaporation temperature and low 

toxicity* 

  Dry ice blasting with frozen CO2  Low ice temperature, large expansion 

during sublimation and sublimation on 

atmospheric condition 

Shielding gas  Food packing  Inertness, especially towards oxidation, 

(prevent on loss of flavour), no growth of 

bacteria, no wet residue 

 Welding  Inertness, especially towards oxidation, 

non-conductive,no wet residue, low cost 

of material, no ozone depletion 

 Fire extinguishers (fixed and 

portable) 
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Purpose of CO2   Objective  Attractive CO2 property 

Cooling medium  Refrigerating systems  VLE-properties, high density and low 

viscosity at sc state,low toxicity*, 

inertness (non-flammable), low cost of 

material, no ozone depletion and low 

GHG-effect*  

 Direct cooling with dry ice  Effective heat transfer due to 

sublimation in atmospheric condition 

and no wet residue 

Product formulator / 

additive 

 Brewery and soft drink industry  Easy dissolution and degassing 

pH agent  Pulp and paper industry and 

water treatment (replaces sulphur 

treatment)  

 Acidic in water solution and not 

environmentally harmful 

  Neutralisation (swimming pool, 

water treatment) 

 Acidic in water solution, not 

environmental harmful and harmless to 

enzymes 

Filling gas  Enhanced oil recovery (EOR)  High availability, low cost of material 

and inert 

* in comparison with the existing alternative 

B. Potential applications, under the research 

CO2 used as  Objective  Attractive CO2 property 

Raw material  Tri-reforming   Comprises carbon and oxygen 

 Formic acid synthesis  

 Methanol synthesis (CO2 + H2)  

 Carbonate esters, ROH + CO2 ↔ 

ROCOOH 

 

 Urea derivatives,  

2RNH2+CO2 ↔ RNH-CO-NRH 

+H2O 

 

  Modification or preparation of 

catalysts Improving catalytic 

properties 

  

     

Raw material and 

solvent 

 Dialkyl carbonate synthesis 

2ROH + CO2 ↔ (RO)2CO +H2O 

 Comprises carbon and oxygen, low 

critical point allows operation in one 

phase and low toxicity* 

  Polycarbonate synthesis to new 

polymer materials (cyclic oxide + 

CO2) 

 Comprises carbon and oxygen,low 

critical point 
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CO2 used as  Objective  Attractive CO2 property 

  Free radical polymerisation  Comprises carbon and oxygen, low 

critical point and inertness 

  General observation on reactions 

at sc state 

 Low critical point → operation in one 

phase with favourable physical 

properties → increased reaction rate, 

selectivity and mass & heat transfer 

Solvent, diluting 

component 

 Oxidation reactions  Inert towards oxidation → expands the 

non-explosive area 

Solvent under the 

supercritical state 

 Chemical reactions 

(homogeneous and 

heterogeneous catalysis) 

 Low critical point, good mass transfer 

(high density, low viscosity and 

diffusivity) and low toxicity* 

  Impregnation of catalysts  Low critical point, good mass transfer 

(high density, low viscosity and 

diffusivity) and low surface tension 

Switchable solvent   Extraction of solvent / product  Switchable hydrophilicity of solvent by 

CO2 treatment. Based on protonation of 

amidine by carbonic acids  

Blowing agent  Foamed polymers  Inertness (non-flammable), no ozone 

depletion and low GHG-effect* 

* in comparison with the existing alternative 

From Table 3 one can easily conclude that there is a vast array of CO2 properties 

which are beneficial in operations. Properties are not only physical, chemical or 

thermodynamic, but also related to safety (low toxicity, enlarged non-explosion 

regime), environmental (e.g. no ozone depletion, low GHG-effect, VOC 

emissions) or economic (low cost of material and high availability) issues. These 

findings are analysed further in the next chapter. 

3.3.2 Mapping the contributions originating from attractive 
properties of CO2 

The properties of interest for the applications and described in Table 3 are 

analysed further in Table 4. In this analysis, the focus is in finding out what kind 

of effects and consequences can be identified as originating from the CO2 

properties. Basically, the same kind of mapping method has been used as 

presented in the previous chapter. Questions used in this mapping are: 

1. What is the attractive property to be studied (based on the findings in Table 

3)? 
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2. What is the contribution of this property to the feed streams or process units 

wherein CO2 is utilised? 

3. What is the possible multiplicative effect in a larger context? 

Based on these questions and using Table 3, literature sources handled in Chapters 

2.5.1 ‘Direct way to affect the overload’, 3.2, ‘Overview on present status’ and 

general engineering knowledge answers on the focus questions have been given. 

Results are in Table 4.  

Table 4. Contribution of CO2 properties on process, production and surroundings. 

Attractive CO2 property Consequence to the feed streams or 

process 

Contribution to production or the 

surroundings 

Comprise carbon Increases the number of inexpensive, 

easily available raw material sources  

Recycles material and closes the 

CO2 cycle as well 

gives flexibility in economy and in 

production location  

Comprise oxygen 

High availability 

Low cost of material 

Oxygen carrier and mild 

Oxidizer 

Mild oxidization reaction → 

widens the safe operation window. 

Improves safety 

High density (sc state) 

Low viscosity (sc state) 

Low surface tension (sc 

state) 

Good mass transfer and diffusivity in 

heterogeneous catalysis  

→ increases the of overall reaction rate 

Material savings, improves 

efficiency 

Good mass transfer and penetration 

into porous, e.g. in case of 

- reaction medium,  

prevents catalyst coking and prolongs 

the interval of regenerations making 

heterogeneous catalysis applicable 

(less CO2 emissions due lower need of 

regeneration).  

- coating,  

decreases the need for material to be 

transferred onto surface. 

- impregnation,  

high dispersion of material (less 

material needed and end product 

quality increase). 

- cleaning,  

clean surface prolongs the interval 

between cleaning treatments and 

improve reuse of article, also does not 

create waste water, which need to be 

treated. 

Improves environmental issues, 

material savings, improves 

efficiency, simplifies 

process,improves product / work 

quality and avoids the production of 

more complicated or 

anthropologically made molecule 

(e.g. no water treatment). 
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Attractive CO2 property Consequence to the feed streams or 

process 

Contribution to production or the 

surroundings 

ScCO2 fluid density 

dependence on 

temperature and pressure 

ScCO2 fluid solvent power is adjustable 

since it is proportional to fluid density → 

enlarges the operation window, and 

enlarges the solute component sources.

Simplifies production, gives 

flexibility on selection of raw 

materials. 

Heat transfer properties / 

Thermophysical properties 

High heat transfer and refrigeration 

capacity leads to possibility to reduce 

most of the components in the 

refrigeration system, 

replaces an anthropologically made 

substance by a benign product. 

Material savings, improves 

efficiency, avoids the production of 

more complicated or 

anthropologically made molecule. 

Low critical point Supercritical fluid able to achieve 

relatively easily (pure CO2)  

Reasonable energy need 

 In sc state one phase instead of multi 

phase operation  

→ avoids mass transfer limitations 

across the phases 

→ high reactant concentrations and 

concentrations not limited e.g. on gas 

solubility into the liquid 

→ increases over all reaction rate, 

conversion and selectivity 

→ increases heat transfer. 

Material savings, improves 

efficiency and simplifies process. 

 Low temperature allows operation of 

temperature sensitive materials  

Conserves product quality and 

enlarges material sources 

Large expansion  Decreases the need for mechanical 

treatment e.g. during cleaning saving 

object (ice blasting) 

Improves atomization in spray units 

(small and narrow distribution of particle 

sizes) 

Material savings and improves 

efficiency 

Low evaporation 

temperature 

As generally recognized as safe 

(GRAS) solvent no harmful traces left 

into the product → no need to wash 

solvent from product → further water / 

washing medium treatment 

unnecessary 

Improves environmental, health and 

safety issues, conserves product 

quality and simplifies production 

Solid CO2 (dry ice) 

sublimate on atm  

No wet residue which may decrease the 

quality of the product. 

No need to clean liquid and handle 

cleaning medium 

Material savings, simplifies 

production and working procedure 

Low ice temperature Effective cooling  Improves efficiency 
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Attractive CO2 property Consequence to the feed streams or 

process 

Contribution to production or the 

surroundings 

Inert Does not e.g. oxidise objects, can be 

used for materials sensitive to oxidation 

and does not oxidize itself (does not 

burn or explode due oxygen) 

→ enlarges the safe operation window, 

no side reactions e.g. free chain 

reactions (less need to for reject or 

separate and recycle material) 

Material savings, improves safety, 

simplifies production and / or 

conserves product quality 

   

Inert (non-flammable) Increases work safety  Improves environmental, health and 

safety issues 

Acidic in water solution Replaces anthropologically made acids 

by benign product. 

Improves environmental, health and 

safety issues and avoids the 

production of more complicated or 

anthropologically made molecule 

Switchable hydrophilicity of 

solvent 

Need of additional solvent is avoided Material savings, simplifies 

production, Improves 

environmental, health and safety 

issues 

Low toxicity* Increases work safety Improves environmental, health and 

safety issues due good 

biocompatibility, without 

compromising the comforts of living 

No odour Makes working and living air comfort 

No VOC emissions Increases the number of the 

environmentally friendly raw material 

sources and increase human safety 

Low GHG-effect* Increases the number of the 

environmentally friendly raw material 

sources 

Not expected to find surprises in bio 

sphere reactions 

No ozone depletion Makes working and living air comfort 

Not environmental harmful 

and harmless to the 

enzymes 

CO2 properties and reaction in 

anthropogenic and natural systems are 

well known and documented * 

* in comparison with the existing alternative or in generally speaking 

3.3.3 Discussion on analysis 

The first column in Table 3 gives the answer to the question: 'What purpose does 

CO2 have in utilisation?' The answers show that there is a large variety of 

purposes. To find so many purposes is very meaningful in terms of the definition 
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of waste. Utilisation purposes give CO2 the possibility to turn it from waste to 

non-waste and finally close the material cycle as discussed earlier. Moreover, 

these purposes are still divided into a number of practical applications. One has to 

remember still that all possible applications are not mentioned in Table 3 A and B. 

Some of the applications are already in commercial use, but many ideas are still 

under active research.  

The answers to the question 3: 'What are the CO2 properties which are 

attractive in this particular application?' are realized in many applications, the 

attractive properties are not limited only to one area, but the list can be relatively 

long. As mentioned earlier, attractive properties are not only focused on the 

interest of engineering work like physical, chemical or thermodynamic properties. 

Attractive properties can be found in the larger context of society. Properties, 

which are clearly related to safety, environmental or economic issues can be 

named as well. This interesting finding led to new analysis. 

The mapping analysis done in Table 4 shows that the positive effect on CO2 

utilisation is not only limited inside the factory gates, but may have also much 

wider contributions.  

From the answers to the question 2 (Table 4) ‘What is the contribution of this 

property to the feed streams or process units wherein CO2 is utilised?’ some 

phenomena based contributions can be found. These are good mass transfer, heat 

transfer, and atomization. The two first phenomena mentioned in particular are 

fundamental in process and chemical engineering. With CO2, these advantages 

are achieved at supercritical state. Improvements in these phenomena usually 

make the process and production as a whole effective. This is because the desired 

amount of goods can be produced faster and with less feed materials or energy. In 

a successful case, if high selectivity is also achieved, the need for material 

recycling is reduced as well. These lead easily to a number of multiplicative 

positive effects: material savings, improved efficiency, simplifications of process 

and improved product quality. If supercritical fluid replaces other materials, this 

additionally leads to a need to produce less anthropologically made components. 

Contributions which are operation related are: reduced need for mechanical 

treatment, no solvent washing or wet residue cleaning, lengthened treatment 

interval and no need for handling washing medium. These lead to simplifications 

in process or working procedures, material savings, improvements in product or 

work quality as well as enhancement in environmental, safety and health issues.  

Items which make process control easier are mild oxidation reactions, no 

oxidation reactions and lack of side-reactions with CO2. In these cases, the need 
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to separate, recycle or reject the side-products is avoided. When supercritical fluid 

is used, the solvent power can be adjusted by changing pressure and temperature 

according to the need of the process without changing the solvent. In many cases, 

the supercritical state is also relatively easily achievable. From these contributions 

several advances follow, amongst which are: enlargement of the safe operation 

window, process simplification, material savings, conserving product quality, 

reasonable energy needs and possibility to enlarge sources of solutes. 

The use of CO2 is related to a number of issues of comfort, examples of 

which are; no odour, not environmentally harmful and the possibility to operate at 

relatively low temperatures (close to room temperature), which make working 

and living environments comfortable. Additionally, as CO2 itself is naturally a 

benign component, it is relatively safe, its properties and behaviour in natural and 

anthropogenic systems are known and documented. Because of these most 

probably, the use of CO2 does not lead to heavy environmental risks and so makes 

legal procedures less complicated. In this context, the possibility to use low 

temperatures gives the possibility to operate with temperature sensitive materials, 

which are in many cases naturally benign and widening renewable material 

sources.  

There is one very important contribution that still needs to be handled, i.e. the 

increased number of inexpensive, easily available raw material sources. High 

availability ensures independence from suppliers and gives flexibility in 

production location. Recycling CO2 from waste to raw material into industrial or 

artificial processes, represents the human made solution to close the CO2 cycle as 

it is discussed in Chapter ‘2.6.1 CO2 in the context of industrial ecology and 

waste definition’. 

3.3.4 Limitations originating from CO2 properties 

Despite a large number of advances in and benefits from CO2-utilisation, there are 

also some limitations to be mentioned. Limitations found in the literature or based 

on general engineering knowledge are listed in the first column in Table 5. The 

second column shows the discussion how to handle or overcome that particular 

limitation. 
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Table 5. Description and consequences of the properties limiting the CO2-utilisation. 

 Property of CO2 limiting utilisation Consequence into the production or system 

  

1. Near or supercritical uses require 

high pressures 

Needs careful design and knowledge of high pressure operation 

as well as optimisation to find the most beneficial operation areas 

and applications 

  

2. Not a favourable refrigerant in some 

temperature ranges 

Needs knowledge of alternative substances and their properties 

as well as optimisation to find a proper system for each 

application 

  

3. High pressure CO2 release or leak 

causes temperature drop in 

surroundings 

Needs to be taken into account in material selection 

  

4. Corrosive if water is present Needs to be taken into account in material selection or presence 

of water has to be eliminated 

  

5. Inert molecule Needs innovative thinking to overcome activation problems. See 

also Chapter ‘5.3 CO2 utilisation in chemical reactions’.  

  

6. Not dissolved e.g. long chain 

hydrocarbons 

Could be overcome with selection or development of proper 

surfactants for challenging applications. 

  

7. Asphyxiation Needs to be mitigated by engineering systems with addition of 

proper safety education 

  

8. Low ice temperature Direct contact of solid CO2 (dry ice) may cause skin burns. This 

requires safety education, proper operation and personal 

protective equipment as well as relevant instructions.  

  

9. Green house gas Several actions are needed to mitigate CO2 emissions - see 

Chapter 2.5 'Idea of direct and indirect stabilisation'. 

  

10. Cannot be implemented directly 

into the existing system without 

additional investments. 

May need socio-economical instruments to make technology 

shift towards CO2 neutral society. See also Chapters ‘5.4 

Technology transition' and ‘5.5 Attitudes and values'. 

The first four limitations are technical. These could be overcome or at least the 

limiting area could be minimized by applying engineering knowledge in design. 

The next limitations are related to understanding the CO2 thermodynamics, 
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chemical and physical properties. Deep understanding together with creative 

thinking accompanied by ambitious research programs may contribute to find the 

way to solve problems to these. This is discussed further in Chapter ’5. Other 

challenges on CO2-utilisation’. Limitation points 7 & 8 are related to safety 

matters. These shall be taken into account in education, safety instructions and in 

the provision of proper equipment. Limitation number 9 sets out carbon dioxide 

as a greenhouse gas. This problem is the root of this whole dissertation. Finally, 

the last limitation, the need for additional investments, can be classified as a 

socio-economic issue. These kinds of problems should be entered into the forums 

handling economic problems. 

3.3.5 The role of supercritical operation as a result of the mapping 

analysis 

In applications described in the previous chapters, CO2 has been used as a gas, 

liquid, solid or in its supercritical (sc) state. The supercritical state especially has 

been applied in many areas and has been shown to have many advantages as seen 

from Tables 3 and 4. Particularly improved mass and heat transfer leading to 

improved efficiency was mentioned. The advantage of scCO2 is to open the gate 

to many other beneficial properties of CO2. Among these are its inertness, low 

toxicity, no VOC emissions, low GHG-effect, no ozone depletion, no 

environmental harm, high availability and its carbon and oxygen composition. It 

is worth looking at what is the nature of this special, supercritical state of the 

substance. 

In many scientific papers, also in those referred in Chapters ‘2.5.1 Direct way 

to affect the overload, Increase anthropogenic flows’ and ‘3.2 Overview of CO2-

utilisation’, experiments where CO2 has been involved are claimed to be carried 

out under supercritical conditions. In a major part of these published papers, the 

only indication on supercritical state is to refer to a critical point of pure CO2. 

Critical values of CO2 are Tc = 304.19 K, pc = 7.3815 MPa (Daubert & Danner 

1989). Is it enough in systems where, in addition to CO2, many other substances 

are also present? 
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4 Critical point and phase determination in 
chemical engineering 

What is the engineering perspective on fluid phase determination? The theory of 

this is discussed in the following chapters. Theoretical methods of critical point 

and phase envelope determination as well as property prediction are applied in the 

case studies. The focus of the work is to understand the scientific background, 

utilise easily available methods in case studies and consider applicability and 

impact of developed information in CO2-utilisation research. 

4.1 Methods 

A literature review is used to describe and define the phases and fluids as well as 

present thermodynamic methods used in the theoretical determination of phases, 

critical point and fluid properties of mixtures. Special attention is given to the 

challenges and theory development of high pressure systems.  

Theoretical thermodynamic methods were applied in two case studies. These 

were the CO2-methanol binary system and the butene dimerization system. Phase 

determination was carried out on several selected mixtures of binary and reactive 

multicomponent butene dimerization systems. The Equation of States (EoS) used 

in this work is one of the most popular EoS, Soave-Redlich-Kwong (SRK). The 

simulation program used is Flowbat. 

The outcomes of the simulation work were critical point and phase 

determination using rigorous indirect calculation to create the phase envelope. 

The results of the binary system were compared with the data given in the 

literature. These were also validated experimentally. The experiments were 

performed in the laboratory of Dr D. Ballivet-Tkatchenko at CNRS-University of 

Bourgogne, Dijon, France. This laboratory has over 20 years’ experience of 

researching CO2 reactions under supercritical conditions.  

An additional outcome of the simulations was the property prediction of 

binary systems. The results are presented in three dimensional surface diagrams 

as a function of temperature and pressure. The behaviour of properties at high 

pressure was discussed and the findings compared with the literature.  

Discussions of challenges to define the critical point and phase border line 

based on simulation results, literature data, laboratory observations and 

thermodynamic knowledge are presented. Additionally, the applicability and role 
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of phase, critical point and property prediction in the context of CO2 chemistry 

and research are considered, continuing studies to consider the impacts on reactor 

design and safety. 

4.2 Fluid phase determination and prediction in engineering 

4.2.1 Overview on experimental and thermodynamic methods 

The control of the number of phases and consequently the determination of phase 

equilibrium are of paramount importance in identifying their influence on 

conversion and selectivity of chemical reactions. In process and chemical 

engineering, understanding and predicting the phase behaviour and fluid 

properties of mixtures are important areas of interest. (Poling et al. 2001) In 

practice this information is traditionally used in several unit operations among 

those: distillation, evaporation, condensation or crystallisation. 

Determination of the high pressure vapour-liquid phase equilibrium can be 

done experimentally based on visual observations with special apparatus made for 

this purpose (Baiker 1999, Hicks & Young 1975, Liu et al. 2003, Yeo et al. 2000, 

Brunner et al. 1986). Recently, information has been published about instruments 

which monitor phase changes and the critical point especially (Kordikowski et al. 

1996, Ke et al. 2004, Avdeev et al. 2004).  

Experimental phase determination requires proper equipment, is expensive 

and time consuming. As mentioned earlier, the language of engineers is equations 

and mathematics (Turton et al. 1998) and this is true also in the case of phase 

determination. In engineering sciences, the practice is to predict process phases 

by applying thermodynamic models. With these mathematical equations, it is 

possible to define the properties of mixtures, including the critical point. The 

methods to calculate the CPs of mixtures can be divided into empirical and 

rigorous methods. (Pokki et al. 2000) 

The empirical methods provide the pseudocritical point of the mixture by 

relating the critical properties of individual components with empirical 

composition-dependent mixing rules. The rigorous methods can be divided into 

indirect and direct methods and they both need thermodynamic models. In the 

indirect methods the entire phase envelope is constructed, while the direct method 

provides the CP of a mixture directly. (Pokki et al. 2000) 
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The greatest benefits of the rigorous method over the pseudocritical method 

is the consistency of CP to vapour-liquid equilibrium, i.e. the CP hits the phase 

boundary constructed with vapour-liquid equilibrium calculation in addition of 

better accuracy (Pokki et al. 2000). The deviation between the pseudocritical CP 

and the real CP of the mixture increases when the difference between the 

individual critical points of pure components increases (Pokki et al. 2002). From 

the methods which define the critical points for the mixtures described above, the 

summary scheme (Figure 3) is created by the author of this thesis. 

Fig. 3. Schematic diagram on determination of critical point (CP) for mixture. 

The benefit of empirical methods is their mathematical simplicity. Rigorous 

methods give better accuracy and consistency in comparison to empirical ones. 

Nowadays, highly developed computers have made the use of attractive rigorous 

methods relatively easy. (Pokki et al. 2000) However, high-pressure 

multicomponent systems show extremely complex phase behaviour. This 

complexity is often cited as the reason for the reluctance to adopt CO2 technology 

on a commercial scale. (Blanchard et al. 2003) 

In the following chapters, the models used in these calculations, as well as the 

definition of supercritical phase, are discussed briefly.  

Critical point determination for mixture

Experimental Calculation
→ Measured CP-values

Empirical Rigorous
Empirical composition-depending Thermodynamic models and 
mixing rules equation of state
→ Pseudocritical CP-point

Direct Indirect
→ CP-point only → phase envelope and

CP-point
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4.2.2 Thermodynamic state 

In the context of thermodynamics, a process is understood as a system, which is 

in change from one equilibrium state to another. Processes include all kinds of 

changes, physical (temperature, pressure, phase) and chemical during a reaction. 

(O’Connell & Haile, 2005) In defining the thermodynamic state, the 

thermodynamic properties of a mixture are utilised. Also, thermodynamic 

properties are individual for each mixture combination (Poling et al. 2001). 

The engineer’s task is to describe the thermodynamic state of the system, not 

only for its current state but also to anticipate how that state will respond when 

conditions in the surroundings change and moreover, decide how to manipulate 

conditions in the surroundings to produce a desired change in the system. 

(O’Connell & Haile, 2005) 

4.2.3 Definitions – Critical point and supercritical fluid  

The critical point (CP) of a pure substance is a certain point at which the liquid 

phase has the same density as the gaseous phase in equilibrium with it (Hicks & 

Young 1975). For a binary system, the critical point is a certain point on the 

border-line curve (phase envelope) where vapour and liquid phases become 

indistinguishable, where the bubble-point, dew-point, and quality lines meet 

(Hougen et al. 1959). The phase envelope for different mixture ratios can be 

plotted on the T/p diagram. An example of this is shown in Figure 4 on Chapter 

‘4.3.4. Simulation results’.  

The CPs of pure components are tabulated for many common components in 

various reference books, articles and databases. The CP of a mixture is strongly 

dependent on the components and the composition of the system. Because there is 

a very large number of components and an infinite number of compositions, only 

a small number of CPs of mixtures, mostly for binary mixtures, are published. 

(Pokki et al. 2000) For this reason, it is useful to lean on calculations instead of 

experimental work if a CP, for example on dynamic reaction system, is being 

looked for. The theory to calculate the CPs for mixtures was laid down by Gibbs 

already in 1876 (Haidemann & Khalil 1980), about 50 years after the 

phenomenon itself was reported by Cagniard de La Tour in 1822 (Ambrose & 

Young 1995). 

The ‘point’ terminology is strictly speaking, valid only for the gas-liquid 

point of one-component fluid. The so-called critical ‘point’ of a binary fluid is 
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commonly part of a critical line (critical locus). Similarly, introducing a third 

component commonly generates a critical surface. (Sadus 1994) An example of 

the critical locus of a binary system (CO2-methanol) can be seen in Figure 4. 

According to historical determination, a supercritical fluid (SCF) is any gas, 

whose temperature and pressure are greater than its critical temperature (Tc) and 

pressure (pc) (Tucker 1999, Smith et al. 2001, Aresta ed 2010). However, the term 

SCF is widely used for fluids whose temperature is only above its Tc (Tucker 

1999). Recently, several kinds of expressions to describe high pressure operation 

conditions, generally or specifically for CO2, have been introduced in the 

literature. Examples of these terms are: ‘expanded liquid’, ‘dense gas’, ‘dense 

phase fluid’, ‘dense fluid’, ‘dense phase CO2‘ or ‘near critical CO2‘. (Lyon et al. 

2004, Blanchard et al. 2003, Kerler et al. 2001, Subramanian et al.2001, Pokki et 

al. 2002, Kho et al. 2003, Mishima et al. 1999, Buelow et al. 1998, Aresta ed 

2010). Such a large variety of expressions indicates the difficulty to define 

process phase conditions of high pressure and high temperature operations but at 

the same time, shows also the interest in operating in that area. 

The phase behaviour of a one-component system can be described by any two 

of the variables; temperature (T), pressure (p) and molar volume (V). To describe 

the phase behaviour of a binary mixture, at least three of the variables T, p, V, and 

mole fraction of components (x) are needed. If the phase border of a one 

component system is plotted on T/p-projection, the vapour pressure line is 

created. This line starts from the triple point and ends at the critical point. (Smith 

2001, Sadus 1992) For binary-mixtures, the situation is more complicated than 

could be expected according to Figure 4. Qualitative classification into the six 

basic types of phase behaviour according to vapour-liquid and liquid-liquid 

critical lines shows the variety of possibilities for phase behaviour generally (van 

Konynenburg & Scott 1980, Johnston 1983, Hicks & Young 1975, Sadus 1992, 

Peters & Gauter 1999). Ternary or other multicomponent system phase behaviour 

has not been studied to the same degree of detail as binary mixtures (Sadus 1992). 

However, some examples of ternary mixtures containing CO2 and certain solutes 

have been published (Peters & Gauter 1999). 

It is generally known in engineering sciences that both the critical 

temperature and the critical pressure of a mixture are higher than those of a pure 

compound having the same average volatility (Hougen et al. 1959). Additionally, 

the critical pressure and temperature for a given mixture are not necessarily, as it 

happens for a pure fluid, the maximum temperature and pressure that allow the 
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coexistence of a vapour and liquid phase in equilibrium (Smith et al. 2001, Kikic 

et al. 2001).  

4.2.4 Thermodynamic models for prediction of fluid phase 

The volumetric properties of a pure fluid in a given state are commonly expressed 

with the compressibility factor Z, which can be written as follows  

 Z ≡ pV/RT, (3) 

where V is the molar volume, p is the absolute pressure, T is the absolute 

temperature, and R is the universal gas constant (Poling et al. 2001).  

Several kinds of correlation equations have been developed to describe fluid 

compressibility to cover real gas variation (Z≠1), and also to extend the property 

prediction to liquid phase (Poling et al. 2001, Smith et al. 2001). Critical 

phenomena have been the interest of research and model development over the 

last few decades. The aim of model development work has been to achieve 

accurate property predictions (Hicks & Young 1975).  

An equation of state (EoS) is an algebraic relation between p, V and T (Poling 

et al. 2001). The first equation of state capable of representing vapour-liquid 

coexistence was proposed by van der Waals in 1873 (Smith et al. 2001, Wei & 

Sadus 2000): 

 Z = V/(V-b) –a/RTV. (4) 

The parameter a, is the measure of the attractive forces between molecules, and b 

is the co-volume occupied by the volumes. The parameters a and b can be 

obtained from the critical properties of the fluid. (Wei & Sadus 2000) 

4.2.5 High pressure applications - Challenge on EoS  

EoS can be classified into three groups: the virial equation, which can be derived 

from molecular theory. It is a polynominal in p or 1/V. There are semitheoretical 

EoS which are cubic or quartic in volume, and finally, the empirical EoS in which 

volume cannot be found analytically. (Poling et al. 2001)  

The best results in high-pressure phase equilibrium applications have been 

reported to be obtained with cubic EoS such as the Soave modification of 

Redlich-Kwong (SRK), and Peng-Robinson (PR) (In: Valderrama 2003, refs. 

Hess 1987 and Caballero et al. 1992). SRK was published in 1972 (Soave 1972) 
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and PR in 1976 (Heidemann & Khalil 1980) (Equations presented in Appendix 1). 

These equations of state are derived from the van der Waals equation. Currently, 

these are also the most popular equations used in research, simulations and 

optimisations (Valderrama 2003). A lot of development work has been done 

among methods to calculate the CPs of multicomponent mixtures by researchers 

since the days SRK and PR EoS publication (Pokki et al. 2000). 

However, no single cubic EoS can provide reliable predictions for all 

volumetric, thermodynamic and phase equilibrium properties for all types of 

fluids and mixtures. Nevertheless, considering the overwhelming advantages of 

cubic EoS, they can be adjusted in many ways to find acceptable results for most 

practical applications. (Valderrama 2003) It can be concluded that the challenge in 

the use of calculation methods, is the selection or even requirement to modify of 

the EoS to predict properly phase behaviour in a particular system. In addition to 

that, there is another special challenge in reactive systems.  

While new components are introduced into the system, as happens in 

chemical reactions, phase behaviour changes. This leads to the change of critical 

point as well. (Baiker 1999, Ke et al. 2001) The problem of phase calculations in 

chemical reaction systems is known in process simulations. Reactive distillation 

is an example of this. Several kinds of approaches have been developed to treat 

phase equilibrium in multicomponent, multi-reaction systems. (Ung & Doherty 

1995a&b, Stateva & Wakeham 1997, Kiselev et al. 1998, Wasylkiewicz 2000) 

However, these applications represent pressures under the supercritical value. 

The high pressure phase behaviour is often performed with flash algorithms 

for any particular EoS model. These algorithms often have convergence 

difficulties near the critical area. In high pressure CO2-reaction applications, this 

has been regarded as a serious impediment to the design, optimisation and 

evaluation of these processes. To overcome these problems, a method which 

combines a limited number of experimental data of a binary CO2-system together 

with the global optimisation technique, able to compute complex high pressure 

phase behaviour, is discussed in the literature. This model uses PR EoS. 

(Blanchard et al. 2003). A methodology has also been developed for appropriate 

implementation of thermodynamic models for a certain number of mixtures such 

as CO2-alkanols (Polishuk et al. 2001) and CO2-heavy n-alkanes (Polishuk et al. 

2003). Modifications for mixing rules containing supercritical CO2 have also been 

presented (Valderrama & Alvarez 2005). 

From Table 3 and 4 we can be notice that a mixture’s high density and density 

dependence on temperature serve as attractive properties, being useful in several 
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applications. This and other high pressure processes have increased the demand 

for accurate estimates of compressed liquid densities. This has lead to the 

improvements in calculation methods. Recently, methods have been developed 

which predict density accurately (Aalto & Keskinen 1999, Pokki et al. 2002). In 

these methods, the critical temperature and pressure are estimated from 

pseudocritical mixing rules and bubble point pressure from correlations. To get 

accurate critical properties and bubble point pressures, an equation of state is 

used. This extends the application range of the model. Also, improvements in 

accuracy are expected. (Pokki et al. 2002)  

4.2.6 Discussion on prediction of a supercritical domain in 
engineering sciences 

There has been an awareness of the supercritical phenomenon in engineering 

sciences as well as in thermodynamics since its discovery by Cagniard de la Tour 

1822. This exciting phenomenon has inspired researchers to create mathematical 

methods to predict supercritical values as well as other properties of mixtures. 

Several kinds of methods have been developed to determine phases for certain 

types of mixtures as for CO2-mixtures or to predict properties such as density. 

Each model has strengths and weaknesses. This lays down requirements to users 

of the model, they have to select the proper model for each application and 

probably even more importantly, they need to further modify the model to 

increase the accuracy of the prediction. To predict states in high pressure 

operation is really a challenge for models. The challenge becomes even greater if 

reactive systems with changing compositions are included.  

According to the literature search done, it can be concluded that the definition 

of the supercritical domain for a mixture depends on the nature and amount of 

components in the mixture. If it is claimed that the multicomponent system is 

processing in the supercritical domain then it is insufficient to refer only to the 

critical values of one component of pure CO2. If the system contains only CO2 

and possibly solid material, like in extraction processes, it could be acceptable. If 

a system contains gas or liquid components other than CO2, the question of 

critical values and critical domain shall be considered in a larger context. In this 

context, a critical touch is required from CO2-researchers as well as readers, when 

reactions or other operations are claimed to occur in the supercritical domain. 
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4.3 Case study 1: CO2-methanol binary system (CO2 used in 
carbonation reaction as raw material and solvent)  

4.3.1 Background for the interest in studying the selected binary 

system 

The dimethyl carbonate molecule (DMC), in addition to its application as a 

reacting agent for polycarbonate synthesis and as a methylation or a carbonation 

agent, is today also regarded as a promising oxygenate agent for fuels (Pacheco & 

Marshall 1997). Because of all these emerging applications, the industrial 

production of DMC should benefit from a real boost. However, present industrial 

processes exhibit important safety or environmental limitations, because 

phosgene and carbon monoxide (CO) have been used in the most common DMC 

processes. As a consequence investigations for new ways to synthesize DMC 

have been in progress for the past few years. Among these new processes, the use 

of CO2 for direct carbonation of methanol seems particularly interesting, 

especially from the environmental point of view. (Ballivet-Tkatchenko & 

Sorokina 2003) Nevertheless, the poor reactivity of the CO2 molecule is the major 

difficulty here, the main problem being to find an efficient catalyst as well as 

optimal operating conditions. First investigations using gaseous CO2 and liquid 

methanol have clearly indicated mass transfer limitations due to the existence of 

two phases and their possible alleviation when operating under high pressure. 

(Ballivet-Tkatchenko et al. 2000) From this observation the idea of using CO2 in 

its supercritical state (scCO2) has emerged, where it would behave both as a 

solvent and a reactant in a single phase. Such a concept is perfectly in line with 

the present trends of supercritical research, where the value of chemical reactions 

in these media is regularly encouraged. 

4.3.2 Practical target for the simulation study 

The focus of this work was to create information on the phase boundaries to be 

used in the laboratory experiments. The practical interest was in the reaction of 

CO2 and methanol to produce DMC. Based on earlier results, the temperature and 

CO2 amount in the ranges of 373–423 K and 65–70 mol-%, respectively have 

been shown to be favourable. The chemical reaction was shown to exhibit higher 

yields by increasing CO2 pressure from 9 MPa up to 20 MPa, but not anymore 

while pressure was increased to 25 MPa (Ballivet-Tkatchenko et al. 2000). 
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Laboratory facilities allowed experimental conditions up to 450 K and 204 bar 

(20.5 MPa).  

The focus of this work was to provide an inexpensive tool to check relatively 

easily the operation medium, instead of aiming to have very accurate results. The 

practical need was to provide T/p data at fixed CO2 mol-%. However, this kind of 

information was not easily available from the literature. According to the 

literature, the possible liquid-liquid equilibrium is expected to exist close to the 

critical temperature of CO2 and below that (Polishuk et al. 2001). However, a 

precise system type definition was not a key issue in this case study. 

4.3.3 Basis of simulation study 

The simulation program used for the calculation was Flowbat, which is designed 

for the simulation of chemical processes in a steady state. It has an extensive 

collection of methods to calculate and estimate thermodynamic properties of 

mixtures. (Keskinen & Aittamaa eds 2005)  

The selected EoS was SRK, which is one of the most common cubic EoS. 

The formula for SRK is presented in Appendix 1. More detailed information on 

SRK is largely available in the literature e.g. Soave (1972), Poling et al. (2001). 

The original standard mixing rules (Soave 1972) were used in calculations. The 

use of these so-called a priori calculations by using conventional mixing rules 

and combining rules is generally accepted to give accurate results for relatively 

simple mixtures of non-polar molecules of similar size (Sadus 1994). CO2 is 

known to have quadropole feature (Polishuk et al. 2001) but the molecule sizes of 

CO2 and methanol can be considered to be relatively similar.  

From the calculation point of view, physical properties and interaction 

parameters of both components, CO2 and methanol, were available in the data 

bank of the simulation program. Some of the most important ones are critical 

values and acentric factors. In the simulation program for CO2 these are 

Tc = 304.1 K, pc = 7.380 MPa, νc = 93.90 cm3/mol and ω = 0.2390 and for 

methanol Tc = 512.5 K, pc=8.084 MPa, νc = 117.0 cm3/mol and ω = 0.5560. 

Daubert & Danner (1989) gives critical values for CO2 Tc = 304.19 K, pc = 7.3815 

MPa and νc = 0.094 m3/kmol and for methanol Tc = 512.58 K, pc = 8.0959 MPa 

and νc = 0.11780 m3/kmol. Moreover, a good amount of literature data for this 

binary system was provided by several research groups (Liu et al. 2003, Yeo et al. 

2000, Brunner et al. 1986). All these facts increased the attractiveness of this 

study.  
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However, the CO2 quadrupole feature leads to the creation of strong 

interactions with the dipole moment of the hydroxyl group. In the literature the 

complex chemical nature of the methanol mixture is mentioned as offering a 

severe test for thermodynamic models. (Polishuk et al. 2001) This information 

gives the reason not to anticipate very good correspondence between 

experimental and calculated results. 

4.3.4 Simulation results 

To predict critical point by an indirect way, rigorous simulations with the SRK 

equation of state were carried out. Simulation results are presented in Figure 4. 

The curves far left and right are vapour pressure curves for pure CO2 and 

methanol respectively, starting from the triple point and ending to the critical 

point of these components. The calculated critical values from the simulation 

program for CO2 are Tc = 304.1 K, pc = 7.376 MPa and for methanol Tc = 512.5 K, 

pc = 8.082 MPa. Between these vapour pressure curves, there are phase border 

curves (phase envelope, coloured curves) for mixtures of these components. 

Simulation compositions for CO2 were selected according to the available critical 

point information from the literature. Measured critical points from the literature 

sources are summarised in Table 6. Values of the critical points received from the 

literature are presented in coloured squares in Figure 4. Black squares represent 

the critical points of simulations. A part of these results have also been published 

and discussed in the context of the carbonation reaction by Ballivet-Tkatchenko et 

al. (2004 & 2006). 

The phase border line from the bottom left up to the critical point (the black 

square) is called the bubble-point curve. The phase envelope line continuing after 

the critical point is called the dew-point line. On the left side of the bubble-point 

line the liquid phase exists. Inside the envelope there is a two-phase area and right 

of the dew-point curve there is the vapour or gas phase. The region above the 

critical point is called the supercritical area. From Figure 4 it can be noticed that 

critical pressures of the mixtures of these components are above the critical 

pressure of the pure components and critical temperatures of the mixtures are 

between the pure components’ critical temperatures. Through the calculated 

critical points, the critical locus is drawn (black dashed line).  
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Fig. 4. Simulated phase envelopes and critical points (CP) for several CO2-methanol 

mixtures between CO2 and methanol vapour pressure curves. Experimental data from 

the literature, (V = 0) bubble point curve, (V = 1) dew point curve. CO2 amount in mol-

%. 

In Figure 4, the literature points meet the critical locus well. However, on the 

positive slope side (locus of LCSTs, lower critical solution temperature) the 

measured points are slightly on the left hand side of the locus, and on the negative 

slope (locus of UCSTs, upper critical solution temperature) the measured points 

are just under the calculated line.  

Table 6. Measured critical point data from the literature, coloured points in Figure 4. 

CO2 amount  Measured critical point values from literature Literature source of critical points 

mol-%  T/K p/MPa  

0  512,6 8.12 Liu et al. 2003 

7.2  507,2 8.80 Liu et al. 2003 

16.9  494.6 10.33 Liu et al. 2003 

24.4  485.4 11.54 Liu et al. 2003 

27  473.15 12.93 Brunner et al. 1987 

32.7  473.2 12.84 Liu et al. 2003 
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CO2, 27.0% CO2, 49.2% CO2, 49.5%

CO2, 51.78% CO2, 66.8% CO2, 67.35% (V=0)

CO2, 69.6% (V=0) CO2, 69.6% (V=1) CO2, 71.3%

CO2, 75.1% (V=0) CO2, 75.1% (V=1) CO2, 77.5% (V=0)

CO2, 77.5% (V=1) CO2, 78.6% (V=0) CO2, 78.6% (V=1)

CO2, 84.04% (V=0) CO2, 84.04% (V=1) CO2, 89.3% (V=0)

CO2, 89.3% CO2, 89.4% CO2l 96.5%

CO2, 97.1% calculated cp critical locus

Liu et al., 2003 Yeo et al., 2000 Brunner et al., 1987



 69

CO2 amount  Measured critical point values from literature Literature source of critical points 

mol-%  T/K p/MPa  

38.3  460.5 14.00 Liu et al. 2003 

44.6  451.1 14.74 Liu et al. 2003 

49.2  422.32 16.415 Yeo et al. 2000 

49.5  442.8 15.27 Liu et al. 2003 

51.78  423.15 16.13 Brunner et al. 1987 

57.2  423.9 16.32 Liu et al. 2003 

58.9  388.65 16.366 Yeo et al. 2000 

65.4  360.65 14.533 Yeo et al. 2000 

66.8  414.3 16.34 Liu et al. 2003 

67.35  373.15 15.42 Brunner et al. 1987 

69.6  355.65 14.168 Yeo et al. 2000 

71.3  408.2 16.26 Liu et al. 2003 

72.1  342.94 12.707 Yeo et al. 2000 

75.1  340.65 12.404 Yeo et al. 2000 

77.5  335.19 11.556 Yeo et al. 2000 

78.6  384.8 15.76 Liu et al. 2003 

80.9  328.21 10.392 Yeo et al. 2000 

81  374.3 15.07 Liu et al. 2003 

84.04  323.15 9.55 Brunner et al. 1987 

86.2  354.7 13.75 Liu et al. 2003 

89.3  346.7 12.95 Liu et al. 2003 

89.4  315.67 8.449 Yeo et al. 2000 

91.2  333.3 11.04 Liu et al. 2003 

96.5  313.4 8.29 Liu et al. 2003 

97.1  308.12 7.663 Yeo et al. 2000 

97.6  307.26 7.352 Yeo et al. 2000 

100  304.5 7.42 Liu et al. 2003 

From the DMC reaction point of view, the CO2 amount of 65–70 mol-% has been 

found to be the interesting area. Phase envelopes with related measured points 

covering this area, were selected for further study. These are illustrated in Figure 

5. Colours of the calculated phase envelopes with a black square (calculated CP 

value) correspond to the measured CP values received from the literature. The 

correspondence between the calculated and measured critical points is expressed 

also with arrows. 



 70

Fig. 5. Calculated phase envelopes and critical locus together with critical points 

received from the literature (CO2 amount in mol-%). 

The general overview shows that the measured critical points are set down near 

the critical locus or even close to the related phase border line. A closer look at 

Figure 5 shows significant differences between the calculated and measured 

points. The best match between the calculated and measured values is attained 

with CO2 amounts of 57.2 mol-% and 66.8 mol-%. These are situated relatively 

close to the measured CP values. Regarding the other three calculated points 

(CO2: 65.4 mol-%, 67.35 mol-% and 69.6 mol-%), the distance between these and 

the measured values is remarkable. However, these measured values also meet the 

calculated critical locus well.  
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The measured critical T and p values shown in Table 4 are plotted onto Figure 

6 as a function of CO2 mol-%. From Figure 6 remarkable variations especially in 

pressure values at high CO2 concentration can be seen easily. Logically, both 

critical values should be located smoothly as a function of CO2 mol-% on the 

plot. 

Fig. 6. Plot of measured critical T and p values as a function of CO2 concentration.  

These findings inspired study into their accuracy and to make own observations in 

the laboratory. For this purpose, very high quality equipment was available in Dr 

D. Ballivet-Tkatchenko’s laboratory However, this equipment was not made for 

the purpose of measuring thermodynamic properties. This means it was possible 

to identify phase changes with the equipment but not to define critical values. 

Accuracy and laboratory observations are discussed in the next chapter. 

4.3.5 Accuracy 

The difference between the calculated and measured literature values for the 

critical temperature and pressure of pure components (CO2/methanol) are 
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0.13%/0.02% and 0.60%/0.47% respectively. Calculated critical temperatures for 

the CO2-MeOH mixture varied from 438.55 K down to 412.94 K (measured 

literature values 355.65–423.9 K). Calculated critical pressures are between 

16.42–16.62 MPa (measured literature values 14.17–16.34 MPa). For all 19 

different compositions that were calculated (13 of those are shown in Figure 4), 

the deviation was between 0.38–14.18% for temperature and 1.19–28.49% for 

pressure. The deviation between calculated and measured values is the lowest in 

the case of the latest publication. Exact numbers of calculated and literature 

values are available in Table 7. In the creation of critical locus, also the critical 

points of envelopes not shown in Figure 4 were used. 
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Deviation of the measured critical values is discussed in all three literature 

sources referred to in this study. In two of these (Brunner et al. 1987, Liu et al. 

2003), the large variation in the measured data was noticed and it was discussed. 

The variation was not only found for critical points for the CO2-MeOH binary 

mixture, but also other MeOH-gas systems including solubility measurements of 

gases into MeOH.  

In this study, the same was noticed as in Liu et al. (2003); the T/p projection 

of critical points from several sources overlap very nicely, but points are not 

located logically on the locus. Liu et al. suggest that the differences are caused by 

the uncertainties in the mixture composition. In a publication by Brunner et al. 

(1987), there is a wide discussion about the challenges to arrange reliable 

sampling and analysing systems for high pressure conditions. The conclusion 

drawn in this publication is that it is obvious due to the uncontrolled effects of 

methanol condensation during sampling that leads to too low measured mole 

fractions of MeOH. If this is generally true, differences between the measured and 

calculated critical points could be explained at least partly by the analytical error. 

All four points causing the largest deviation in Figure 5 are located on the left 

side of the calculated point, on which side methanol fraction envelopes decrease. 

If the CO2 fraction is over estimated due to methanol condensation, the analytical 

error could explain the deviation at least partly in these cases. 

In all three literature references, the measurement method of the critical point 

is based on a visual observation of the meniscus in the view cell. Brunner et al. 

(1987) and Liu et al. (2003) used a constant volume cell and Yeo et al. (2000) a 

variable-volume view cell apparatus. They all used sampling and analysis 

systems, which differ from each others. 

Brunner et al. (1987) have also made a literature survey on correspondence of 

published solubility measurements. They compared their own measurements to 

data received from 11 sources, published between 1941 and 1985. Agreement was 

classified into three categories: ‘tentative’, ‘doubtful’ and ‘wrong’. Three 

publications matched tentative, discrepancy under the 4%, other seven reached 

category doubtful, discrepancy between 4% and 7%. These values are lower than 

errors shown in Table 7, but the reader must remember that Table 7 shows the 

results from the measurements of critical values whereas in the summary above, 

gas solubility measurements which have been performed at lower pressure than 

critical pressures are presented.  

In the literature, the pure components’ critical value measurements are also 

discussed. Since 1940 up to early 2000s, 194 articles have been published 
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presenting pure component critical temperature (Tc) measurements. These articles 

were ranked into five categories according to the information of measurement 

uncertainty in respect to the recommendations of the Guide to the Expression of 

Uncertainty in Measurements (GUM): (1) no info; (2) device specification; (3) 

repeatability; (4) some combined uncertainty and (5) complete combined 

uncertainty. Only one of these papers met category (5). However the papers 

reporting some types of combined uncertainty (4) have increased from near 15% 

in the 1940s and 1950s to approximately 55% since 1990. One main reason to 

choose critical temperature as the subject of study was that Tc is one of the most 

fundamental properties in thermodynamics and it is commonly used in 

corresponding-state correlations for the prediction of numerous properties of 

mixtures, for example mixtures of industrial interest. (Dong et al. 2005) This is 

possible to notice by studying Appendix 1. In the presented EoS formula the 

reduced temperature (Tr), which is temperature divided by critical temperature, is 

used. 

4.3.6 Laboratory phase change observation 

Equipment and work procedure 

In order to confirm the calculated phase border lines, also experiments were 

carried out and observations on phase change recorded. The reliability of the 

calculation results was checked with a fixed volume lab-scale reactor equipped 

with sapphire windows. Experiments were carried out in the laboratory of Dr. D. 

Ballivet-Tkatchenko by the staff of the laboratory at CNRS-University of 

Bourgogne, Dijon, France. 

For visual inspection of phase changes, a 46 mL-stainless steel autoclave 

equipped with sapphire windows (TOP Industrie S. A., France), a magnetic stirrer, 

hot plate heating device and temperature and pressure gauges were used. The 

equipment is shown in Figure 7. The T/p values data were recorded after a 3 to 12 

hour stabilisation period at each temperature recorded. These results were sent to 

Finland for further processing and analysis by the author of this thesis. 
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Fig. 8. Calculated phase envelopes and critical locus together with critical points 

received from the literature and the own laboratory observations. CO2 amount in mol-

%. 

In Figure 8 the two laboratory points (CO2: 66.49 and 67.62 mol-%, charged 

mixture amount: 0.54 mol and 0.559 mol, respectively) are close to the 

corresponding phase envelopes (green: CO2 66.8 mol-% and blue: CO2 67.35 

mol-%). The third one (CO2: 67.04 mol-%, charged mixture amount, 0.625 mol) 

meets the critical line, but not so well as the calculated phase border curve. The 

CO2 concentrations of the three mixtures are relatively close to each other. 

Variation is less than 2%. These three points are located into Figure 8 so that 

phase observation situated on the far left is with the sample with the largest 

amount of matter. On the other hand, the phase change point of the sample with 

the lowest amount of matter is situated on the far right. The increase in the 

amount of matter in the heaviest sample is about 16% in comparison to the lowest 

amount of matter. This is a significant change.  
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The view through the sapphire window during the experiments is presented in 

Figure 9. 

Fig. 9. Typical views on phase change observation through the sapphire window. 

In the lowest picture, taken through the sapphire window, a two-phase situation 

can be clearly seen, liquid in the lower part of the picture and vapour above it. In 

the middle picture, the fluid is approaching phase change and on the top picture 

phase change has occurred as demonstrated by the opalescence.  

Visual observations in the laboratory shown in Figure 8 were made with a 

fixed volume lab-scale batch reactor with sapphire windows described in the 

equipment section. These observations lead one to consider more the role of the 

amount of matter in a closed system during the phase change process. 

Four new experimental runs were undertaken to obtain a larger set of phase 

change data. In these experiments, different total mass of components were 

charged into the fixed volume vessel. There was an aim to keep molar ratios 

constant. The autoclave was then closed and the heating period initiated. During 

the experimental period, the temperature and corresponding pressure were 

recorded. Also, if phase change was identified T/p values were marked. To be sure 
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of the reliability of T/p correspondence, a steady state condition was performed 

regularly by leaving the test vessel at a constant temperature for at least for 3 

hours or overnight. In practice, while the phase change was seen the overnight 

steady state condition was performed. At some stages the heat input was stopped 

and cooling of the system started. Also the T/p values during the cooling period 

were recorded in the same manner as during the heating period. Figure 10 

illustrates how the T/p values developed during the heating and cooling periods in 

each sample. 

For sample 1, the temperature during the heating and cooling periods was 

between 290 K and 420 K and the corresponding pressure settled between 4.8 

MPa and 17.2 MPa. The temperature and corresponding pressure values for three 

other samples are: sample 2; T = 290–410 K and p = 4.8–19.8 MPa; sample 3; 

T = 280–390 K and p = 4.8–20.5 MPa and sample 4; T = 300–445 K and p = 5.5–

14.9 MPa. 

By changing the total mass an identified phase change occurred with different 

T/p values. While the constant volume vessel was used, the change of mass also 

changed the sample density. The amount of CO2 moles within these four 

experiments varied between 0.402–0.672 mol and the proportion of CO2 in the 

CO2-methanol mixture between 69.34–69.47 mol-%. The amount of CO2 in the 

highest charge was almost 70% more than in the lowest charge. The variation of 

the concentration of CO2 was less than 0.2%. Detailed information on charged 

mixtures is presented in Table 8. These figures are for the mixture in the 

beginning of the test. Numbers of the curves and charged sample information 

corresponds to each other. 



 

82 

Fig. 10. Illustration of the T/p curves during the heating period of the methanol-CO2 

mixtures of varied amounts of matter. Red triangle indicates phase transition from two 

phases to one phase. Curve 1: Methanol + CO2 = 0.51 mol, CO2 = 69.45 mol-%; Curve 

2: Methanol + CO2 = 0.593 mol, CO2 = 69.47 mol-%; Curve 3: Methanol + CO2 = 0.672 

mol, CO2 = 69.34 mol-%; Curve 4: Methanol + CO2 = 0.402 mol, CO2 = 69.40 mol-%. 

Table 8. Methanol-CO2 mixture information on experiments, shown in Figure 9 (CNRS 

results). 

Sample 

no 

Analysed 

CO2-

fraction  

Total amount 

of methanol 

and CO2  

Measured 

mass load in 

the beginning 

Measured loss 

of mass during 

experiment 

Relative 

loss of 

mass 

Calculated 

mass load in 

the beginning 

Deviation 

from the 

measured 

values 

 mol-% mol g g w-% g % 

1 69.5 0.51 20.6 0.1 0.49 20.7 0.87 

2 69.5 0.593 23.9 0.36  1.50 24.1 0.69 

3 69.3 0.672 - - - 27.3 - 

4 69.4 0.402 - 0.16 1.00 16.3 - 
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4.3.7 Discussion on pressure and phase behaviour in a closed 
system 

Figure 10 indicates clearly that the more matter is charged into the vessel the 

steeper the T/p line is. Also an interesting change of the slope of the T/p line of 

samples 1–3 can be seen. The line becomes even steeper when the mixture 

reaches a certain pressure.  

It is known that for the constant volume reversible process, the following is 

true (Smith et al. 2001): 

 
2

1

.
T

v

T

Q n U n c dT     (5) 

An important relation between the amount of substance (n) and heat capacities at 

constant volume (Cv) and constant pressure exists (Cp) (Atkins 2002) 

 Cp − Cv = nR. (6) 

As the composition of the mixtures in the beginning of the experiment are 

practically the same in each four cases, it can be considered that the heat capacity 

values (Cv and Cp) for the vapour-liquid mixtures are also the same at the 

beginning. In this case the main parameter which changes within these 

experiments is the amount of matter (n). While the mixture is heated with a 

constant heat duty Q (J/s), it can be concluded based on Equation 5 that mixtures, 

where the amount of matter is lower, reach higher temperature with the same 

amount of energy than mixtures with a higher amount of matter. Evidence of this 

can be seen if temperature differences between the two dots in the heating curves 

are compared in Figure 10. In the lower curves, where matter is less, the 

temperature increase is larger than the curves having a higher amount of matter. 

This is very logical behaviour. 

When a new state at the higher energy input level in this closed system is 

stabilised, the mixture has found a phase equilibrium corresponding to the new 

temperature and pressure. Compositions and volumes of the liquid and vapour 

phases are now different in each experiment at the same temperature, even though 

no change in the total amount of matter has occurred. The total number of the 

moles n and total ratio of CO2 and MeOH are still the same. 

It is also generally known that in closed systems, pressure increases as a 

function of temperature. This is due to the thermal expansion of matter. The 
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simple relation between temperature and pressure is expressed earlier in Equation 

3. In Equation 3, V is the molar volume and Z is 1 only for ideal gas (Poling et al. 

2001). While V is the molar volume let’s indicate the volume of the constant 

volume vessel V’. Because the ratios of CO2 and MeOH in experiments stay at the 

same level, the total number of moles in the system is: n = nCO2 + nMeOH and 

corresponding molar volume is V = VCO2 + VMeOH. Compressibility for the whole 

system consists of the compressibility of liquid and vapour Z = Zvap + Zliq. In these 

phases, the relation to the number of the moles and molar volume is as follows: 

V’=nvap * Vvap + nliq * Vliq. With these simplifications Equation 3 follows the form: 

 p = ZnRT/V. (7) 

Parameters V’ and R are constant. Compressibility Z for liquid is generally known 

to be small and so does not affect greatly the pressure if the vapour phase is also 

present in the system. The main parameter affecting the pressure at a certain 

temperature is then the number of moles and vapour compressibility. Vapour 

fraction compressibility becomes more meaningful the higher the vapour fraction 

value.  

Experimental results are plotted on the phase border line in Figure 11. The 

phase envelope to compare the measured T/p values is calculated for the CO2 

fraction of 69.6 mol-%. For this binary CO2-MeOH mixture, the information from 

literature on the measured critical point is available in Table 6. The loss of matter 

due to leakages is negligible as can be noticed in Table 8 and thus is not 

influencing the results. 
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Fig. 11. Illustration of the T/p curves during the heating period of methanol-CO2 

mixtures of varied amount of matter, curve 1–4. Red triangles indicate phase transition 

from two phases to one phase. Yellow loop is the calculated phase border-line on CO2 

of 69.6 mol-%. 

From Figure 11, it can be seen that curve 4, which represents the lightest charge 

sample, crosses the two phase area and finally reaches the gas phase domain. 

Curve 3, which represents the heaviest sample, stays in liquid phase during the 

whole heating/cooling period. Curves 1 and 2, in which the amounts of matter are 

between experiments 3 and 4, lie also between curves 3 and 4. According to the 

phase information, every sample exists in liquid phase at room temperature. At 

some state, mixtures 1 and 4 turn clearly into two phases and finally move into 

the one phase domain. Specifically, sample 4 moves in the gas area, where as 

samples 1 and 2 move in the supercritical area. Curve 2 follows closely the 

bubble-point line and sample 3 seems to stay on the liquid side during the whole 

heating period.  

The change in the T/p line slope of samples 1–3 can be studied now in more 

detail. The line becomes steeper when the mixture is reaching supercritical 
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pressure and temperature. This could be an indication of the change of physical 

properties of the mixture. According to Equation 6, the possible physical property 

is compressibility. Simulations of physical properties have been carried out and 

studied in the next chapter. 

4.3.8 Calculation results on physical properties 

Simulation programs do not only predict phase behaviour, but also give valuable 

information on a mixture’s physical properties. The slope change of heating T/p 

lines, seen in Figure 10, was suggested to be due to the change in compressibility 

and phase fractions. Heat capacity was also of great interest.  

To find more information on this, a few simulations for binary mixture CO2-

MeOH (CO2, 69.6 mol-%) properties were carried out. Property values were 

calculated to be between 280 and 480 K for every 5 degrees. This was repeated 

for every 3 MPa starting from 3 MPa up to 21 MPa. For this particular mixture, 

the calculated critical point is T≈399–408 K and p≈16.4–16.6 MPa, measured 

values from the literature are T≈356 K and p≈14.2 MPa (Table 7). 

Vapour fraction of the mixture in the unit of moles is presented in Figure 12. 

If this and Figure 11 are compared it can be seen that the vapour fraction is zero 

when the phase envelope shows the mixture to be in liquid phase. Note that the 

pressure axis scale starts from 3 MPa not 0 MPa and ends at 21 MPa. At 3 MPa 

and 280 K one part of the mixture is vapour as shown also in the phase envelope. 

On the end of the temperature scale, the vapour fraction is one at low pressures. 

The 3 MPa mixture is fully vapour above ~400 K. The higher the pressure the 

higher the temperature is when the vapour fraction reaches the value of 1. This 

happened at the pressure lines from 3 to 12 MPa. The pressure line of 15 MPa 

almost reaches the value of 1 before it drops down to 0.5. For high pressures (15–

21 MPa) at temperatures above 400 K the simulation program gives a vapour 

fraction value of 0.5, average value of 0 and 1. This T/p area represents the 

supercritical domain, according to Figure 11. The flash routine of the simulation 

program does not indicate any phase border line between liquid and vapour, and 

for this reason it gives an average value of 0.5. 

In the middle of the graph, p = 12 MPa and temperature about 380–400 K, 

there is an illogical peak at the vapour fraction surface. The temperature 

corresponds quite well to the reported critical temperatures, but pressure is clearly 

lower. In experimental studies by Liu et al. (2003) exhibition of partial miscibility 

at lower temperatures is described. Liu et al. (2003) think, that this is an 
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indication the binary mixture belongs to type II fluid phase behaviour, according 

to the classification of van Konynenburg and Scott. This is considered to be due 

to the weak chemical interaction between CO2 and MeOH (Polishuk et al. 2001). 

In Figure 11 an example of type I fluid phase region of a binary mixture is shown. 

This consists of vapour pressure lines and critical locus. In type II, a second 

critical line exists inside the type I region, the locus of liquid-liquid UCSTs (upper 

critical solution temperature) (Van Konynenburg & Scott 1980). The existence of 

this liquid-liquid phase region is a potential reason for the peak on the surface 

seen in Figure 12.  

Fig. 12. Vapour fraction (mol) of CO2-MeOH binary mixture (CO2 69.6 mol-%) between 

T = 280–480 K and p = 3–21 MPa. 

The same kinds of graphs were prepared also for compressibility and heat 

capacities (cp) for vapour and liquid phases. The results are presented in Figures 
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Fig. 13. Vapour compressibility of CO2-MeOH binary mixture (CO2 69.6 mol-%) between 

T = 280–480 K and p = 3–21 MPa. 

Figure 13 shows the simulation result on vapour compressibility. Compressibility 

of the vapour fraction is below 1, the value of liquid compressibility is not given 

(0 in the figure) and for the supercritical area the value is relatively stable. 

However, compressibility is slightly increasing as a function of temperature in the 

supercritical domain. The deviation from continuous surface as seen in the vapour 

fraction surface in 12 and 15 MPa lines is also noticed in compressibility. While 

in Figure 12 a high vapour fraction peak is shown in compressibility in Figure 13 

there is a drop down to abnormally low values in the same area. This could 

indicate that the fluid is close to a condensation situation to liquid. 

In the previous Chapter ‘4.3.7 Discussion on pressure and phase behaviour in 

closed system', the parameters affecting the development of pressure in a closed 

system were discussed. It was suggested that the number of moles or vapour 

compressibility affects the pressure increase. From Figure 13 it can be concluded 

that the parameter Z is below 1 and so it has a decreasing influence on pressure in 

Equation 6. From Figures 13 and 12 and raw data of those, it can be indicated that 

at constant temperature, vapour compressibility and fraction decrease as a 
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function of pressure. These affirm that the amount of matter is the main parameter 

which builds-up pressure at constant temperature in a closed system. This is 

shown in Figure 10. 

Fig. 14. Liquid molar heat capacity of CO2-MeOH binary mixture (CO2 69.6 mol-%) 

between T = 280–480 K and p = 3–21 MPa. 
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Fig. 15. Vapour molar heat capacity of CO2-MeOH binary mixture (CO2 69.6 mol-%) 

between T = 280–480 K and p = 3–21 MPa. 

From Figure 14 one can see that the molar heat capacity values for liquid are 0 

only when vapour is present in the system and in Figure 15 vice versa. 

Interestingly, if the vapour fraction was 0.5, which was the indication of the 

supercritical domain, cp values for both phases, liquid and vapour, are given. The 

values are about the same but not exactly the same. 

Molar heat capacity of liquid increases slowly as a function of temperature, 

reaching the highest values between 400–440 K. The exception is the 12 MPa line 

on temperature at around 380–400 K. Around this area in the liquid molar heat 

capacity surface, there is a hole. In the same area, the molar heat capacity graph 

for vapour (Figure 15) shows the peak. If the cp value’s peak locations are 

compared to the reported critical values it can be noticed that the liquid cp peak 

temperature is at and above the calculated critical value and in terms of pressure 

around critical pressure. The vapour fraction cp value peak temperature is at 

critical temperature and below, pressure is below the critical pressure. Note that 

the graph is rotated so the best view of the surface is achieved. This might have 

been the effect on the pressure axis orientation.  
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To make a review of molar heat capacity more illustrative total values were 

calculated as a portion of liquid and vapour fractions. The result is shown in 

Figure 16. 

Fig. 16. Total molar heat capacity of CO2-MeOH binary mixture (CO2 69.6 mol-%) 

between T = 280–480 K and p = 3–21 MPa. 

From Figure 16 one can notice that the total cp value varied largely inside the 

examined area. Heat capacities for vapour (low pressure lines) are lower than 

liquid and liquid values slowly increase as a function of temperature. Around the 

critical point the highest values of cp are achieved. According to the graph, based 

on simulation results, above a temperature of 400 K, the high pressure cp-lines 

15–21 MPa clearly decrease. The decrease is steeper than the increase on another 

side of the critical area. Also 12 and 9 MPa lines decrease, but not so clearly.  

From this study one can conclude that the energy need, according to Equation 

5, to heat up the CO2-MeOH mixture depends on the thermodynamic state. The cp 

value for a mixture around the critical area is about double in comparison to the 

value of mixture being at the vapour state. Accumulation of T/p points in Figure 

10 in certain high pressure areas can be explained by high cp values.  
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This rough study indicates the importance of phase determination in terms of 

estimating physical properties. Moreover, this demonstrates the remarkable 

changes in physical property values that may exist on or near the critical area. 

4.3.9 Discussion on simulations, experiments and matter effect 

Simulations 

During simulations, some evidence of the complexity of the CO2-methanol binary 

system was found. Several iteration trials were needed before the entire envelope 

with the critical point was acceptably created. In some cases, the envelope was 

built by separately simulated bubble-point and dew-point curves. Convergence 

problems were especially found in high CO2 ratio mixtures. Usually the iteration 

procedure gave results more easily, if iteration was started from the dew-point 

line, vapour side (V=1). However, in cases of high CO2 ratios, the start from the 

bubble-point (V=0) was often successful. The values of critical points received 

from different acceptable simulations for the same composition, varied a little bit 

from each others as shown in Figure 4 and more clearly in Table 7. However, the 

differences between separate simulations were smaller than the difference 

between calculated and measured values as can be seen from Table 7. 

Mass effect 

The laboratory experiments reminded us very well about the role of the amount of 

mass in test arrangements. In a closed system, depending on the amount of the 

matter in the mixture during heating, the indicated phase changes may be from 

two phases to vapour, liquid or supercritical domain. Phase change may occur 

also from liquid to two-phase or from liquid to supercritical domain. Behaviour 

can be seen in Figure 10 and 11 where the mixture with the same composition but 

different amount of mass gives in the closed system a different T/p-

correspondence. This means also that the T/p-values where phase change of fluid 

happened depend on the amount of mass. 

Thermodynamic variables, temperature (T), pressure (p), molar volume (V) 

and mole fraction of components (xi) define the fluid phase behaviour of a binary 

mixture. By changing the total mass (number of moles) of the mixture in a 

constant volume reactor, one changes also one thermodynamic property of the 
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mixture being researched, molar volume. This change affects the fluid phase 

behaviour of the mixture. Fluid phase is able to be predicted according to 

mathematical equations presented in various forms of equations of states (EoS. 

see Equations 3 and 4 and Appendix 1). In practice, the change of molecular 

volume can be also be noticed in the change of fluid density (δ=M/V).  

To ensure that the mixture in question has reached supercritical conditions, 

both parameters, temperature and pressure, are required to satisfy the definition 

for supercritical fluid for that specific mixture. In a closed system this is possible 

only with the amount of matter which varied between certain limits. Too high an 

amount of matter leads to the liquid phase even in the case where the critical 

pressure is reached. Too low an amount of matter on the other hand leads to the 

vapour or gas phase even after the critical temperature is achieved. This can be 

seen from Figure 10. Also from Figure 10 and 11, changes in the continuation of 

the line slope can be seen after the critical pressure is exceeded. This was shown 

to be in connection with the changes in the physical property, compressibility, as a 

function of T/p values. 

Variation between calculated and literature data 

If Figure 4 is studied visually it can immediately be noticed that a large number of 

measured critical points are situated in the temperature range of 300–400 K. 

According to the simulation information this corresponds to a CO2 proportion of 

about 100–70%. A closer study of Table 6 confirms this. There are 18 measured 

critical points below 400 K and 13 points above 400 K. In total, 15 measurements 

have been made for mixtures with a CO2 proportion above 70 mol-% and 16 

below that. Logically thinking, there should be about the same amount of critical 

point observations on both sides of the 70 mol-% line. This is because the critical 

point moves according to the mixture change. 

If measured and calculated critical values are studied from Table 7 deviation 

between calculated and measured critical values for the CO2 proportion cases 

below 70 mol-% are less than 10% for 8 cases out of 10 and for the cases above 

70 mol-% only 3 points of the temperature and pressure values deviation are 

below 10% out of 9 studied points. Deviation for one critical pressure depends on 

which simulation run the deviation is defined (CO2 89.3%). Additionally in 3 

other cases critical temperature deviation between measured and calculated values 

are less than 10%, but the critical pressure deviation is above 10%. If the critical 

value for CO2 89.3% is excluded, deviation in critical pressure was more than 
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10% in 5 cases out of 8. In all these 5 cases as well as in 2 cases <70 mol-% of 

CO2, pressure was estimated to be lower than the calculated value. It can 

therefore be concluded that above 70 mol-% the difference between experimental 

and calculated critical values are larger most often for pressure. 

Critical locus between 300–400 K, in Figure 4, represents the positive slope 

side and respectively between 400–500 K the negative slope side. Moving of the 

critical point from the phase envelope peak from one side to another can be seen 

also from Figure 5 and 7. From the group of phase envelopes we can see that even 

a quite high increase in CO2 proportion does not move the bubble-point line very 

much on the right hand side. Also, the calculated critical point is not situated on 

the top of the phase envelope, but on the positive slope side of the envelope. 

These two things mean that the effect of the CO2 proportion increase on the 

critical temperature is not so big, but it may affect significantly the critical 

pressure. In such a situation, errors in the analysis of mixture compositions cause 

greater deviation in critical pressure than in critical temperature. 

Let us reconsider next the analysis problems. High pressure analysis was 

mentioned to be a challenging task. One of the problems found was condensing of 

methanol, which was supposed to lead to an over estimation of the CO2 fraction. 

If this effect is estimated on the difference in pressure, it can be concluded that in 

the positive slope side critical pressure increases, while the CO2 fraction 

decreases and on the negative slope side critical pressure decrease, while the CO2 

fraction decreases. So, overestimation of the CO2 fraction should lead to higher 

critical pressures at the positive slope side and to lower values on the negative 

slope side. The measured critical pressures were usually lower than the calculated 

ones. This may indicate that the over estimation of the CO2 fraction cannot be 

considered to be systematic. In this stage it is good to remind ourselves of the 

illogical vapour fraction behaviour shown in Figure 12. This may affect also the 

condensation of methanol. 

Variation inside simulations 

The ‘low’ position of the critical point on the positive slope side can be noticed 

very clearly in the phase envelope of CO2 of 89.3% (brown line), which is 

presented in Figure 17. An interesting observation in the iteration procedure can 

be mentioned. The simulation trial, which gave an unusually low critical pressure 

value, was the calculation result from the trial, which generated the whole phase 

envelope. Generally, it is considered that the CP prediction is more reliable in the 
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case where the whole envelope is calculated in comparison to the procedure 

where only a part of it is developed. Separate bubble- and dew-point line 

simulations overlap nicely together with the whole phase envelope, but critical 

points of these calculations are situated close to the critical point of CO2, which 

was predicted for a 0.1 percentage point higher mixture (CO2 89.4%). The low CP 

pressure value may be caused by liquid-liquid equilibrium with high CO2 ratio at 

low temperatures. The existence of a liquid-liquid equilibrium is discussed by 

Polishuk et al. (2001). 

Fig. 17. Phase envelopes for 89.3 mol-% and 89.4 mol-% of CO2 with related calculated 

and measured critical points. (V=0) bubble point curve, (V=1) dew point curve. 
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The original task of this case study was to define the operation phase. From this 

study, we can conclude that the increase in operation pressure from 9 MPa up to 

20 MPa inside the operation temperature range of 373–423 K with the CO2 
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DMC-reaction. Reaction yield has been noticed to increase while pressure was 

increased from 9 to 20 MPa, after that no increase appeared even when pressure 

was still moved up to 25 MPa (Ballivet-Tkatchenko et al. 2000). From this it can 

be concluded that the yield increase of this reaction was connected to the 

operation phase and so it should be taken into account while results on reaction 

synthesis are considered.  

General outcomes 

On the left side of the bubble-point line is the liquid phase, inside the envelope 

there are two phases vapour and liquid and on the right side of the dew-point line, 

vapour or gas. According to Figure 17 there is a good reason to assume that the 

critical point for the CO2 proportion of 89.3 mol-% and 89.4 mol-% is situated on 

the positive slope side of the envelope. All the defined critical points for these two 

binary mixtures are located on that side even there exists a large variation, 

especially at the critical pressure. In this case, when the critical point is 

determined visually, one has to distinguish between liquid, supercritical and 

vapour-liquid phases. If the critical point exists on the negative slope side, then 

distinguishing between vapour, supercritical and vapour-liquid phases is needed. 

Due to the high density of the supercritical fluid, distinguishing between liquid 

and supercritical fluid must be a challenging job visually. A naturally arising 

question is the possibility that instead of identification of the critical point, the 

phase change on the border of the two phase area and liquid phase is to be 

recorded. Moreover, in the literature there is discussion about the possibility of 

liquid-liquid equilibrium, which is expected to exist close to the critical 

temperature of CO2 (Polishuk et al. 2001). Some evidence of illogical properties 

behaviour of fluid has also been noticed in the simulation results. All these 

discoveries support the assumption that the critical point definition on this 

mixture is a challenging task. 

Additionally, depending on the experimental equipment and arrangements 

used also problems shown in Figure 10 and 11 may arise. The importance of a 

correct amount of charged matter becomes meaningful, if a closed system is used 

and temperature is selected to be the variable parameter. This problem is known 

even if the effect of the matter is not discussed in the literature. Liu et al. (2003), 

who used a constant volume view cell in their critical point measurements, 

reported a controlled mixture density close or slightly higher than its critical 

density. Yeo et al. (2000) used a variable-volume view cell apparatus. They 
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defined CP by following the bubble- and dew-point lines. Critical point was 

achieved when dew- and bubble-points became indistinct. Even the measurement 

is made according to an accurate procedure also analysis of the mixture content 

shall be successful. Special requirements on high pressure analysis are discussed 

by Brunner et al. (1987). 

Based on the discussion above a question arises, why the population of 

measured and calculated critical points at first sight seem to meet well each 

others, but if individual points are studied carefully, significant variations are 

noticed. According to this case study several challenges both on calculations and 

experimental studies can be pointed to, which may cause uncertainties and 

deviations from the CP prediction and definition: 

– Selection of the thermodynamic model and mixing rules, which give most 

accurate prediction; 

– Special features of the studied substances, e.g. quadruple property of CO2, 

which gives non-ideal behaviour to the system; 

– Existence of other fluid phase equilibria e.g. liquid-liquid phase line below 

the critical point in the type II fluid phase behaviour; 

– Correct charge of matter to achieve molar volume (density) which gives 

critical phenomenon to be identified for the particular mixtures; 

– Visual indication of the critical point, especially on the positive slope side; 

and  

– High pressure analysis.  

This case study also raised a large variety of questions in a larger context than 

covered by the original task. The study indicates the need to develop both the 

theoretical and practical calculation methods as well as experimental systems 

used for the critical point prediction and definition. It pointed also out some 

interesting behaviours of the CO2-MeOH binary system at high pressure.  

4.4 Case study 2: Butene dimerization (CO2 as reaction solvent) 

4.4.1 Background for the interest to study the selected binary 

system 

Isooctane is used in gasoline mixture to improve the octane number. Other 

advantages are its low vapour pressure and lack of aromatics and sulphur. 
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Commercially, isooctane is made from isobutene by dimerization reaction with 

ion exchange resin catalysts. Another catalyst option is solid acid catalysts e.g. 

zeolites. However, if solid acid catalysts are used, a build up of heavy 

hydrocarbons on the catalyst surface cause rapid deactivation of catalysts. 

Supercritical reaction medium has been shown to mitigate catalyst deactivation by 

removing heavy materials from the catalyst surface. (Lyon et al. 2001)  

The aim of this case study was to research isobutene dimerization reaction in 

the presence of solid acid catalysts. To avoid build-up of heavy hydrocarbons on 

the surface of catalysts, reactions in supercritical reaction conditions were aimed 

for. As supercritical CO2 has been identified as an effective solvent, it was 

selected. Propane was used as a reference solvent to enable comparison.  

4.4.2 Practical target for the simulation study 

The focus of this simulation study was to provide information on phase boundaries 

(vapour, liquid, supercritical and two phase) to contribute selection of experimental 

parameters and to interpret the results of these experiments. The practical interest 

was on the dimerization reaction of isobutene, which has been shown to be 

favourable at 373 K. 

4.4.3 Basis of simulation studies 

In this study, the simulation program used for calculations was Flowbat and the 

selected Equation of State (EoS) was Soave-Redlich-Kwong (SRK), the same as 

described in the case study 1 in ‘Chapter 4.3.3 Basis of simulation studies’.  

Isobutene dimerization results in different forms of octenes and some heavier 

components. To ensure the successful convergence of the phase simulations some 

simplifications were done. Instead of a large set of alkenes, only isooctane 

(alkane) was selected to represent all products in the calculations. By doing so 

physical properties and interaction parameters of all the components used in the 

calculations, i.e. CO2, propane, isobutene, hexane and isooctane were available in 

the data bank of the simulation program. 

4.4.4 Simulation results 

Phase determination results for the binary system CO2-isobutene are presented in 

Figure 18. The curves far left and right are vapour pressure curves for pure CO2 and 



 

99 

isobutene, respectively. Curves end at the critical point of these components. The 

calculated critical values from the simulation program for CO2 are Tc = 304.1 K, 

pc = 7.376 MPa and for isobutene they are Tc = 417.9 K, pc = 4.000 MPa. Between 

these vapour pressure curves, phase border curves (phase envelope, coloured curves) 

are shown for different CO2-mixtures (80, 60, 40 and 20 mol-%). Through the 

calculated critical points, the critical locus is drawn (black dashed line). 

Fig. 18. Calculated CO2 and isobutene vapour pressure curves, phase envelopes, 

critical points (CP) and critical locus. CO2 amount in mol-%. 

To ensure effective dissolution of possible coke from catalysts high concentration 

of CO2 was chosen, 80 mol-%. Due to analytical reasons, hexane was used as an 

internal standard. The critical values of hexane, calculated by the simulation 

program are Tc = 507.6 K and pc = 3.024 MPa. Because a new component was 

introduced into the mixture system, a new phase envelope and critical point for 

the mixture were simulated (CO2, 79.5 mol-%, isobutene, 20.0 mol-% and 

hexane, 0.5 mol-%). The phase envelope and vapour pressure line for hexane are 

presented in Figure 19. In this particular ternary system supercritical point is Tc= 

338.0 K and pc = 8.1 MPa.  
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Fig. 19. Calculated CO2 isobutene and hexane vapour pressure curves, phase 

envelopes and critical points (CP) for named CO2-isobutene mixtures (mol-%) as well 

as phase envelope and CP for one CO2-isobutene-hexane mixture. Amounts in mol-%. 

If the definition of supercritical condition is applied, it can be concluded from 

Figure 19 that to achieve the supercritical domain, pressure shall be above 8 MPa. 

Based on this information the operating pressure was selected to be about 10% 

above the calculated CP, which results in 9 MPa. This together with favourable 

reaction temperature gives the operation target (green dot in Figure 20). Based on 

these results the border line (green lines) for the supercritical domain is shown in 

Figure 20. 

0

1

2

3

4

5

6

7

8

220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520

T/K

p
/M

P
a

CO2, 100% isobutene, 100%

CO2, 80% CO2, 60%

CO2, 40% CO2, 20%

critical locus hexane, 100%

CP for lines above CO2, 79,5%, n-hex., 0,5%

cal. CP, CO2, 79,5%, n-hex., 0,5%



 

101 

Fig. 20. Calculated phase envelopes and critical points for the CO2-isobutene-hexane 

ternary system. Amounts in mol-%.  

Propane was selected as the reference solvent for the CO2 test runs. It has almost 

the same molecular weight as carbon dioxide but it is a nonpolar substance. 

Critical values for pure propane are Tc = 369.8 K and pc = 4.248 MPa. Critical 

pressure of propane is much lower and temperature a bit higher than that for 

carbon dioxide. On the analogical way as done for the CO2 mixtures, the phase 

envelopes and critical points for the propane-isobutene binary system and for the 

ternary system of propane (79.5 mol-%), isobutene (20.0 mol-%) and hexane (0.5 

mol-%) were created. Critical locus of the binary system and particular ternary 

system phase envelope with the calculated critical point are shown in Figure 21. 

The target operation pressure was decided to be about 10% above the 

calculated critical pressure (poper = 5 MPa) and operation temperature remained 

the favourable reaction temperature Toper= 373 K. From Figure 21 it can be 

concluded that if supercritical conditions are aimed at to achieve the desired 

reaction temperature, almost no isobutene could be added into the mixture. 

However, it was decided to keep the amount of solvent, in this case propane, at 

the same level as in the previous tests with CO2 (79.5 mol-%). Supercritical fluid 
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for the mixture of propane (79.5 mol-%), isobutene (20.0 mol-%) and hexane (0.5 

mol-%) exists on the domain above Tc = 383.0 K and pc = 4.3 MPa. This is also 

illustrated in Figure 21. 

Fig. 21. Calculated CO2 and isobutene vapour pressure curves, phase envelopes, 

critical points (CP) and critical locus. Amounts in mol-%.  

During the runs, where propane was used as a solvent, it was noticed that if 

sufficient suction pressure on the reactor feed pump is ensured, the feed vessel of 

reaction mixture was required to be pressurised by nitrogen. While nitrogen (N2) 

was in direct contact with the liquid reagent mixture, some N2 was dissolved in 

the liquid. This introduced still one component more into the mixture, making it a 

quaternary system. To find out the liquid composition in the feed vessel in the 

equilibrium state, new calculations were carried out with the simulation program 

described above. According to the simulations, the feed mixture contains about 2 

mol-% of nitrogen. Due to the difficulties to analyse N2, the amount of the 

dissolved N2 could not be confirmed experimentally. The vapour pressure lines 

for these four components in the system and the new phase envelope of reagent 

mixtures with dissolved nitrogen (purple line) with envelopes is presented in 

Figure 22. 
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Fig. 22. Calculated critical locus for a binary system of propane-isobutene and vapour 

pressure curves of propane, isobutene, hexane and N2. Phase envelope and CP for 

propane-isobutene, propane-isobutene-hexane and propane-isobutene-hexane-N2 

mixtures. Calculated phase envelope and critical points (CP) and definition of 

supercritical domain for the reagent mixture with dissolved N2. Amounts in mol-%.  

The effect of the introduction of new components into the system on phase 

envelopes and critical points is shown in a closer view in Figure 23. 

0

1

2

3

4

5

60 110 160 210 260 310 360 410 460 510

T/K

p
/M

P
a

propane, 100% isobutene, 100% prop., 80%

prop., 60% prop., 40% prop., 20%

critical locus prop: 79,5%, n-hex: 0,5% cal. CP, prop: 79,5%, n-hex: 0,5%

border line for supercritical domain operation target  + N2 2%

cal. CP, with N2 hexane, 100% N2, 100%

Calculated CP Series11

Supercritical
domain



 

104 

Fig. 23. Calculated critical locus for a binary system of propane-isobutene and vapour 

pressure curves of propane and isobutene. Phase envelope and CP for propane-

isobutene-hexane and propane-isobutene-hexane-N2 mixtures. Definition of 

supercritical domain for the reagent mixture with dissolved N2. Amounts in mol-%.  

Isobutene dimerization reaction produces isooctene and higher alkenes. Phase 

diagrams were created to systems where isooctane represented all products. The 

concentration of system components is defined according to isobutene 

conversion. In the calculation, isobutene is supposed to convert only to isooctane 

as described earlier. The results for the quaternary system of CO2-isobutene-

isooctane-hexane are shown in Figure 24. Phase envelopes for the conversions of 

60% and 80% are combined from the bubble- and dew-point curves. Figure 24 

shows also the border lines for the supercritical domain defined in Figure 20. 
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Fig. 24. Calculated phase envelopes and critical points for the CO2-isobutene-

isooctane-hexane quaternary system. Amounts in mol-%.  

Analogically with the CO2 system, the effect of the product, isooctane, on the 

state of phases was estimated and calculations also on the quinary system 

propane-isobutene-isooctane-hexane-N2 were performed. Results are shown in 

Figure 25. 
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Fig. 25. Calculated phase envelopes and critical points for the propane-isobutene-

isooctane-hexane system. Amounts in mol-%.  

4.4.5 Discussion on phase determination 

Simulation 

Simulation for the binary system of CO2-isobutene gave the entire phase 

envelopes for all cases shown in Figure 18. The critical points in the systems are 

situated at the top of the envelope. The introduction of a small amount of hexane 

changed situations only slightly (Figure 19). Simulations of the binary system 

propane-isobutene also gave the entire phase envelopes as seen in Figure 21. 

However, the form of the envelopes is narrower than the corresponding envelopes 

for the CO2-butene system. Also, in these systems the critical points are at the top 

of the envelope. The introduction of a small amount of hexane or N2 did not cause 

difficulties in simulations. The addition of hexane did not change the form of the 

phase envelope, but introduction of a non-condensable component N2, made the 

envelope clearly broader as can be seen in Figure 22 and 23. 
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While isooctane is taken into the system, changes in phase conditions can be 

seen clearly (Figure 24 and 25). The higher the conversion is in the system the 

broader the envelope became and higher the critical point rose. Also, the critical 

point is not so clearly situated at the top of the envelope anymore. A broad 

envelope is mainly developed due to the movement of the dew-point line on the 

right. The bubble-point line stays roughly in the same location in both the main 

systems, the systems with CO2 and propane solvents. 

High concentrations of product, in the scCO2 case above 60% conversion and 

in the propane case above 80%, caused conversion problems in simulation runs. 

The entire envelope was difficult to achieve in one run. Phase envelopes in this 

area have been built up on separate dew and bubble point lines. The calculated 

critical points for the same mixture gave some deviation as can be seen in Figure 

24 and 25. However, in the context of the presented group of envelopes and 

vapour pressure lines, these deviations do not change the logical trend of phase 

condition development as a function of product. 

CO2 as a solvent 

Figure 20 shows clearly that in the case of CO2-experiments the initial state of the 

experiment (green dot) lay on the supercritical domain. However, while the 

reaction product, isooctane, is introduced into the system the borderlines of 

critical domain are changed. This can be seen from the simulation results shown 

in Figure 24. From Figure 24 one can notice that the reaction phase in the 

operation target change above the conversion of 20%. The change is from 

supercritical fluid to gas phase and finally while conversion increases the phase 

border moves on the area, where two phases, liquid and vapour, co-exist. This 

happened before reaction conversion reached 40%. 

If the reaction mixture is introduced into the stirrer reactor from the top of the 

reactor by a pipe and the pipe ends close to the bottom of the reactor. Based on 

the information received from Figure 20, the feed mixture (ternary system) state 

is supercritical in the entrance of the reactor. Inside the reactor, where reaction 

product enters into the mixture (quaternary system), the state remains on a single 

phase at low conversion levels: supercritical or gas as described above. On higher 

conversions, at about 40% and above, the phase border line has moved so that the 

operation point is inside the phase envelope. This represents the region of 

coexistence of two phases: liquid and vapour. In this two phase situation liquid 

stays on the bottom of the reactor and vapour above it. If the stirrer reactor outlet 
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flow is from the top of the vessel, this allows the vapour to flow more easily out 

than the liquid phase. This results in longer residence time for the liquid phase. 

Depending on the reaction conversion, different residence times of phases and 

certain components could be found even the total mass flow has been kept 

constant. This may have an effect on the results of reaction. This possibility has to 

be taken into account, when results of synthesis are considered. 

Even all products are not considered in the estimating calculations and the 

calculations give some deviation from the critical values on a couple of the 

mixture compositions, the results give a clear indication of the direction and 

sensitivity of the system phase changes. Even with these limitations, it can be 

concluded that at some levels of the reaction conversion, inside the reactor, both 

vapour and liquid phases can be found. 

The observed possibility of the coexistence of two phases reminds us also of 

the importance of the reaction equipment arrangement and reactor design. In this 

special case the position of the feed inlet line and product output pipes are 

essential to ensure comparable possibilities for reactions on all levels.  

Propane as a solvent 

From Figures 22 and 23 we can be notice that the operation target in the propane 

experiments lay above the binary system’s critical locus as well as ternary and 

quaternary systems’ critical pressure, but temperature is below the critical value 

of ternary and quaternary systems. This means that ideal supercritical fluid 

properties are not achieved. However, this shows that the mixture is on one phase. 

The area inside of the purple phase envelope represents the region of co-existence 

of liquid and vapour phases of the defined quaternary system, propane-isobutene-

hexane-nitrogen.  

From Figure 25 it can be seen that the reaction mixture stays at the operation 

target on liquid phase in all isobutene conversion levels. On the conversion level 

of about 40%, the critical pressure moves above the operation pressure. 

Concluding remarks 

This engineering study on the phase determination shows that both reagent 

mixture systems are in single phase at the beginning of the reaction experiment. 

When CO2 is used as a solvent, the mixture is a supercritical fluid and in the case 
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of propane the mixture is liquid. While the critical point depends on the 

components in the system and their concentrations, during the reaction phase 

border lines will also change, leading to the situation where, depending on the 

reaction conversion level, the reaction mixture could be in of supercritical, gas or 

co-existence of vapour and liquid state. In the propane case, regardless on the 

reaction conversion, the reaction state is a single phase. 

4.5 Discussion on the challenges of critical point determination 
based on case studies 

4.5.1 Theoretical prediction of supercritical domain 

According to the definition, a supercritical fluid (SCF) is any gas whose 

temperature and pressure are greater than its critical temperature (Tc) and pressure 

(pc) (Tucker 1999, Smith et al. 2001, Aresta ed 2010). Also the critical point for a 

pure substance is a certain point at which the liquid phase has the same density as 

the gaseous phase in equilibrium with it (Hicks & Young 1975). For a pure 

substance the definition of the supercritical domain is easy, because the critical 

point is at the end of the vapour line as shown for example in Figures 4 or 21. 

Some problems can be found on multicomponent systems, even binary systems 

may not be always easy in terms of supercritical domain definition. This is 

because the critical pressure and temperature for a mixture are not necessarily, as 

is the case for a pure fluid, the maximum temperature and pressure that allow the 

coexistence of a vapour and liquid phase in equilibrium (Smith et al. 2001, Kikic 

et al. 2001). In practice this can be seen e.g. in Figures 16, 23 or 24. If the 

supercritical fluid definition is applied to a binary mixture, depending on the 

critical point location in the phase envelope, the shape of the critical fluid domain 

may differ. Schematically this is shown in Figure 26. 
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Fig. 26. Schematic definition of the supercritical fluid domain for binary mixtures 

having critical point on the positive slope side (A) and the negative slope side (B). 

If the critical point is located on the positive side of the phase envelope, as 

illustrated in Figure 26A, it can be concluded that even temperature and pressure 

are above the critical point, there is a certain area where co-existence of two 

phases still remains. This is clearly an additional challenge in the work to define 

and claim named mixtures to operate on supercritical conditions. 

It is expected that simulations with a simple EoS do not give exact results and 

results may vary from run to run. This can be seen when separate results for the 

same mixture composition are compared to each other (Table 7 or Figure 5). 

However, if several simulation runs are performed and drawings are put together 

this helps the researcher to make an overview of system behaviour. By doing so, 

possible faulty curves or points are easier to remove. Sometimes an iteration 

procedure does not ‘jump’ over the critical point and the iteration ‘dies’ on it. 

Then, if the borderline calculation is started from the opposite direction and the 

results line from this is overlapping the first line tail, the overall phase envelope 

can be combined. This kind of work is relatively easy, inexpensive and not so 

time consuming as obtaining the same information from laboratory experiments. 
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Based on the discussion of the two case studies on the definition of critical 

domain and the critical point, the following findings are summarised: 

– The value of the critical point depends on the mixture composition and it 

moves as a function of the composition change for example during reaction; 

– The critical point may not be located on the top of the phase border line;  

– If the critical point is located on the positive slope side of the phase envelope 

there still exists a possibility for a two phase area even after temperature and 

pressure are above the critical values of the named mixture; and 

– Several simulation runs with different mixture compositions shall be 

performed to figure out the overview of the system fluid phase response on 

the composition changes. 

These are very important aspects to be considered carefully, if operation under 

supercritical domain is aimed for, or before claiming that it has been achieved. A 

theoretically predicted phase envelope with the critical point may help the 

researcher with this problem. 

4.5.2 Applicability of the theoretical phase determination in chemical 
research 

In the first case study, the phase behaviour determination was done for the CO2-

methanol mixture, a starting material for DMC synthesis, using thermodynamic 

calculation methods. From the theoretical point of view the task was anticipated 

to be challenging, due to the dipole moment between CO2 and methanol. This 

kind of feature may require the use of an advanced thermodynamic model, which 

takes into account polarity. However, the results received with quite a simple van 

der Waals derived equation of state gave a good overall view of this binary 

system behaviour.  

Phase envelopes were created to achieve an understanding of the properties of 

phases. Phase changes were roughly confirmed with a fixed volume sapphire 

window reactor. Laboratory observations and literature data indicated that 

probably the bubble-point curve of the phase envelope is predicted to be a bit 

lower than it is in reality. However, the shown reaction yield increases as a 

function of pressure from 9 to 20 MPa, but not anymore from 20 to 25 MPa. As 

seen from Figure 4, 5 or 8, this observation corresponds to the phase change from 

the two-phase area (9 MPa) to the single phase domain (20 and 25 MPa) with the 

temperature (373–423 K) and CO2 (60–70 mol-%) amounts used in the DMC 
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reaction. In this kind of application, the accuracy of a simple EoS, like SRK was 

sufficient to guide laboratory research. 

The second case study, butene dimerization, shows that due to the 

introduction of a product into the system, reaction fluid phase conditions differ 

depending on the reaction conversion. This can be easily noticed by comparing 

Figures 20 and 24 to each other. Also, the fluid phase conditions were not similar 

in the reference runs (see Figure 21 in comparison to Figure 20). These have to be 

taken into account when results are interpreted and conclusions are made on 

causes and effects. 

In addition, simulations on physical properties on a large operation area of T 

and p also give valuable information on the system. From the trends of properties 

the system corresponds to, the changes as a function of T and p could be 

understood. In the interpretation of experimental results this kind of information 

could help the researcher find the correct answers. 

According to this study, even with the known limitations of the used 

thermodynamic method, calculations help us to learn and understand system 

behaviour. After this research exercise, it is easy to agree with R. J. Sadus (1992): 

’It is not the role of calculations to replace experimental investigations. Instead, 

calculations have an important role to guide and stimulate experimental work. 

They can also provide an insight into the phenomenological aspects of phase 

equilibria more rapidly than by experimentation alone’.  

Experimental confirmation is essential also due to the fact that calculation 

models use experimental values. Critical values of pure components are often 

used in thermodynamic equations. It is reported that, for example, in 

measurement procedures of critical temperature a large variety of uncertainties 

can be found in respect of recommendations (Dong et al. 2005). During this study 

a large variety of measured values of binary mixture critical point were found. 

Theoretically predicted and experimentally measured information support each 

other and guide the research work further.  

4.5.3 The role of the thermodynamic phase prediction in CO2 
chemistry 

If a universal calculation method, able to predict phase behaviour accurately for 

different sizes and features of molecules, from low to high-pressure systems 

containing a large amount of components, was available, this surely would 

stimulate CO2 chemistry and development work. So far, we have to live with the 
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large variety of different kinds of equations of state, using different mixing and 

combining rules and trying to learn patiently which methods are the most suitable 

for each case. Even in the case where the proper method is found nowadays, the 

accuracy of the parameters and values that the model uses has to be checked. 

For the purpose of studying basic reactions, it is not always necessary to have 

very accurate information on vapour-liquid equilibrium behaviour, instead what is 

more important is to see the trends e.g. how the borderline changes as a function 

of component concentration. The further the chemical synthesis is developed and 

the closer to the scale-up stage we come, the more crucial precise results from the 

simulations become.  

4.6 Challenges on process and reactor design - discussion based 

on the literature and case studies 

4.6.1 Reactor type 

Proper reactor selection is one of the most fundamental decisions that is required 

to be made in process research and development projects. The operation phase 

condition is one of the main items which define the reactor type. The phenomena 

occurring inside a reactor may be broken down to reaction itself as well as 

transfers of mass, heat, and momentum. The modelling and design of reactors is 

therefore based on the equations describing these phenomena: the reaction rate 

equation and the continuity, energy, and momentum equations. If a component 

reacts in more than one phase, then such an equation is needed for each of these 

phases. The multiphase reactor models are mostly based on plug flow or complete 

mixing of both phases, but effective diffusion and two zone models are also used. 

(Froment & Bischoff 1990) From here it can be concluded that the modelling and 

design of a multiphase reactor is more complicated than a reactor which operates 

only in one phase conditions. Reactors suitable for different phases are discussed 

next.  

Reactor selection has to be done case by case, however if two or plural 

reaction phases exist, special attention has to be paid to ensure effective mixing of 

the reactive components. From the literature examples can be found where in 

two-phase catalytic reactors hydrodynamics have been shown clearly to affect the 

reaction selectivity. Maldistribution can be a result from flow rate fluctuations, 

both in terms of space and time. (Vergel et al. 1995) However, due to technical or 
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economic reasons sometimes there is a decision to carry out the reaction in co-

existence of vapour and liquid phases (Davetta et al. 1999).  

Phase prediction knowledge, especially global phase behaviour is essential, 

when fundamental reactor type selection has been considered. In a gas phase 

operation fluidised or fixed bed reactors could be considered. In a liquid phase 

operation, suitable reactors are e.g. a tubular or a stirred tank reactor. If desired 

reactions occur between components existing in gas and liquid phases, it sets 

down a number of requirements to be fulfilled simultaneously: efficient contact 

between gas and liquid – and eventually a solid catalyst, limitation of pressure 

drop, ease of heat transfer, and low cost of construction and operation. In a two-

phase (gas and liquid phase) region a trickle bed, a stirred tank, a falling film 

reactor, a packed or plate column are possible alternatives. (Froment & Bischoff 

1990) Also a spray tower as well as a bubble, or a reactive distillation column 

could be considered.  

If operation is occurring in one phase (liquid, vapour or supercritical) good 

mixing conditions can be reached by a turbulent flow profile. This can be ensured 

with a proper flow-rate definition with respect to the pipe diameter or catalyst 

particle size. Also mixing devices inside the reactor contribute to achieve contact 

between reactive components. Possible alternatives for supercritical fluids are 

tubular or fixed bed reactors as well as loop reactors which can all be designed for 

high pressure. If the SCF operation pressure is relatively low, a modern heat 

exchange reactor could be also considered. 

In the case of heterogeneous catalysis, a suitable continuous flow reactor 

system would be the fixed bed reactor, alone or in series. The fixed bed reactors 

in series could realise the requirements of adjusted reaction conditions for 

separate reaction sequences. In CO2-chemistry homogeneous catalysis is also 

widely used. Typical for homogeneous catalysis is operation at rather low 

temperatures. Another advantage compared to heterogeneous catalysis is selective 

reactions. Then again, reaction rates and conversions are often lower. 

Additionally, after the reaction, a catalyst is needed to be separated and recycled. 

Tubular and loop reactors are suitable for continuous industrial scale 

homogeneous catalytic processes.  

Possible alternatives for reactor types in each fluid phase are summarised in 

Figure 27. Gas/vapour, liquid, two-phase and supercritical phases are plotted on 

the phase envelope. 
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Fig. 27. Industrial scale reactor type alternatives according to phase conditions. 

Operation in one phase clearly gives advantages in mass- and heat transfer, this 

simplifies also the reactor design. These are of great benefit in supercritical 

applications. Another often mentioned advantage of supercritical operation is the 

possibility to tune the physical properties of fluids by changing temperature or 

pressure in near-critical conditions (Table 3 and 4) (Beckman 2004, Eckert et al. 

2000). As can be seen from the case studies in previous chapters, the critical 

domain as well as the critical point in the reaction system is a dynamic concept. 

Design and operation of a dynamic system is a challenge for engineers. To be 

successful, reliable models based on well known thermodynamic principles are 

required for the process and equipment design, in addition to clever control and 

instrumentation procedures, if the advantages of tuneable physical properties of 

fluid are put in practice in a dynamic system in large scale operations. 

4.6.2 CO2 and safety in design 

Safety is one of the most important topics in process and reactor design that must 

be taken into account very carefully. Inherent safety design is an approach, which 
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is applied particularly in chemical and process industries. The core of the 

inherently safer design concept is to avoid hazards instead of controlling them by 

adding protective systems. The keywords are: intensification, substitution, 

attenuation and limitation of effects. The benefits of the design according to these 

principles lead to plants, which are usually cheaper than the conventional ones, 

because they do not need so much additional protective equipment. (Kletz 1998)  

Intensification or minimisation means low inventories of hazardous materials. 

The ideal reactor type to fulfil this criterion is a well mixed, internally cooled, 

high conversion, continuous, vapour phase tubular reactor. (Kletz 1998) Vapour 

phase is preferred in the inherently safer design, because in the case of loss of 

containment, only a small amount of material escapes. In this respect supercritical 

fluid makes a compromise between vapour and liquid, the density of supercritical 

fluid is between these two phases and so provides possibility to lower inventory 

than liquid of the same volume.  

High reaction conversion, or avoiding side reactions, promotes process 

intensification as well. This means a reduced need to recycle raw-material or 

separate by-products and thus volumes, energy consumption and in the best case, 

the amount of equipment in the separation section can be reduced. An increase in 

the reaction rate leads to a shorter residence time in the reactor and lower reactor 

volume. In the literature examples are reported where the use of high-pressure 

CO2 has increased the conversion and overall reaction rate (Chapter 3.2 

'Overview on present status' and Table 3 and 4). One important reason for these 

improvements in reactions is the enhanced mass and heat transfer under 

supercritical conditions as mentioned in Table 4.  

Substitution means the use of safer material in place of a hazardous one. The 

ideal inherently safer solvent (or raw-material) would be non-flammable and non-

toxic. CO2 fulfils clearly both of these requirements. Applications using these 

properties are listed in Table 3 and 4. 

Attenuation or moderation means, that if hazardous materials are used, those 

should be operated under the least hazardous conditions for example refrigerated 

and diluted (Kletz 1998). This category includes CO2-utilisation applications, 

which take advantage of the inert and mild oxidiser properties of CO2 (Table 3 

and 4). These properties enlarge the safe operation window of the process as well 

as diminish possible hazards, in the case of leakages of flammable fluids. 

Limitation of effects means change of design, or reaction conditions rather 

than addition of protective equipment. The effects of reaction conditions are 

discussed under the keyword intensification. From this rises up a feature related 
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to the high-pressure operation. In the case of loss of containment, expansion of 

fluid needs energy, which is taken from the surrounding environment. This leads 

to the temperature drop in the leakage place. The calculated adiabatic temperature 

drop e.g. for pure CO2 from 20 MPa (abs) (correspond 200 bar (abs)) and +27ºC 

to the atmospheric pressure, drops temperature down to -87ºC. This phenomenon 

occurs also in controlled situations e.g. in relief or control valve operation. If 

water or humidity is present, this might cause freezing and cause malfunction of 

equipment. Very low temperatures may also cause stress in construction materials. 

Inherently safer design of plants takes these into account. According to the 

guidelines, possible low temperature operation is carefully considered in the 

selection of construction materials, including seals. Additionally, the design shall 

ensure that the amount of energy needed in a release situation to vaporize fluid is 

never larger than the energy available in the surroundings and thus avoid 

inherently a freezing situation. Secondly, if this is not possible, then to ensure that 

heat energy could be supplied to relief valves by, for example, surrounding them 

with electrical traces. Also special attention should be paid to the design of a 

pressure relieving device for processes at near critical conditions. Special 

simulation tools are developed to provide required design information to keep the 

system pressure at a safe level (Pokki et al. 1999). 

The inherently safe design concept is not the only approach which guides 

engineering work. In the literature a number of other proposals are quoted 

advising engineers to select modern sustainable processes. To help the work to 

connect process streams and equipment in an optimal way, a hierarchical decision 

making methodology in process integration has been developed (Cziner et al. 

2005). Technological sustainability evaluations based on thermodynamic exergy 

studies in terms of quality and quantity are also published (Dewulf et al. 2000). 

To take into account the environmental aspects, a systematic and hierarchical 

approach for early and detailed design stages, which incorporate environmental 

considerations into all the stages of chemical process design procedures (Chen & 

Shonnard 2004), and methodology to find appropriate reactor types and reaction 

conditions leading to environmentally benign reaction processes (Chen & Feng 

2005) have been recently published. 
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5 Other challenges to CO2-utilisation 

5.1 Methods 

A literature review has been implemented to find more information on the 

challenges mentioned as limiting factors in terms of CO2-utilisation. These results 

guided towards a new literature review and discussions. 

5.2 Introduction 

If all attractive properties of CO2 could be put effectively into practice, this would 

increase anthropogenic output flows. Thus CO2-utilisation has a possibility to 

stabilise the imbalance shown in Table 1 and decrease the overload shown in 

Figure 2. However, from Table 1 it can be seen that anthropogenic utilisation of 

CO2 is very limited. Some of the limiting properties are listed in Table 5. 

Generally speaking, carbon dioxide is one of the cheapest and most abundant 

carbon-containing raw materials in the world. Therefore, it is logical that it is 

considered as a potential C1-building block for carbon chemistry. However, as 

mentioned in earlier analysis and in the literature, CO2 is rather inert and many 

reactions are energetically highly unfavourable. Also in this matter, 

thermodynamics may provide the understanding and tools to handle these 

questions. (Xiaoding et al. 1996, Paul & Pradier ed 1994, Song 2002) In the case 

of reaction rate problems, active catalysts may give kinetic benefits (Xiaoding et 

al. 1996, Song 2002).  

The challenges in CO2 use as feedstock in chemical reactions are reviewed 

next. Also at a general level some other challenges related to emerging 

technologies are briefly reviewed.  

5.3 CO2 in chemical reactions 

5.3.1 Thermodynamic limitations 

As mentioned the usual perceptions in many occasions are that CO2 reactions 

would not be thermodynamically feasible (Song 2002). Also CO2 is used as a 

chemical sink for oxygen and from the thermodynamic viewpoint similar to water 

(Keim ed 1983).  
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As a curiosity, one view on the thermodynamic feasibility of water reactions 

is referred below (Hougen et al. 1959): 

“The statement is sometimes made that a given reaction is 

thermodynamically impossible. This is a loose statement which has no 

meaning in the absence of qualifying statements. For example, any reaction, 

starting with pure reactants uncontaminated by any of the products, will have 

a tendency to proceed to some extent even though this may be only 

infinitesimal. Thus, the reaction 

 H2O(g)  H2(g) + ½O2 (g) (8) 

proceeds to some extent at 25°C, and we can even calculate with considerable 

assurance the percentage of water vapour that would be decomposed. From 

the accurately known value of ∆G° of this reaction at 25°C, the equilibrium 

constant is about 1×10-40, and the extent of decomposition is infinitesimally 

small but definite.”  

So, we have to be careful when it is claimed that something is thermodynamically 

impossible. Another observation can also be made; water is also considered to be 

a thermodynamically stable molecule. However, in spite of that, large research 

programs to split water into H2 and O2 are going on (Halmann & Steinberg 1999). 

Arguments on behalf of the thermodynamic unfeasibility based on a few 

thermodynamic values of substances are as follows: standard molar enthalpy 

(heat) of formation (∆fH°) at 298.15 K is for CO2(g) = -393.5 kJ/mol and for 

H2O(l) = -285.8 kJ/mol, H2O(g) = -241.8 kJ/mol. Standard molar Gibbs energy of 

formation (∆fG°) at 298.15 K is for CO2(g) = -394.4 kJ/mol and for H2O(l) -237.1 

kJ/mol, H2O(g) = -228.6 kJ/mol. While for pure O2 and H2 these values are 0. 

(Lide ed 1999). From these values mainly it is concluded that the energy of CO2 

and H2O lie on such a low level that it is not worth considering chemical reactions 

with these molecules. 

Let us next have a brief overview of thermodynamics. First, let us the 

historical development and role of thermodynamics in engineering and after that 

study how thermodynamic questions, related to CO2 reactions, can be handled in 

practice. The question is how to activate inert low energy CO2 into the reactive 

form. 
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5.3.2 Thermodynamics in engineering 

Thermodynamics plays a central role nowadays in reaction engineering, but the 

roots of the science of thermodynamics are in the nineteenth century. It was born 

from the need to describe the operation of steam engines and to set forth the limits 

of what they can accomplish. Thus the name itself denotes power developed from 

heat. (Smith et al. 2001) Thermodynamics differs from the dynamics of Newton 

by taking into account the concept of temperature, which is outside the scope of 

classical mechanics (Atkins 2002). The principles observed to be valid for 

engines are readily generalised, and are known as the first and second laws of 

thermodynamics. These laws lead through mathematical deduction to a network 

of equations which find application in all branches of science and engineering. 

(Smith et al. 2001) Thermodynamics help to determine energy transfer that is 

accompanied by a change of state. State functions depend on the conditions of the 

system, not on process. These functions simplify thermodynamic calculations 

because they allow the analysis of well defined changes of state (initial and final) 

instead of ill defined real processes. (O’Connell & Haile 2005) 

The basic concepts in thermodynamics are system, which is the assembly of 

interest and surroundings, which is everything else. The system and surroundings 

are separated from each other by a boundary. The system can be open, closed or 

isolated depending on how the matter and energy are able to move between the 

system and its surroundings. By work, which is also a thermodynamic concept, 

we mean a process by which a weight may be raised in the surroundings. Work is 

the link between mechanics and thermodynamics. Other central concepts in 

thermodynamics are: energy, heat and entropy. (Atkins 2002, van Ness & Abott 

1983, O’Connell & Haile 2005, van Wylen & Sonntag 1985)  

Classical and chemical thermodynamics are strongly based on two 

fundamental laws of thermodynamics. These laws restrict the behaviour of 

material systems. The first law of thermodynamics affirms the principle of energy 

conservation; the second law states the principle of entropy increase. (van Ness & 

Abott 1983, van Wylen & Sonntag 1985, O’Connell & Haile 2005)  

The principle of energy conservation says that, for any real process, the total 

energy of the system remains unchanged during the process. Energy can be 

transferred and transformed, but it cannot be created or destroyed. Work and heat 

are the two modes of energy able to transfer across the boundary of a system to 

another system (or surroundings). (Rock 2002, van Wylen & Sonntag 1985) The 

equations related to the first law of thermodynamics handle, in addition to work 
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(W) and heat (Q); also force (F), internal energy (U), enthalpy (H) and 

measurable variables such as temperature, pressure and volume. (Rock 2002, 

O’Connell & Haile 2005, Smith et al. 2001, van Wylen & Sonntag 1985 and van 

Ness & Abott 1983) 

Work is defined as a force acting through a distance l (or x), the displacement 

being in the direction of the force (Rock 2002, O’Connell & Haile 2005, Smith et 

al. 2001 and van Wylen & Sonntag 1985), 

 dW = F dl. (9) 

Relation between internal energy, work and heat in closed system is  

 ∆U = ∆Q + ∆W, (10) 

where ∆U is the change in internal energy between the final and initial states of 

the system.  

The link for an ideal gas in any mechanically reversible closed system 

process can be found from the following definitions of work. This is also a 

connection to the PVT systems, which is the point of interest for chemical 

engineering (Smith et al. 2001, van Ness & Abott1983) 

 dW = F dl = (F/A)Adl = pdV. (11) 

The ideal gas law is: 

 pV = RT, (12) 

where V is volume per mole and R the universal gas constant. The developed 

form of this has been expressed earlier in Equation 3. 

The work term for mechanical extension energy is described by force (tensile 

strength) (F) and length (l). The work term for mechanical extension is similarly 

described by pressure (p) and volume (V). Analogically, several forms of internal 

energy transfer and their corresponding work terms are known i.e. thermal: 

temperature (T) and entropy (S); chemical: chemical potential (μ) and amount (n); 

electrical: electric potential (E) and charge (Q); gravitational: gravitational field 

strength (mg) and height (h); electrostatic polarization: electric field strength (ε) 

and total electric polarization (P); magnetic polarization: magnetic field strength 

(Ή) and total magnetic polarization (M). (Rock 2002) This list, which represents 

generally known terms contain a large variety of internal energy transfer forms 

and corresponding work terms. In chemical engineering the mostly used energy 

forms are mechanical extension, thermal, chemical and gravitational energies.  
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Another state function in addition to internal energy is enthalpy. Enthalpy is 

defined as follows: 

 H = U + pV. (13) 

Enthalpy changes are widely used in chemical engineering thermodynamics to 

find out the heat formation and requirements of chemical reactions. Manipulation 

and differentiation of the presented equations (10, 11 and 13) follow that at 

constant pressure, the addition or removal of energy in the form of heat from a 

system is equal to the change in enthalpy of the system (∆H = q). (Atkins 2002, 

Rock 2002) 

Entropy (S) of a system is a measure of the quality of the energy that is 

stored. The formal definition for the reversible process is: 

 dS = dQ/ T. (14) 

Entropy is also interpreted to be a measure of the disorder of a system. If an 

isolated system is considered, it does not need to be homogeneous. There may be 

an increase in order in one part so long as there is a compensating increase in 

disorder in another part. It is stated (published 1879) that the entropy change of 

any system with its surroundings is positive and approaches zero for reversible 

processes (van Ness & Abott 1983). Thus, 

 ∆Stotal ≥ 0. (15) 

All real processes involve some degree of irreversibility and thus lead to an 

increase in total entropy. Also a thermodynamic system is in an equilibrium state 

when it can no longer undergo any spontaneous (entropy producing) process. 

(Rock 2002) 

From combination of equations (10, 13 and 14), related to the first and 

second law for reversible processes, the Gibbs energy function is derived, which 

plays a central role in chemical thermodynamics (Rock 2002). The general 

criterion of chemical reaction and for phase equilibrium is that the total Gibbs 

function of a closed system has a minimum at constant T and p (van Ness & Abott 

1983). 

These laws of thermodynamics briefly presented above are very fundamental 

in chemical engineering. In estimating process feasibility, the process must satisfy 

the first and the second laws of thermodynamics as well as conservation of matter. 

The engineer’s task is not merely to describe the current thermodynamic state of a 

system; an engineer must also anticipate how that state will respond when 

conditions in the surroundings change. Even that might not be enough but an 
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engineer may need to describe how to manipulate conditions in the surroundings 

to produce a desired change in the system. (O’Connell & Haile 2005) 

The combination nowadays of powerful computers and thermodynamic 

equations, developed into the form of mathematical models, has provided 

chemical engineers great tools for predicting the behaviour of chemical systems. 

These tools are powerful when ideas are put into practice. The next chapters will 

study how energy transfer, which is essential in CO2 reactions, is handled in CO2 

chemistry.  

5.3.3 Thermal activation of CO2 

To figure out the energy needed for the following direct dissociation of CO2 

 CO2  CO + ½O2 (16) 

it is known that at 2500°C about 60% of CO2 is decomposed. Gibbs free energy 

(ΔG) is zero at temperature 3350 K. (Halmann & Steinberg 1999).  

From the catalysis chemistry it is known that CO2 dissociates on the surface 

of the metals, transition metals especially play an important role in this matter 

(Halmann & Steinberg 1999, Keim ed 1983). For example, dissociation on a 

rhodium surface has been reported to happen at temperatures 300–500 K 

(Halmann & Steinberg 1999). 

5.3.4 CO2 activation by high free energy molecules 

In chemical reactions many other phenomena other than only dissociation on one 

component happens. Reactions usually occur between several components. From 

basic thermodynamics it is known that the driving force for chemical reactions 

comes from the energy difference between products and raw materials at certain 

reaction conditions. Gibbs free energy gives an indication of reaction feasibility. 

(Song 2002, Schmidt 1994, Hougen et al. 1954) This is related to internal energy 

transfer, which has been discussed earlier in Chapter ‘5.3.2 Thermodynamics in 

engineering’. 

If the activation of a chemical component is understood to be a phenomenon 

where a component is transformed in a reactive state, it can be considered that 

one possibility to achieve CO2 activation is the reaction with a reactant of high 

free energy content like hydrogen, ammonia and amine compounds (Halmann & 

Steinberg 1999). Standard molar enthalpy (heat) of formation (∆fH°) at 298.15 K 
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is for ammonia, NH3(g) = -45.9 kJ/mol and standard molar Gibbs energy of 

formation (∆fG°) at 298.15 K is for ammonia, NH3(g) = -16.4 kJ/mol. The same 

values for hydrogen are 0. (Lide ed 1999) 

The main hydrogenation reactions are as follows (Halmann & Steinberg 

1999, Mandelik & Newsome 1995, Schmidt 1994): 

The exothermic methanation by the Sabatier process (ΔG298K = -165 kJ/mol): 

 CO2 + 4H2  CH4 + 2H2O. (17) 

The hydrogenation of CO2 to formic acid:  

 CO2 + H2  HCOOH (l). (18) 

The reverse water-gas shift reaction, producing carbon monoxide and water 

(ΔG298K = 29 kJ/mol): 

  CO2 + H2  CO + H2O (g). (19) 

Methanol production by hydrogenation of CO2: 

 CO2 + 3H2  CH3OH(l) + H2O (l). (20) 

Commercially, methanol is produced from synthesis gas which is a mixture of the 

CO and H2. The main reaction is:  

 CO + 2H2  CH3OH (l) (21) 

at the same time also reaction (20) occurs (Wade et al. 1995). Other industrially 

used reactions are reverse water-gas shift reaction (19) in the production of 

synthesis gas and water-gas shift on the side of H2 and CO2 in steam reforming to 

produce H2, or to reduce the CO levels in a gas stream as well as reaction (17) to 

reduce CO2 level in gas streams and produce methane (Mandelik & Newsome 

1995). 

Reaction with ammonia produces urea via ammonium carbamate 

(H2NCOOH, H2N-COO-NH4
+). The reaction is commercially utilised, and the 

product is a valuable nitrogen fertiliser as well as an important chemical 

intermediate used, for example in the production of various polymer materials. 

(Halmann & Steinberg 1999, Song 2002) The overall reaction is:  

 CO2 + 2NH3  H2N-CONH2 + H2O. (22) 

Reaction chemistry between carbon dioxide and ammonia or amines is widely 

studied. Different catalysis and reaction solvents are used in the development 

work to find new reaction routes (Halmann & Steinberg 1999). 
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2.0, suitable for methanol and Fischer-Tropsch synthesis. Integration of steam 

reforming and partial oxidation, carbon formation is reduced in comparison to dry 

reforming. This increases the catalyst life and process efficiency. However, 

catalysis plays an important role on tri-reforming conversions and selectivity. 

(Song & Wei 2004)  

There are also other proposals using the strategy of combining exo- and 

endothermic reactions (Halmann & Steinberg 2003a, 2003b). It is generally 

known that production of lime and cement produce CO2 through the following 

endothermic reaction: 

 CaCO3 → CaO + CO2, ∆H°=178 kJ/mol. (28) 

By combining the CO2-releasing reaction (28) with CO2-consuming methane 

reforming reaction (25), it is possible to produce simultaneously CaO and syngas. 

To achieve energy savings and syngas H2/CO molar ratio close to 2, suitable for 

the methanol synthesis, it is proposed to combine methane steam reforming (24) 

and partial oxidation (26) reactions in the reaction system. Theoretically, this 

concept reduces significantly CO2 emissions in comparison to conventional 

production of lime and syngas. (Halmann & Steinberg 2003b) 

5.3.6 Thermochemical activation of CO2 and CO2 carriers 

Thermochemical cycles are processes in which the thermal energy of solar 

furnaces or nuclear reactors may be used to supply the energy required for a 

reaction. This method has been proposed for the chemical splitting of water. 

Water reacts with certain components and releases H2 and O2 in another part of 

the cycle. After releasing hydrogen and oxygen components used in the reaction 

they return back to their original form closing the cycle and then being ready to 

go through a new cycle. Analogous thermochemical cycles could be considered 

also for carbon dioxide utilisation reactions. (Halmann & Steinberg 1999) This 

kind of method could be called the thermochemical activation of CO2.  

An example, classified to be carbonylation using thermochemical activation, 

is the classical synthesis of salicylic acid (hydroxybenzoic acid) (Halmann & 

Steinberg 1999). In the synthesis called the Kolbe-Schmitt reaction, sodium 

phenolate (the sodium salt of phenol) is formed under a pressure of CO2 and at 

elevated temperature of 125°C producing finally salicylic acid in acid treatment. 

(Erickson 1995) 
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NaOH Acid

6 5 2 6 5 6 4C H OH  CO  C H ONa COONa  C H OH COOH  
.
 (29) 

Salicylic acid is a precursor for acetysalicylic acid, the registered trademark of 

which is aspirin (Erickson 1995). 

Other CO2-reactions using thermochemical activation are discussed in the 

literature. In many of these reactions cesium, sodium, phosphorus and potassium 

play an important role. Activation of CO2 occurs at elevated temperatures, but 

clearly at lower temperatures than the direct reaction would require. (Halmann & 

Steinberg 1999) 

In chemical looping, combustion metal oxides have been used as oxygen 

carriers, giving advantage to produce nitrogen free flue gas (Anheden & Svedberg 

1998). An interesting idea is to apply this method also to CO2-chemistry. Cu-

complexes are found to have reversible CO2 fixation behaviour. Such complexes 

are useful in transferring CO2 into the reaction section and making it active in 

terms of reaction. One example of such reversible carriers is a cyanoacetate-

phosphine complex  

 NCCH2CO2Cu·(N-Bu3P)x  NCCH2Cu·(n-Bu3P)x + CO2, n=1,2, or 3. (30) 

Some Zn-complexes are also found to be active as a reversible CO2 carrier 

(Halmann & Steinberg 1999). 

In the CO2 utilisation examples discussed above, the energy transfer into the 

reaction is done by thermal and mechanical extension. These are related to the 

temperature and pressure, which represent key measurable variables in 

engineering thermodynamics. Additionally, chemical energy is also used in these 

examples. However, many other energy transfer forms can also be found. 

5.3.7 Activation of CO2 by alternative energy forms 

Nature uses sunlight as the energy source in photosynthesis and in activation of 

CO2 as well as H2O. Photon is an energy form which is largely studied in order to 

find a mechanism and a catalyst which allow the effective use of photon energy 

(Fujita & Brunschwig 2001, Sutin et al. 1997). Artificial photocatalytic systems 

offer the possibility of producing fuels and chemicals from CO2 and sunlight in 

fewer steps and/or a faster rate than in natural systems. The photochemical system 

for CO2 reduction contains a photosensitizer (or photocatalyst) to capture the 

photon energy, an electron relay catalyst (that might be the same species as the 

photosensitizer) to couple the photon energy to the chemical reduction, oxidizable 
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species to complete the redox cycle and CO2 as the substrate. In those systems 

light capture, electron transfer and a catalyst must be efficiently coupled. 

However, some problems have been found. All the systems require a sacrificial 

reagent. The stability of the systems is limited, the catalytic activities are too low 

and the overall costs are too high for commercialisation. One fundamental and 

formidable challenge is the replacement of the ‘sacrificial’ electron donors by 

species that will lead to useful (or benign) chemicals. (Fujita & Brunschwig 2001) 

CO2 can also be decomposed by the contribution of high-energy radiation. 

These include gamma, electron, and particle irradiation. An interesting possibility 

to incorporate carbon dioxide into organic molecules is plasma polymerisation. 

Radiofrequency-induction plays an important role in this reaction. (Halmann & 

Steinberg 1999) 

In electrolytic systems it is possible to activate CO2 to CO and O2. The high-

temperature electrolysis of CO2 using solid ionic electrolyte is technically and 

economically more feasible than the high-temperature decomposition route 

(Halmann & Steinberg 1999).  

In the above mentioned examples, energy transfer is electrical or carried out 

by radiation (sunlight). The work term for electrical energy is available in 

thermodynamics but none is available for radiation in general chemical 

engineering use. 

5.3.8 Moving reaction equilibrium to the side of products 

As known from the principles of reaction chemistry and thermodynamics, 

reactions have a tendency to proceed to some extent as discussed in the beginning 

of this chapter. In a thermodynamic sense, chemical equilibrium is a condition in 

which there is no tendency for the composition of the system to change. A 

property called chemical potential, causes tendency of the substances to enter into 

chemical change. (Hougen et al. 1959 and Rock & Vanderzee 2002)  

If general reaction (31) is considered: 

 aA + bB ↔ gG + hH (31) 

then, according to the fundamental principles of the thermodynamics (the second 

law), the reaction will be spontaneous (left to right) when the total chemical 

potential of the reactants is greater than that of the products (32) 

 [gμG + hμH] − [aμA + bμB] < 0. (32) 
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Symbol μ is called the chemical potential of a substance. In chemical equilibrium 

chemical potentials of products and reactants become equal and so Equation (32) 

gives zero. Deviation from the zero of this equation indicates a driving force for 

the reaction. (Hougen et al. 1959 and Rock & Vanderzee 2002) 

For reactions at constant temperature and pressure the difference in chemical 

potentials becomes equal to the Gibbs energy change for the reaction ∆G. By 

using relations between Gibbs energy, chemical potential, temperature, gas 

constant (R), concentration of substance (x), activity coefficient (γ) and activity 

(a) the following equation are derived for the system in chemical equilibrium at 

constant temperature and pressure (standard state) (Hougen et al. 1959 and Rock 

& Vanderzee 2002): 

 ∆G° = −RTlnK. (33) 

The quantity K is called the reaction equilibrium constant for the reaction and 

expressed with activities: 

 .
g h
G H
a b
A B

a a
K

a a





 (34) 

Activity is: 

 a = γx. (35) 

Conventionally, the following concentration scales are used x = p (partial 

pressure) for gases, x = c (concentration) for solutes in electrolytic solutions and 

x = x (mol fraction) for solids and solvents (Hougen et al. 1959 and Rock & 

Vanderzee 2002). 

For approximate calculations or when data for activity coefficients is limited, 

it is common to express the reaction equilibrium constant as a function of the 

concentration term only: 

 .
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 (36) 

It is useful to know that activity coefficient values for gases differ only slightly 

from unity for pressures up to a few atmospheres and they often can be evaluated 

from the equation of state. The activity coefficients for non electrolytes also are 

not often far from the concentration unity, whereas, for mixtures of electrolytes, 

the activity coefficient values vary greatly with concentration. (Rock & Vanderzee 

2002)  
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If the studied reaction is limited, according to the relation of reaction 

equilibrium constant shown in Equation 34 or 36 the increase in another feed 

component, at standard state, move equilibrium on the side of products. It should 

be noted that at constant conditions K does not change. This general rule is 

utilised in chemical engineering in many commercial processes. In practice this 

means separation of one reactant after the reactor and recycling it back into the 

feed stream and so allowing the reactant flow through the reaction zone in high 

concentrations. If an elegant way to separate and recycle CO2 can be found, this is 

a possibility to increase the reaction yield.  

5.3.9 Discussion on challenges to use CO2 in chemical reactions 

Very often possibilities to utilise CO2 in chemical reactions are downplayed by 

referring to unfavourable thermodynamics. The fact is that CO2 is a relatively 

inert molecule in engineering PVT-system. If CO2 is used as a raw material in 

chemical reactions, inertness is the property that needs to be overcome. To 

activate CO2 directly into the reactive form by using only high temperature is not 

a clever strategy. However, a number of other possibilities can be found to 

overcome the activation problem. Among these are reactions with high free 

energy molecules like hydrogen or ammonia. If pure H2 is used, the question how 

H2 is produced arises. Presently, the commercial way is to reform natural gas or 

other fossil fuels. This does not seem to be a sustainable way to reduce CO2 

emissions. Anyway H2 is a very powerful component in CO2-reactions, if 

sustainable sources for H2 are found. This would contribute to CO2-utilisation on 

a new scale.  

An advanced way to introduce high energy molecules into the system is to 

provide reactions which produce such molecules in situ into the system wherein 

CO2 is consumed. An example of this is tri-reforming wherein simultaneously 

with steam and dry (CO2) reforming reactions (endothermic reactions), also 

oxygenation reactions are occurring (exothermic reactions), producing together 

syngas. The combination of endo- and exothermic reactions is also proposed in 

lime and cement production to provide syngas and CaO. These kinds of 

integrations are from the thermodynamic point of view effective, but at the same 

time demanding on catalysis. 

Certain inorganic components, which are involved into the reactions by 

making intermediates with CO2, and then providing the possibility to react further 
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with some other components resulting in useful products, are reported in the 

literature. Although these reactions occur at elevated temperatures they are not 

even close to those needed to split CO2 individually. These intermediates are 

organometallic components.  

To take full advantage of thermodynamic programs, a large amount of 

information on physical properties of components involved in the system studied 

is needed. If one is reviewing, e.g. the components’ list of simulation program 

used in this thesis’ case studies, it can be noticed that the majority of the 

components are organic compounds. The number of organometallic components 

containing e.g. Na or Cu is limited. If component libraries of programs could be 

enlarged with organometallics and other inorganic components taking part in the 

CO2 reactions, this would booster reactions theoretical thermodynamics studies 

and also CO2-utilisation.  

Mimicking Nature and developing artificial photosynthesis sounds like a 

promising approach to find a solution for CO2 activation and utilisation. The 

energy source in photosynthesis is sunlight. If chemical engineering systems are 

considered, the traditional forms of energy are mechanical extension, thermal, 

chemical and sometimes electrical energies. Thermodynamic models also rely 

strongly on measurable variables of temperature and pressure as discussed in 

Chapter ‘5.3.2 Thermodynamics in engineering’. Advanced thermodynamic 

studies carried out by programs used in engineering may be limited due to the 

reason that these are not ready to manipulate sunlight energy in equations of 

thermodynamics.  

The well known way to improve the yield of reaction equilibrium limited 

reaction is to increase the amount of one raw material and recycle the surplus 

back into the reactor feed. In certain cases this might improve the economy of the 

process. This is an old and useful method to be kept in mind especially if it gives 

the possibility to overcome thermodynamic equilibrium. 

5.4 Technology transition 

5.4.1 Overview 

Of the many potential applications for CO2 only a few have succeeded to be put 

into large scale production and in fact many of those on the market can be 

considered to be part of the established industry: salicylic synthesis, urea 
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synthesis, methanol synthesis and partly also CO2 used as a cooling medium 

(Table 3A). From applications using supercritical or liquid CO2, extraction of 

food and natural products are extensively commercialized. In fact, this particular 

application area can be considered to represent the mature technology of CO2-

utilisation (Lozowski ed 2010).  

Most of the CO2 utilisation applications presented in Table 3B can be 

considered as part of the chemical process industry and operating at elevated 

pressure. Generally speaking, in high pressure extraction processes operation 

costs are low but the initial investment is high due to the necessity to operate with 

high-pressure equipment (Suresh et al. 2007). In a modern chemical industry the 

capital investment is usually high as well. This makes it difficult to introduce new 

technology even though the new technology may have a great potential for the 

future. (Shaw 2001) Additionally, new radical innovations often undergo greater 

scrutiny than established ones. Stakeholders, especially those with sustainable 

development concerns, often perceive radical innovations as highly risky and 

therefore unacceptable. Incremental innovation builds on previous competencies 

and other assets, and is therefore less likely to disrupt economic systems and be 

scrutinised to the same degree as radical innovation. (Hall ed 2002) On the other 

hand, in order to combine economic growth in the decades to come with 

improvement of environmental quality, incremental improvements are not 

expected to be sufficient (Vollenbroek 2002).  

An example of the difficulties in making a breakthrough in established 

markets is that of mobile air conditioning. In this application, CO2 replaces 

ozone-depleting substances. In demonstrations CO2 systems have shown energy 

efficiency comparable or better than conventional reference systems. The main 

barriers to commercialisation are related to the costs and safety issues associated 

with the release of CO2. Additionally, maintenance issues as well as the 

conversion costs of the service system have limited commercialisation. (Metz et 

al. eds 2005)  

5.4.2 Discussion  

High investment costs can be named as one reason for the low commercialization 

rate of CO2 applications. This is particularly relevant in the case where 

conventional types of processes still work well and there is no particular reason 

for retooling production. In this kind of established industrial operation, in which 



 

134 

operation is probably already optimised to achieve certain targets effectively, 

there is a tendency to make improvements based on previous competences. So 

these are classified to belong to the group of incremental improvements and 

innovations.  

If a new, non conventional raw material is introduced into a large, well 

optimised production plant, this means the replacement of equipment due to, for 

example, pressure requirements. Even if CO2-utilisation applications could be put 

into practice with conventional equipment (Figure 27) the process concept shall 

be reconsidered and may lead to the change of the whole production structure. 

This sounds more like a radical change rather than a low risk incremental change 

which is mainly preferred by stakeholders. This precaution makes large structural 

changes, such as the move to use CO2 as a raw material, rather difficult.  

5.5 Attitudes, values and systems 

5.5.1 Overview 

From Table 4 it can be seen that CO2-utilisation has a possibility to promote many 

positive causes; environmental, health and safety issues; recycling and saving of 

materials; production simplification and efficiency improvement or to avoid the 

production of anthropologically made molecules. These are all things which are 

worthwhile to support. 

In the above chapter, the need for radical innovations is discussed. 

Technological innovations by themselves cannot make a change. Besides 

technology, system changes are required which will enable to fulfil needs in an 

entirely new manner. The required system innovations can also be described as 

transitions which refer to a set of simultaneously changing parameters: 

technology, structure, culture and intentions. (Vollenbroek 2002) 

Furthermore, in transition to a sustainable system, technology or economy 

related barriers have been found, but opposition which arises from human minds 

is often forgotten. It is said that in a modern culture, pessimism is the single 

greatest problem of the current social system and the deepest cause of non 

sustainability. (Meadows et al. 1992) It has also been discussed that the human 

world has a possibility to respond in three ways to signals that resources use and 

pollution have grown beyond their sustainable limits (Meadows et al. 1992): 

1. Build higher smokestacks; 
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2. Reduce the amount of pollution generated per unit (driving km, produced el. 

kW) improve efficiency, recycle, substitute one resource with another; 

3. Change the structure of the system  

Changing the structure of the system means changing the information links in a 

system: the content and timelines of the data that actors in the system have to 

work with, and the goals, incentives, costs and feedbacks that motivate or 

constrain behaviour. 

If CO2-utilisation is considered in the context of the list above, we have 

passed the first milestone, the building of higher smokestacks. Presently, a lot of 

attention has been paid to the reduction of CO2 emissions by increasing energy 

efficiency. The signs, which indicate that we might be in step three is the 

reformulation of information links wherein the internet plays an important role as 

do international agreements, including Kyoto Protocol and European Union 

emission trading system. 

5.5.2 Discussion 

Incentives which are based on technological advances or goodwill are not strong 

enough arguments to shift technology into commercial use. To be successful in 

technology transition, additional support from the structures wherein it will be 

embedded is required, not only from the technology, but also from the finance 

system, to encourage investment in risky radical innovations and in social, 

information and cultural systems, which importantly shall create the positive 

atmosphere to set down actions promoting sustainability. Engineers shall be 

active co-workers in these discussions. For example, their knowledge in life cycle 

analysis could serve valuable information into the discussions. 
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6 CO2 reactions in Nature 

6.1 CO2 activation in Nature 

Up to here the discussion has been limited to anthropogenic CO2-utilisation but as 

it is known, in the natural process of photosynthesis, inorganic materials, carbon 

dioxide and water, produce organic compounds. This process requires a supply of 

energy in the form of sunlight, since its products contain much more chemical 

energy than its raw materials. (Govindjee et al. 2002) The general chemical 

formula for photosynthesis and the basic starting and ending materials have been 

identified almost 200 years ago by biologists. However, the first details of 

photosynthesis were not revealed until the early twentieth century. Photosynthesis 

is a metabolic process that occurs only in the cells of green plants, algae, and 

certain bacteria. A pigment called chlorophyll is the key to that process. (Wessells 

& Hopson eds 1988)  

The overall chemical reaction of photosynthesis is: 

 
chlorophyll

enzymes2 2 2 2H O  CO  light energy  [CH O]  O     (37) 

in which [CH2O] stands for carbohydrate. If this basic ‘block’ is multiplied by 6 

the formula for the glucose molecule is obtained, C6H12O6. (Govindjee et al. 

2002, Wessells & Hopson eds 1988) In chemistry the substance, which has the 

formula CH2O, is called formaldehyde. Certain bacteria have also the ability to 

perform photosynthesis. These bacteria are able to use hydrogen sulphide, 

alcohols or acids as hydrogen sources instead of water (Govindjee et al. 2002, 

Albarrán-Zavala & Angulo-Brown 2007). 

Standard molar enthalpy (heat) of formation (∆fH°) at 298.15 K for 

formaldehyde CH2O(g) is -108.6 kJ/mol and for α-D-glucose C6H12O6(s) it is 

−1263.3 kJ/mol and standard molar Gibbs energy of formation (∆fG°) at 298.15 K 

for formaldehyde CH2O(g) is -1025 kJ/mol (Lide ed 1999). The values of 

formation enthalpy and energy for formaldehyde are a little bit higher than the 

corresponding values for carbon monoxide (CO) but lower than that of methane 

(CH4), whereas crystalline glucose represents a very low energy level, even lower 

than CO2 and H2O.  

In natural processes, energy stored in glucose is released in plant respiration. 

The reaction is defined as follows: 
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 C6H12O6 + 6O2 → 6CO2 + 6H2O. (38) 

Plant respiration releases 2870 kJ free energy per mol of glucose. The amount of 

energy that the plant uses to build up a glucose mole is 8380 kJ (Wessells & 

Hopson eds 1988). Here it can be calculated that a plant loses 5500 kJ of energy 

in the photosynthesis process, this is about 65%. Earlier it was postulated that 

about 500 kJ/mol of energy is stored into the carbohydrate group. Six times this 

value makes 3000 kJ/mol, which is quite close to the amount of released energy 

in respiration per one mol of glucose. It does not sound very efficient however the 

value of 45% is reasonable if it is compared, for example, to the efficiency of a 

coal power plant where the net efficiency could be around 45–55% (Soimakallio 

& Savolainen eds 2002).  

Photosynthesis involves two main sets of reactions. In the first, water is 

oxidised releasing oxygen into the environment in molecular form (O2). At the 

same time, hydrogen atoms from water are liberated for other uses. These first 

sets of reactions need light and that is why the reactions are called light reactions. 

In addition to light, ions like chloride, calcium and manganese play an important 

role in these reactions. In the second set of reactions the CO2 is reduced with 

hydrogen liberated during light reactions through an intermediate product to 

carbohydrate and water:  

 CO2 + 4H → [CH4O2] → [CH2O] + H2O. (39) 

Due to a coenzyme and an electron carrier nicotinamide adenine dinucleotide 

phosphate (NADP) and adenosine triphosphate (ATP), this set of reactions is able 

to occur even if direct light is not available. These reactions are called dark 

reactions. (Govindjee et al. 2002, Wessells & Hopson eds 1988) In spite of 

intensive research there are still reaction steps which are not completely 

understood (Govindjee et al. 2002). 

If Equations 37 and 39 are compared to each other it can be noticed that the 

number of hydrogen atoms in the production of carbohydrate is not in balance. 

The actual need for water is double that shown in Equation 37. The 

photosynthesis producing glucose can be written in the form (Wessells & Hopson 

eds 1988): 

 6CO2 + 12H2O → C6H12O6 + 6O2 + 6H2O. (40) 

If these equations 37–40 are put together with the NADP and ATP reactions 

described in the literature (Govindjee et al. 2002, Wessells & Hopson eds 1988), 

the following steps are summarized and simplified by an engineering way: 
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 2 i 22H O  NADP  ADP  P  4H  O  NADP  ATP,
hv

        (41) 

   2 4 2 2 2 iCO 4H NADP ATP CH O CH O H O NADP ADP P ,          (42) 

  2 6 12 66 CH O C H O .  (43) 

Reaction 42 identifies the intermediate product [CH4O2]. Pi is inorganic 

phosphate. Reaction 41 is a light reaction and reactions 42–43 dark reactions. 

Photosynthesis can be considered to be a set of oxidation-reduction reactions. 

In descriptions of series of reaction steps several elements and expressions are 

found: wavelength, brightness, electron carrier (plastoquinone QA, QB), copper 

protein, iron sulphur centers (Fx, Fb, FA), ferredoxin (Fd), Mn complex, 

manganese (Mn), chlorine or calcium ions, proteins, P680 or P700 where P stands 

for pigment and numerical designation gives molecule location, H+ ion gradient 

(∆pH), electric field (∆Ψ), proton motive force or excitation force (Govindjee et 

al. 2002, Wessells & Hopson eds 1988). These are expressions which are 

somehow familiar for chemical engineers but at the same time also very difficult 

to conceptualise. 

6.2 Thermodynamics 

The unique characteristic of the photosynthesis reaction is that it goes ‘in the 

wrong direction’ energetically, that is, it converts chemically stable materials into 

chemically unstable products. Light energy is used to make this ‘uphill’ reaction 

possible and stored in chemicals. According to Equation 37, in the conversion of 

one mole of carbohydrate group about 500 kJ of potential chemical energy (free 

energy) is stored in natural conditions. Light is absorbed in the form of quanta or 

photons. (Govindjee et al. 2002) 

This reaction has inspired scientists to study the thermodynamics of the 

reaction from at least the 1950s (Knox 1969). The interest of these studies has 

been, e.g. to find out the upper theoretical limit to the photosynthetic process, 

identify the most efficient organism or light conditions to produce glucose and 

considerations on entropy production (Knox 1969, Albarrán-Zavala & Angulo-

Brown 2007). Also discussions on whether the entropy balance in photosynthesis 

is consistent with the second law of thermodynamics can be found (Knox 1969). 

The second law of thermodynamics says (according to the publication from 1879) 

that the total entropy change of any system with its surroundings is positive and 

approaches zero for reversible processes (van Ness & Abbott 1983). Some of the 
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photosynthesis studies have been done within the context of so called finite-time 

thermodynamics (Zavala & Angulo-Brown 2007). 

6.3 Discussion 

The overall reaction of photosynthesis starting from the CO2 and H2O and ending 

with glucose through carbohydrate is simple. If the formation energies of these 

materials are studied it is noticed that low energy materials CO2 and H2O produce 

the intermediate [CH2O], in biology called carbohydrate. Molecule formula CH2O 

in chemistry is known as formaldehyde. The energy level of formaldehyde is 

relatively high. Glucose, which is used in plant respiration, releases energy of 

about 45% of that used to produce it. The formation energy (∆fH°) of crystal 

glucose is even lower than that of CO2 and H2O.  

From the engineering point of view, in terms of using raw material, the 

photosynthesis taking place in a plant is not very efficient, since the plant uses 

two water molecules to produce oxygen (O2), separates four hydrogen atoms from 

water and produces again water from two hydrogen atoms and an oxygen atom 

originating from CO2. The components which are left, two hydrogen atoms and 

CO molecule, form [CH2O] and further a sugar molecule. Why use two water 

molecules, while the carbohydrate could be produced directly from one molecule 

of water and carbon dioxide? Why produce water from water? In spite of this 

irrationality, there are lot of things to be learnt from photosynthesis. Predominant 

subjects related to the humankind’s energy supply are; how to split water into 

hydrogen and how to activate CO2 into the reactive form at low pressures and 

temperatures. Science has tried to find answers to these questions, but still the 

secrets have remained to be discovered. 

Even though the overall reaction of photosynthesis is simple, on a more 

detailed level it is a complex phenomenon taking place in living organisms. All 

details for this magnificent set of reactions have not been discovered yet. The 

system in photosynthesis contains elements that chemical engineering is not used 

to handling. From the chemical engineering point of view, if utilisation of 

photosynthesis in an industrial way is to be considered, there seems to be a gap 

between the information available on the phenomenon and information needed for 

chemical process development work. Thus a question remains, how to fill this 

information gap? 
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As mentioned in Chapter ‘5.3.2 Thermodynamics in engineering’ 

thermodynamics helps to study the energy transfer between the final and initial 

states of reactions. The concept of internal energy plays a central role in the first 

law of thermodynamics, which defines energy conservation. In closed systems a 

change in internal energy can occur by two modes of energy, work (W) and heat 

(Q) Equation 10,  

 ∆U = ∆Q + ∆W. (10) 

In photosynthesis, the energy of sunlight is transferred into chemical energy, as 

discussed earlier. If this is considered with respect to Equation 10 it can be 

concluded that this means an increase in internal energy. Also, because 

temperature is equal between the initial and final states, heat transfer can be 

considered to be negligible, so an increase in internal energy is not caused by the 

term ∆Q. Finally, it is concluded based on Equation 10 that the internal energy 

increase in photosynthesis is due to work (W). 

In classical thermodynamics, work is very concrete. 'Displace an object 

distance l by acting force as defined in equation dW = F dl.' This mechanical 

approach to work obtained a wider meaning when work was applied to volume 

change in cylinders and the action of pressure (dW = pdV), and still through the 

ideal gas law to measurable variables pressure, temperature, volume and amount 

of material. This opened the possibilities for the development of thermodynamic 

applications in chemical engineering.  

In Chapter ‘5.3.2 Thermodynamics in engineering’ several pairs of internal 

energy types and corresponding generalised work terms are listed. From the list, 

one can find, for example, mechanical expansion and the corresponding element 

of work (-PdV). This kind of work is utilised in high pressure operation for 

example to achieve the supercritical state. The work element for thermal energy is 

TdS. This is used when CO2 is activated thermally. Corresponding work for 

chemical energy is comprised of chemical potential and amount (μdn). This form 

of work is utilised in chemistry when high energetic molecules are introduced into 

the system to react with low energetic molecules e.g. in reaction of H2 with CO2.  

What is the work element of light or radiation in the internal energy formula? 

This is missing from the list. Regarding formulation of light energy, it seems that 

there are limitations in thermodynamics to generally use the advantage of light 

energy as the work element through the system boundary. 

If the chemical utilisation of CO2 to contribute mitigation of the CO2 

accumulation into atmosphere is sought, humankind needs to understand the CO2-
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utilisation processes taking place in Nature. Thermodynamics has helped 

engineers in their work to take advantage of engines and chemical reactions in the 

pVT-systems. Now, there is a big challenge to take advantage of the light of the 

Sun in chemical reactions.  

This means that engineers, developing CO2 utilisation processes, need 

simulation programs which allow the study of the effects of radiation energy in 

the chemical systems in a similar fashion to the way reactions are studied today in 

the pVT-system. In this context to discover a formula containing measurable 

variables to work element of light energy is important.  
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7 Conclusions 

Global warming is one of the greatest problems in the world at the moment. It 

touches all people and its effects will probably be felt centuries into the future. 

The following concludes the research results gained when the global warming 

problem was approached from the engineering perspective by using methods 

relevant for engineering sciences.  

7.1 Conclusions based on mass balance methods 

The mass balance and flow analyses, used in engineering sciences, indicate that 

natural processes have an ability to absorb more CO2 than Earth’s processes emit. 

By applying engineering methods, an input-output analysis and the language of 

engineering and mathematics, a numerical value for Earth’s system carrying 

capacity was evaluated. Even Nature shows high efficiency in CO2 absorption, 

input flows from the anthropogenic processes are so high that the Earth’s system 

carrying capacity is exceeded. This leads to overload in terms of CO2 in the 

atmosphere. Based on the literature, scientists were worried about this possibility 

already in 1940’s and the worry has been increased decade by decade since that.  

By developing the basic information from the input-output analysis, 

categories of direct and indirect stabilisation alternatives were indentified in this 

work. Analysis shows the importance of natural flows. Even small changes in 

natural mass flows affect significantly the overload situation, making it worse or 

better. For this reason, it is essential to maintain the ability of natural processes to 

handle CO2 at a high level. Moreover, if indirect possibilities to increase natural 

flows from the atmosphere into natural sinks are found, this would be an effective 

alternative to relieve the unbalanced situation. A direct way to affect the output 

flows is to increase the anthropogenic flows through CO2-utilisation or storage.  

7.2 Conclusions based on the literature reviews 

Several relevant examples for CO2-utilisation as a raw material, solvent or other 

auxiliary medium in anthropogenic processes are described in the literature. CO2 

has many attractive properties, e.g. it is inert, has low toxicity or no odour, which 

contributes to operating conditions, making the operation safer, easier, simpler 

and more comfortable. But more importantly, the properties of CO2 may affect 

mass and heat transfer, which are some of the fundamental phenomena in unit 
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operations of processes. Improvements in these areas make processes effective. 

Especially fluid property changes at supercritical state are interesting. These 

properties are high density and low viscosity and surface tension. The advantages 

which attractive properties of CO2 give create potentiality towards sustainable 

CO2-utilisation which also meets many principles of green chemistry as well as 

inherently safe design. CO2 utilisation also gives the purpose for CO2, which is 

turning CO2 from waste to raw material. 

Even though a relatively large variety of the CO2-utilisation possibilities can 

be found only very few are in commercial use. The capital structure of the 

chemical industry is such that incremental innovations are preferred in practice. In 

this work it is concluded that a barrier on emerging industrial CO2-utilisation is 

that not only incremental improvements but also radical ones with the support of 

social structures and positive attitudes are needed to push technological transition 

on movement to offer real opportunity to close the global material cycle of CO2 in 

an anthropogenic way. 

The discussion of anthropogenic CO2-utilisation is impossible to pass without 

consideration of supercritical applications. From the engineering point of view, a 

number of advantages of scCO2-utilisation are reported, e.g. enhanced mass and 

heat transfer, advantages from one phase operation and good dissolution 

properties as well as tuning of fluid properties in the near critical area. 

Thermodynamic models provide methods to determine phase behaviour 

mathematically. However, the prediction of the phase behaviour and supercritical 

conditions by using the most usual thermodynamic equations of state is mainly 

limited to binary systems and additionally accurate results can be expected only to 

non-polar molecules of similar size. In this respect, quadrupolarity of CO2 does 

not give the most ideal background. However, simulation programs serve as 

flexible tools to relatively easily study phase behaviour.  

7.3 Conclusions based on simulation and calculation methods 

The case study made with the CO2-methanol mixture shows that the accuracy of 

the simple thermodynamic model (SRK) was sufficient to guide experiments. 

Simulated phase study results are applicable in cases, where the general overview 

of the system phase behaviour is looked for. This kind of applications can be 

found for example from laboratory experimental planning.  
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Comparison between the experimental results presented in the literature and 

the calculated critical point (CP) values of this thesis work show relatively large 

deviations. A closer study demonstrates the complexity of the critical point and 

domain determination, e.g. accuracy in sampling, selection of thermodynamic 

model and CP location in the phase borderline. One aspect, not generally 

discussed in the literature, is the role of mass in creating the supercritical state. In 

a closed system, by changing the amount of mass also a crossing point, the T/p-

value on the phase borderline, move. This was determined also in practice. In the 

determination of an exact CP value this is a challenge.  

The critical point and fluid phase state are not only a function of pressure and 

temperature but also composition. This was clearly discovered to be true in the 

studies of butane dimerization mixture. Movement of the critical point and phase 

envelope as a function of reaction conversion were estimated by simulation 

calculations in CO2-butene as well as in propane-butene binary and 

multicomponent systems. In a multicomponent system also other substances, e.g. 

reaction product, were taken into the mixture system. Simulation results showed 

that even both experiments, CO2 and reference propane, were in the beginning of 

the runs in a single phase, a two phase situation appeared, when the reaction is 

taking place. Phase conditions differ in CO2- and propane-solvent runs during the 

reaction and this has to be taken into account, when analysis results of reactions 

are studied and compared with each other.  

To take full advantage of the features and possibilities of CO2, it is necessary 

to understand the behaviour of physical properties in the system. Case study 

simulations made in this thesis, show that the engineering methods provide 

effective tools to increase understanding of systems by creating trends on physical 

properties of mixtures. To find out these trends, it is necessary to take a 

sufficiently large examination area. From these trends, a clear variation of values 

of properties at the near critical area were identified, as well as some surprising 

behaviour which, based on the information from literature, was considered to be 

specific for the systems containing CO2. Moreover, the global phase behaviour in 

reaction medium can be used in reaction operation conditions’ definition and in 

reactor type selection.  

However, process sensitivity at the near critical region is not only advantage, 

but it is also a drawback bringing additional accuracy requirements, for example, 

in reactor design. If the reactor represents a very sensitive dynamic system, 

wherein fluid properties and border lines move from one state to another within a 

narrow operation window, not only modelling but also controlling of this system 
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is a very challenging task. This gives extra requirements for the accuracy and 

reliability of the instruments and automation systems. 

Engineering calculation methods are not limited only to phase and property 

predictions. In addition to these, chemical reaction equilibria can also be 

predicted by thermodynamic models. Programs data banks usually cover a large 

variety of organic substances, but property information for such special inorganic 

or organometallic components found in CO2 reactions, is limited. If the required 

information for these important components could be provided into the 

commercially used simulations programs, this surely would give an extra 

boosting effect on the theoretical studies of CO2 synthesis. 

7.4 Looking into the future 

This study shows that the thermodynamic knowledge used in chemical 

engineering sciences can be and should be applied in CO2 chemistry. 

Thermodynamic calculations may provide easily applicable information for use 

by chemists in their fields of special interest. This is true especially for fluid 

phase determinations which play an important role in CO2-research. For the 

purpose of approximate phase determination, a common and simple method like 

SRK was applicable in the case of the studied mixtures. However, to explain 

special features or in the cases where precise predictions are required, like in 

process design, advanced methods are needed. In this context, to develop a 

reliable thermodynamic model for fluid phase and physical property predictions 

of high pressures CO2-mixtures should be one area of research. The need for 

model development concerns especially the near-critical region, which is an 

interesting domain for chemists, but a very challenging area for thermodynamics. 

Another area of development is to enlarge a program’s component data lists to 

cover also the number of inorganic components taking part in CO2 reactions. If 

advanced and accurate thermodynamic models were available to predict the phase 

behaviour and reaction equilibrium, it may contribute to CO2 research and 

commercialisation of new areas of chemical utilisation of CO2 and may boost this 

to become an important anthropogenic instrument to close the global carbon 

material cycle.  

Finally in natural syntheses, a large number of substances are produced from 

CO2 and H2O. Energy to photosynthesis is originating from the light radiation of 

Sun. In chemical engineering thermodynamics, which is very powerful in the 

PVT-systems, energy transfer of a photon to the corresponding work term is not 
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formulised into general use. If this term is available, the energy form used in 

Nature would be harnessed by industry. 

The shift from the dynamics of Newton to thermodynamics occurred by 

introducing temperature into classical mechanics. The shift from classical 

thermodynamics originally developed to predict steam engine power, to the 

thermodynamics widely used in chemical engineering nowadays, was initiated by 

introducing ideal gas law. Is it now time to make a new shift in thermodynamics, 

introduce work term to energy transfer of photon and so initiate the shift to 

‘photodynamics’? 

7.5 Final conclusions 

In brief, the final results of the research utilising the engineering approach into the 

global CO2 balance and CO2 utilisation are as follows: 

– Problem solving methods and methods describing the systems used in 

engineering sciences as well as the handling of numerical information 

provide concepts to describe CO2 in the global system and the CO2-balance. 

– Analysis of the attractive properties, from the engineering point of view, with 

contributing consequences of these properties, raises promising applications 

and innovations for further study, e.g. applications in which improvements in 

mass transfer are achieved.  

– To put new innovations into practice, besides engineering knowledge, 

successful technology transfer requires also support from the social side. 

Engineers should be active partners in these discussions and distribute the 

knowledge they have. 

– Engineering thermodynamic methods predicting fluid phase behaviour in 

CO2 applications provide an excellent possibility to define operation 

conditions. These results are applicable in the design of experimental work 

and interpreting results. However, the development of thermodynamic models 

as well as obtaining experimentally generated values reliably still needs 

improved accuracy and traceability of results and even more user-friendly 

calculation methods. This is required if the model based scale-up of 

applications is aimed. 

– To enlarge theoretical possibilities to study CO2 syntheses in the 

thermodynamic sense requires a large package of property information of 
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inorganic components distributed in general use. This requires measurement 

work of physical properties. 

– To enlarge theoretical possibilities to study new energy forms e.g. Sun light in 

CO2 synthesis requires developments in thermodynamic concept of work. 

This requires fundamental research.  

The mitigation of global warming is a challenge which requires several courses of 

action. As a result of this study, a list of actions where engineers could contribute 

to the development of a carbon neutral society has been presented. On that road, 

engineers can make their contribution by applying methods and theories known in 

engineering sciences and where necessary, develop theories into new areas of 

application. 
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Appendix 1 

Formulations of Cubic EoS 

It is possible to formulate all possible cubic EoS in a single general form with a 

total five parameters. 

 Z = (V/V-b) - [(Θ/RT)V(V-η)]/[(V-b)(V2+δV+ε)]  

 
EoS Parameters for EoS  

δ ε Θ η α (Tr) 

van der Waals (1890) 0 0 a b 1 

SRK (1972) b 0 aα(Tr) b [1+(0.48+1.574 ω -1.176 ω2)* ( 1-Tr
1/2)]2 

PR (1976) 2b -b2 aα(Tr) b [1+(0.37464+1.54226ω 

-0.2699 ω2)(1-Tr
1/2)]2 

Tr = T/Tc, reduced temperature 

EoS is still rewritten to the form able to be solved when T and P are specified and 

Z is to be found analytically. When a value of Z is found from the given T, P and 

parameter values, V is found from V = ZRT/P. 

Abbreviations 

a Equation specific parameter, computed from critical parameters 

b Equation specific parameter, computed from critical parameters 

P Pressure, bar 

R Universal gas constant, (bar cm3)/(mol K) 

T Temperature, K 

Tc Critical temperature, K 

Tr Reduced temperature 

V Molar volume, cm3/mol 

Z Compressibility factor 

α Cubic EoS variable 

δ Cubic EoS variable 

η Cubic EoS variable 

Θ Cubic EoS variable 

ω Acentric factor, ω=−1.0 –log10(Psat(Tr=0,7)/Pc) 

ref. Poling BE, Prausnitz JM and O’Connell JP (2001) The Properties of Gases and 
Liquids, 5th edition. McGraw-Hill, New York, p.12.27 
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