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The utilization of carbon dioxide as a feedstock in the chemical industry offers the possibility
to produce valuable fuels and chemicals while reducing greenhouse gas emissions. However,
challenges remain regarding current technologies and the economic viabilities of the pro-
cesses. Continuous technological development is essential to overcome these challenges.

This study explores the utilization of carbon dioxide as a feedstock in the chemical industry,
focusing on how complex processes can be integrated into larger production chains. The
processes discussed include the production of various fuels and chemicals as well as carbon
capture methods, which are closely linked to these processes. The study was carried out as a
literature review.

The findings indicate that the utilization of carbon dioxide as a feedstock in the chemical
industry has significant economic potential in addition to its environmental benefits in re-
ducing greenhouse gas emissions. While various methods already exist, further research and
development are needed, especially in new catalyst development and process optimization
for industrial scale implementation. In this context, coordinated international cooperation in
both research and industry is essential to enable large-scale deployment.
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1 Introduction

The utilization of carbon dioxide (CO>) as a feedstock in chemical industry has become a
relevant research topic in recent years due to the goals to restrict global warming. Green-
house gas (GHG) emissions reached the limit of 53.0 gigatons carbon dioxide equivalents in
2023 (European commission, 2024). That is the reason why the growth of carbon dioxide
concentrations is one of the most challenging issues to resolve globally. The impacts extend
from economic problems to the deterioration of environmental diversity. GHG emissions
can be decreased and sustainable solutions for chemical industry advanced by researching
the possibilities to benefit carbon dioxide as a feedstock. Political aims and technological
innovations emphasize the necessity to move towards carbon neutral society which makes

the topic topical.

Earlier studies have presented promising results about the utilization of carbon dioxide to
produce different kinds of products such as methanol. The convert of carbon dioxide is ena-
bled specifically via catalytic reactions and other innovative technologies that are more en-
ergy efficient and economic. (Chihiro et al., 2014) Several research shows also indicate the
opportunity to exploit the renewable energy in the production of CO,-based products which
enhances the circular economy at the same time. Advancement has been significant, but a
more comprehensive approach has received less attention. Thus, several studies have fo-
cused on new individual solutions. It is essential that different kinds of technologies can be
combined into integrated and economically worthwhile production chains. The unification
of carbon dioxide recovery and utilization into already existing processes is also a relevant
question for this research which aim is not only to combine new technologies but also to
assess their potential in the generation of new innovations. Figure 1 presents how all-round

carbon dioxide can be benefitted.
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Figure 1. The use cases of carbon dioxide (da Cruz et al., 2021)

The goal of this study is to examine the utilization of carbon dioxide as a feedstock in some
fields of chemical industry and investigate how efficient production chains can be created
by combining different technologies. The research question is related to how the utilization
of carbon dioxide can be enhanced through economically and ecologically sustainable ways,
as well as which technologies are the most efficient and what challenges will be faced. Anal-
ysis is basically defined as dealing with industrial processes, technologies related to them
and the driving of new technologies towards industrial scale. The structure of study moves
forward followingly: the theoretical background and previous studies are dealt with at first

and after that followed the conclusions.



2 Carbon dioxide reclaiming

The reclaiming process of carbon dioxide is the basis for its further applications. This section
deals with technologies which are utilized in carbon dioxide reclaiming and the stages after
that.

2.1 Technologies

Carbon capture and storage (CCS) method has been in use since 1920 when carbon dioxide
was separated from methane to boost oil production in the US (da Cruz et al., 2021). First,
CCS was used to reclaim anthropogenic carbon dioxide, but it has become a tempting way
to reduce greenhouse gas emissions. There are a few steps in how CCS is formed. The first
step is the separation of carbon dioxide from different kinds of sources. These kinds of
sources can be e.g. energy or industrial sources. The second step is the transport of carbon
dioxide. CCS technologies are categorized into three groups in general. In the first case car-
bon dioxide is removed from the fuel before the burning ends. In the second case carbon
dioxide can be removed during the burning form the fuel and in the third case the fuel is
burned with pure oxygen and then there will be carbon dioxide as a byproduct. Carbon di-
oxide separation methods can also be classified as a more specific means according to the
separation method. These kinds of methods are adsorption, absorption, membrane separa-
tion, chemical looping combustion (CLC), hydrate-based separation and cryogenic distilla-
tion. After reclaiming and separating carbon dioxide will be transported to storage. This kind
of way of storage is e.g. ocean storage which is in deep ocean or gas and oil reservoirs. (da
Cruz et al., 2021)

Adsorption is utilized widely in the separation and the purification of hydrogen from carbon
dioxide and other fare gases as well as the steam reforming of methane. It has reached almost
excellent hydrogen purification while the mixture included methane, carbon dioxide, nitro-
gen, carbon monoxide and hydrogen. The choice of right adsorbent plays a fundamental role
in the process. Absorption is utilized mostly in chemical and petroleum industries to remove
or separate carbon dioxide from exhaust gases. It is based on the absorption of alkanolamines
such as diethanolamine which is used widely. Fast reaction rates and high absorption



capacities for carbon dioxide are reasons why amines are special to separate carbon dioxide.
(Zare et al., 2019) CLC process includes two steps: reduction and regeneration. Lattice ox-
ygen which comes from oxygen carriers is worn to combust a fuel which includes hydrocar-
bons. The reaction produces steam and carbon dioxide, and the condensation of steam is
followed by that. Then pure carbon dioxide can be sequestered. Typical oxygen carriers are
the oxides of iron, copper, nickel or manganese and the reduced metal oxide can be returned
to its initial form in the regeneration by air. Iron oxides have been advantageous due to their

prices, but nickel oxides have reached the highest reactivities. (Imtiaz et al., 2012)

Membrane separation has faced lots of interest due to its low energy consumption. It allows
effective separation of carbon dioxide without phase changes. Currently utilized polymer
membranes have still a short lifespan and their stability for carbon dioxide is limited. Zeolite
membranes are promising alternative for polymer membranes due to their better stability and
porosity which can make possible higher permeances. (Yu et al., 2018) The main challenge
concerning hydrate-based separation of carbon dioxide is the slowness of hydrate production
ratio. The hydrate production needs promoter to enhance the ratio. Thermodynamical pro-
moters like cyclopentane are capable to produce hydrates and decrease temperature and pres-
sure requirements via that way. Different promoters can have many kinds of strengths and

that is important to consider when making the decision. (Xu et al., 2021)

Cryogenic distillation is on a developmental scale. Its development has still increased re-
markably due to its promising properties. One option is to combine membrane separation
with it. It would include the pre-concentration of carbon dioxide through membrane. Then
is obtained cryogenic liquid carbon dioxide with high pressure and the energy requirements
are low and the purity and recovery rate of carbon dioxide are high (89 % and 85 %). Carbon
dioxide can also be separated from methane via cryogenic distillation. It is demonstrated that
liquid carbon dioxide with very high purity (99.92 %) can be separated from methane via
cryogenic distillation with suitable temperature, pressure, reflux ratio and number of plates.

The energy consumption decreased at the same time. (Qiao et al., 2025)

The key elements in CCS are thus carbon dioxide formation process, separation efficiency,
matters concerning the storage and technology readiness level (TRL). Another remarkable
thing is to note the environmental aspects in CCS. It has been noted and researched by Life
Cycle Assessment (LCA). (da Cruz et al., 2021)
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Carbon capture and utilization (CCU) are nearly related to CCS. This is the reason why it
can be environmentally and economically reasonable that they support each other. The result
can be lower consumption of energy, increased production and remarkable part of carbon
dioxide from CCS can be used straight to the production of the factory. This kind of recycling
system can consume part of the carbon dioxide which is compounded from its own produc-
tion. The rest of the carbon dioxide can be stored and transported to other destinations. (Col-
lodi et al., 2017)
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3 Green hydrogen and ammonia as enablers for CO: applications

Hydrogen is one of the cornerstones concerning the utilization of carbon dioxide. It is needed
in many reactions as reactant to convert carbon dioxide into desired products. Ammonia is a
relevant alternative to be used as fuel to a larger extent and one of the most important prod-
ucts for humanity due to its usage in the fertilizer field. This section deals with the production

of these two essential products.
3.1 Hydrogen

Green hydrogen can be manufactured via thermochemical technologies. Pyrolysis is based
on decomposition due to heat. The raw material used in pyrolysis is a carbon-containing
compound, such as biomass which decomposes in a non-oxidizing atmosphere and without
additional reactants. This kind of process requires high temperatures, and they are around
hundreds of degrees depending on the feedstock. Fractions between solid, liquid and gas
products are determined by the operating conditions including the residence time of vapors
and heating rate. The required temperature can be decreased by utilization of suitable cata-
lysts. The products of this process are in solid, liquid or even gas and relations between
different phases depend on heating rate, temperature and residence time and these products
can be further processed into hydrogen. Other thermochemical techniques to produce hydro-
gen are gasification, combustion and liquefaction. However, achieving suitable conditions
for liquefaction is challenging, and combustion produces emissions from the burning of bi-
omass. (Singh et al., 2024) Numerous existing methods, as presented in figure 2 contribute
to hydrogen production. The choice of method depends on the feedstock and other factors,

through each approach presents its own challenges.
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Figure 2. Methods to produce hydrogen (Singh et al., 2024)

Biological processes are likewise promising ways to produce hydrogen in the future. The
most important biological processes are dark fermentation, photo-fermentation, their com-
bination or bio-photolysis. Anaerobic bacterium are able to generate hydrogen from organic
waste like sewage or agricultural waste. The generation speed of hydrogen is high which
makes this system very promising. Bacterium cannot dissipate organic material completely
due to thermodynamic limits. If dark fermentation and photo-fermentation are combined, the
result is usually enhanced production of hydrogen if the right circumstances have been cho-
sen. In these bacteria are also able to dissipate the organic material totally. Hydrogen can be
generated from water and carbon dioxide by microalgae and cyanobacteria through bio-pho-
tolysis. Microalgae and cyanobacteria need only to capture solar energy. (Singh et al., 2024)

Clean hydrogen can be produced straight from seawater via seawater electrolysis. There are
two ways to generate hydrogen via this way. Seawater electrolysis can have one or two steps.
In one step electrolysis, water is electrolyzed only by simple preparations and in two step
electrolysis water is purified by the reverse osmosis membrane module at first and then is
performed the splitting of the water into different substances. Also, the desalination is in-

cluded in two step electrolysis. (Yang et al., 2025)

Hydrogen can be liquified, which modifies it to easier form for transportation and storage.
A usual way to transport hydrogen is shipping. After transforming hydrogen can be con-
verted back into its gas form. This process is called regasification. This is executed simply
by heating to an ambient temperature utilizing water at appropriate temperature. The
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regasification of hydrogen can be carried out at large stations or smaller ones located near to
the end users which is an essential question when planning hydrogen transforming. (Pelle-
grini et al., 2024)

3.2  Ammonia

Electrochemical ammonia synthesis is an emerging and promising approach in green ammo-
nia production. It utilizes the electrocatalytic nitrogen reduction reaction (NRR) which can
lead to lower consumption of energy and safer process. Instead of hydrogen, this synthesis
creates ammonia via water which can state of being environmentally friendly if hydrogen is
not produced through like green hydrogen. The usage of electricity during the process is a
viable enabler to the usage of renewable energy sources if the electricity is originated from
them. Moreover, this process requires minimal, cost-effective infrastructure, making it both
flexible and simple. (Zhang et al., 2024)

Photocatalytic ammonia synthesis (PAS) is a process which is normally operated in ambient
pressure and temperature, which decreases operational intricacy in the process. The convert
of nitrogen into ammonia is driven by solar energy as the main driving force. This feature
makes PAS an innovative technology for green ammonia production characterized by low
energy consumption, mild reaction conditions and environmental sustainability. Other inno-
vative ammonia synthesis include chemical looping ammonia synthesis (CLAS) and plasma
ammonia synthesis. CLAS is based on the fact that the conventional ammonia synthesis pro-
cess is split into smaller reaction steps, which can alter the kinetics and thermodynamics
compared to the Haber-Bosch mechanism by evading rival adsorption between nitrogen and

hydrogen on metal catalysts. (Zhang et al., 2024)

Catalysts play a crucial role in green ammonia production and the sustainable development
of ammonia production is based on new and more practical catalysts solutions. Significant
efforts are underway to develop new catalytic materials that can replace the conventional
metal catalysts with more environmentally friendly ones (Inamuddin et al., 2020). Moreover,
these new catalysts capable of working at lower pressures and temperatures which decreases

the overall energy requirements (Tekniikka & Talous, 2020).
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3.2.1 Sustainability of ammonia

Ammonia produced via traditional Haber-Bosch mechanism consumes 1-2% of the energy
supply in the world and is responsible for about 3 % of all carbon dioxide emissions (Am-
monia energy association, 2017). At the same time, it is still one of the most important pro-
cesses in the world due to its ability to enable food production for billions of people (Meryt,
2024). Therefore, there are several matters which must be considered concerning environ-
mentally friendly ammonia and its future. Ammonia can also benefit as transportation fuel
and the burning of ammonia does not occur CO; emissions. Instead, it causes mainly water
vapor and nitrogen, and the biggest challenges are unburned ammonia and nitrogen oxide
emissions. Selective catalytic reduction (SCR) has been advanced to answer that issue, and
Europe is a good example in implementing solutions for decreasing nitrogen oxide emis-
sions. It is also estimated that the utilization of ammonia as the fuel of light-duty vehicles
could reduce roughly 30 % of the cumulative carbon dioxide emissions in the United States
until 2040. That would reduce 96 % of CO> emissions from the transportation sector. (Car-
doso et al., 2021)
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4  Applications of CO: in the chemical industry

Carbon dioxide can be converted into high value products via new innovative solutions
which development has been unprecedented fast. Same familiar products than before but the
production methods are different to benefit the potential of carbon dioxide as a feedstock.
This section deals with the possible production chains and ways to utilize carbon dioxide.

4.1 Urea

Urea was synthesized for the first time in 1870 via dehydration of ammonium carbamate
from the reaction between ammonia and carbon dioxide. This process was carried out under
high temperature and pressure. (Noorhana, 2018) Ammonium carbamate forms during reac-
tion between ammonia and carbon dioxide and it subsequently decomposes into urea and

water as shown in the equations 1 and 2.
2NH; + CO, < H,N — COONH, (1)
H,N — COONH, - (NH,),CO + H,0 (2)

The decomposition reaction of ammonium carbamate is remarkably slower than the first
reaction, so the overall formation rate of urea is mainly determined by this step. The process
ultimately produces an aqueous solution containing 70-87 % urea. (Noorhana, 2018)

Urea can be produced greener by synthesis between carbon dioxide and different kinds of
compounds which include nitrogen, and the difference compared to the traditional process
is that renewable energy is utilized, and carbon dioxide is captured from the emissions. Pro-
cesses like this benefits heterogenous structures and multi-metallic alloys via catalysts. The
above methods advance electron transfer reactions and the redistribution of surface charges.
They improve the activity and adsorption of source materials on the nucleophilic and elec-
trophilic surfaces of the catalyst which enhances the production of urea. This way combined
with renewable energy makes the production of urea cleaner and more functional. Different
kinds of yields of urea can be reached through this method depending on the catalyst. Cata-

lyst, which includes titanium dioxide thin with palladium and copper nanoparticles is e.g.
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able to form urea directly from carbon dioxide and nitrogen with high yields. (Zhao et al.,
2025)

4.1.1 Sustainability of urea

In 2016, total production of fertilizers was 181 million tons, with urea accounting for grossly
60 million tons (European Commission, 2019). Urea is the most widely used fertilizer among
nitrogen-based fertilizers. The global use of nitrogen-based fertilizers and growth increase
around two percent per year and the biggest part of new production capacity of nitrogen-
based fertilizers is utilized in the production of urea. (European Commission, 2019) There-
fore, transitioning to cleaner production methods for urea could significantly reduce agricul-

tural emissions.

Green urea has about 78 percent lower carbon intensity compared to the conventional fossil-
based urea. It is estimated that the production of green urea will follow an economically
viable production route. That will be effect by the huge global growth of renewable urea
production via new innovative solutions. Green urea is cheaper than all due to massive pro-
duction scales, expecting the lowest market prices of all time. This could offer low operating
costs after the initial investment and exclude the economic risks from farmers. (Palys et al.,
2024)

4.2 Methane

Methane can be produced from carbon dioxide via methanation reaction, as equation 3 shows
(Zhenetal., 2017).

CO, + 4H, > CH, + 2H,0 ©)

The reaction is highly exothermic (-165,9 kJ/mol) and therefore flavored at low tempera-
tures. (Frey et al., 2017) Methane have also one of the highest carbon dioxide uptake rates
and potential among carbon dioxide-based chemicals. This is explained by the high specific
mass and large producing scale. The amount of carbon dioxide needed to produce methane
is relatively lofty. Methanation provides a resource of synthetic gas at the same as a possi-
bility to utilize carbon dioxide as a feedstock. (Uddin et al., 2022)
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The relation between hydrogen and carbon dioxide as reactants impact significantly on the
formation of methane. Lower ratios between hydrogen and carbon dioxide produce typically
larger amounts of products with high molecular mass and higher ratios between hydrogen
and carbon dioxide form more methane. An ideal mole ratio leads to a suitable atmosphere
for methanation reaction and high selectivity. The best yield of methane is typically reached
through ratio of 3:1 or 4:1 and 4:1 means that 95 percent of the formed hydrocarbon mole-
cules with low molecular weights are methane. Even if methane can alternatively be pro-
duced from carbon monoxide via hydration, the hydrogenation of carbon dioxide is more
selective towards products. The activation energy of hydrogenation is lower than in hydra-
tion under the same conditions. Moreover, the rate of hydrogenation is also higher. These
factors explain why hydrogenation is an economically more efficient method to produce
methane. The formation of water is important to observe because its removal keeps the yield

of methane high and reduces the yield of byproducts. (Baraj et al., 2016)

Methanation is a catalytic reaction, and the choice of catalyst plays a great role in the reaction
(Baraj et al., 2016). Many noble metals combined with oxides served as active catalysts, but
nickel-based, iron-based and cobalt-based catalysts are widely researched due to their abun-
dance, high activity and lack of noble-metals. Nickel based catalysts have demonstrated
comparable selectivity and space-time yields due to their high dispersion. Smaller nanopar-
ticles of nickel and larger number of exposed active sites for methanation can lead to higher
selectivity of methane. The activation energy in the utilization of nickel-based catalysts is
low as well as thermal stability is excellent, and the conversion of carbon dioxide is high.
(Zhenetal., 2017)

4.3 Methanol

Methanol can be produced via direct hydrogenation from carbon dioxide which is an exo-
thermic reaction (Shanshan et al., 2019). The maintenance of equilibrium is very important
during methanol synthesis because higher temperatures lead to higher concentrations of un-
desirable water and carbon monoxide and lower concentrations of methanol. Direct hydro-
genation involves also dehydration of carbon dioxide molecules after hydrogenation. In this
step, carbon dioxide first forms formic acid as intermediate product during the hydrogena-

tion. Formic acid is then reduced to methanol and the secondary and tertiary reduction and
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dehydration steps proceed in a relatively linear manner (Arya et al., 2024). The formation of
water occurs that one hydrogen is lost which slightly decreases the hydrogen efficiency of
the process. The separation of the water is also mandatory if methanol is used in processes
that are sensible to water or as a fuel. One solution to separate water is reverse combustion
synthesis which means that formed water is converted to oxygen. It requires light and elec-
tricity and using light directly is a useful and ambitious innovation. Another way is the use
of electrochemical cells to simplify the process at the same time. That kind of system acti-
vates carbon dioxide molecules and forms reactive carbonite ions as well as the splitting of

water which enables the reduction carbon dioxide to methanol. (Dowson et al., 2015)

An active metal catalyst is also needed to produce methanol from carbon dioxide (Singh et
al., 2022). It is because carbon dioxide molecules have high bond dissociation energy and
stability (Debek et al., 2019). Copper, aluminum and zinc were used as catalysts before due
to their profusion, but they do not withstand water very well. Low tolerance to water can
occur decreasing in the activity of the catalyst due to oxidation of the metal or water adsorp-
tion. Therefore, it is needed catalysts which activity do not fall. Different catalysts are re-
searched via heterogeneous catalysts. Copper-based catalysts enabled the highest production
speed, but the selectivity of the methanol dropped off at the same time. Zinc oxide-based
catalysts reached higher selectivity for methanol, but they typically require higher operating
temperatures. That means greater energy input. Ruthenium-based catalysts are also explored
and incorporating indium with ruthenium resulting in at least a very high selectivity of meth-
anol. It can be more than 85%. (Arya et al., 2024)

Direct conversion of carbon dioxide to methanol is a more efficient method than other alter-
natives which include forming of some intermediate products and its occasional isolation.
These kinds of more complicated methods to produce methanol can still be useful to inte-
grate into already prevailing fossil-based systems. That can be done instead of constructing
entirely new infrastructure which increases the economic efficiency of the process. (Dowson
etal., 2015)

One example of this kind of possibility is the production of methanol from methane via
partial oxidation. The reaction requires only methane, oxygen and suitable catalyst and hap-

pens as equation 4 shows.

CH, + 0.50, - CH;0H (4)
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Process requires typically very high temperatures due to the carbon-hydrogen bonds of me-
thane which are inert. Even up to 600 °C temperatures can be needed. Development in cata-
lyst design has lately allowed decreased temperature requirements. The utilization of sulfuric
acid and with mercury, platinum or palladium can decrease the temperature requirement at
200 °C and lower pressures as well. One notable limit in this mechanism is that methane
cannot become over-oxidized. Over-oxidization can lead to the forming of carbon dioxide,
carbon monoxide or water which can cause the deactivation of catalysts. Thus, high selec-
tivity and control in the process is needed to block undesirable byproducts. Also, the utiliza-
tion of combined copper and iron or cobalt and iron can be used as catalysts or even silver-
based catalysts in this process. (Arya et al., 2024)

4.3.1 Sustainability of methanol

The production of green methanol can decrease carbon dioxide, nitrogen oxides, and sulfur
oxides emissions by 60-95 %, 60-80 %, and 99 % (Methanol Institute, 2025). It can be mixed
with commonplace transportation fuels which enables easier evolution between different
kinds of fuels without any large-scale change in vehicles. In addition, it creates a potential
alternative for marine transport and as a substitute for liquified petroleum gas (LPG) via
dimethyl ether which is a derivation of methanol-based products. It can also benefit as a
feedstock in the production of valuable materials and chemicals such as polymers, textiles
and building materials. However, methanol requires twice as big a fuel tank compared to

conventional fuels and the production costs are higher. (GEP, 2024)

Green methanol can be produced by completely renewable energy and the GHG emissions
can be eliminated as well. That kind of system utilizes hydrogen to power utilities, but the
amount of hydrogen utilized increases the price of produced methanol. Huge plants are ca-
pable of decreasing production costs closer to the conventional methanol production costs.
Those kinds of plants need massive investments, and economic risks are related to them. The
most essential concerning the solution of that problem is to concentrate on the rendering of
hydrogen production methods and green methanol production. The production of green
methanol can also decrease other environmental impacts compared to conventional metha-

nol, but new catalyst candidates are needed to decrease the cost and energy requirements.
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Overall, if more continuing development is reached and current challenges are blocked, a

better way to produce methanol can widely be established. (Abbas et al., 2022)

4.4 Other liquid fuels

4.4.1 Reverse Water Gas Shift Reaction

Reverse water gas shift reaction (RWGS) is an endothermic reaction and reversible reaction
to convert carbon dioxide to carbon monoxide for further processing. RWGS can be operated
directly from the capture of carbon dioxide (equation 5) or via reforming by catalysts or
gasification. Reforming can be done either dry reforming or steam reforming. Carbon diox-
ide reacts with methane to form carbon monoxide and hydrogen into dry reforming. A reac-
tion between water and methane creates the same end products as dry reforming in steam

reforming, as equation 6 shows. (Arya et al., 2024)
CO,+ H, < CO + H,0 (5)
CH, + H,0 - CO + 3H, (6)

However, the viability of RWGS is bound to the suitable operational conditions which
causes challenges to its development. RWGS is hard to operate at low temperatures to min-
imize energy consumption due to its endothermicity and thermodynamic favorability. There
is also a competing reaction which typically replaces RWGS at lower temperatures. That
reaction is the methanation of carbon dioxide (equation 3) which is undesirable during
RWGS. (Portillo et al., 2023) The RWGS is independent from pressure instead of methana-
tion (Benzinger et al., 2019). RWGS does not include any kind of volume change which
explains the independence of pressure. Methanation is instead of a process of volume con-
traction and due to that any kind of increase in pressure supports it and decreases carbon
monoxide molar faction at the same time. Even coke can be formed at high pressures which

typically decreases carbon monoxide molar fraction as well. (Santos et al., 2023)

At lower temperatures than 520 °C the methanation rection is the dominant reaction and
carbon monoxide becomes notable when the reaction temperature is more than 700 °C. The
molar fraction of carbon monoxide crosses carbon dioxide and hydrogen molar fractions in

the product at 825 °C. This points out the necessity of high temperatures needed. Also, the
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molar ratio between hydrogen and carbon dioxide is one fundamental matter. Typically, the
conversion of carbon dioxide is higher at bigger molar ratios but the highest selectivity for
carbon monoxide can be reached at a bit lower temperature and ratio than the highest con-
version of carbon dioxide. Finally, the best operating conditions are 750 °C, 20 bar and molar
ratio between hydrogen and carbon dioxide 0.8 to enable favorable results in both carbon
dioxide conversion (36.3 %) and carbon monoxide selectivity (96.4 %). These conditions
are also economically favorable due to low consumption of hydrogen and lowest operating

temperatures as possible. (Santos et al., 2023)

The utilization of nickel as catalyst in RWGS is a convenient alternative due to its high
activity and low cost. However, it is demonstrated that the utilization of cerium oxide with
nickel can increase the effect of catalyst. Also, alkalis can change the interactions of nickel
catalyst to enhance the selectivity of carbon monoxide at even lower temperatures. In addi-
tion, it can suppress the competitive reaction at the cost of remotely lower carbon dioxide
conversion. Overall, RWGS is a potential process to produce syngas and complement the
carbon dioxide conversion cycle. Syngas is a mix of carbon monoxide and hydrogen. (Por-
tillo et al., 2023)

4.4.2 Fischer-Tropsch synthesis

Fischer-Tropsch Synthesis (FT) was developed in 1920 and contained the convert of syngas
to produce liquid hydrocarbon fuels e.g. petrol and diesel. Depending on the origin of which
syngas is generated the earlier point to the FT process can be coal-to-liquid (CTL) or gas-to-
liquid (GTL) process. Gassing is used to produce syngas from biomass or coal in CTL pro-
cess. During the process carbonaceous substances will be formed into a mix of gases includ-
ing hydrogen, nitrogen, carbon monoxide and carbon dioxide. In GTL syngas are produced
from methane by rectification, auto-thermal reforming or downstream separation. The use
of hydrogenating carbon dioxide to manufacture liquid fuels through FT is also involved the
straight transformation of carbon dioxide to fuels. That includes two upper steps: RWGS to
reduce carbon dioxide from carbon monoxide and FT to hydrogenate carbon dioxide to hy-
drocarbons. (Arya et al., 2024)

A mix of hydrocarbons with different molecular weights are formulated during FT from

hydrogen and carbon monoxide. The benefit of dry reforming is that it can utilize either
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carbon dioxide or methane which decreases emissions. Generated hydrocarbons are lighter

olefins and heavy paraffins, as equation 7 presents.
nCo + (2n + 1)H, » CnH(2n + 2) + n(H,0) (7)

The yield of paraffins is usually higher than olefins. Small amounts of alcohol and ethers are
produced as byproducts as well as methane as undesirable byproducts. The conditions of the
reaction are set to maximize the yield of heavier hydrocarbons. FT is finally based on
polymerization reaction and carbon monoxide goes through condensation polymerization

which is typically very exothermic. (Arya et al., 2024)

Two typical catalysts used in FT process are cobalt and iron. Cobalt catalysts can be used
alone at lower temperatures (200-240 °C) than iron catalysts which can be used at higher
temperatures (300-350 °C) or lower temperatures. Typically, iron is still used as catalyst in
higher temperatures. (Chen et al., 2016) The coke deposition rate of the cobalt catalyst is
lower, and it must be changed seldom compared to iron catalysts. The mix of forming hy-
drocarbons will be different depending on the catalyst. This can happen even if the temper-
atures and pressures are the same. Iron catalysts have not as high selectivity as cobalt cata-
lysts for hydrocarbons with higher molecular weight. It explains partly that higher tempera-
tures and iron catalysts produce more gasoline products because they include hydrocarbons
with lower molecular weights. Also, more diesel products can be produced at lower temper-
atures and by cobalt catalyst. It is also important to separate sulfur-based compounds from
hydrogen and carbon monoxide because the catalysts can be poisoned by them. (Arya et al.,
2024)

4.4.3 Gasoline

The surface of iron(ll, 11)oxide is very effective to activate carbon dioxide. In addition,
alkali metal is typically needed to reach the desirable selectivity and activity. Natrium is
beneficial in the production of olefins. That is based on the ability of natrium to increase the
alkalinity on the surface and the carburizing capacity of the iron-based catalysts. This in-
creases its ability to modify hydrogen and carbon dioxide to light olefins. (Arya et al., 2024)
Zeolites can facilitate the conversion of small hydrocarbon molecules into larger molecules

with desirable qualities by oligomerization reaction, isomerization reaction and
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aromatization reaction. This distinct feature is owing to their shape, selectivity and acidity
(Abello et al., 2011). When zeolites are combined with iron-based catalysts in FT process,
they can build multipurpose catalysts which are capable of producing aromatics and isopar-
affins. The resulting products fall within the range of petrol with high octane numbers. (Wei
etal., 2017)

The reaction benefits the abilities of each component of the multipurpose catalyst to produce
valuable hydrocarbons form carbon dioxide via more effective reaction with higher selectiv-
ity. First, carbon dioxide becomes reduced to carbon monoxide by RWGS. Secondly, carbon
monoxide is hydrogenated to form olefins via FT reaction. In this stage carbon monoxide
and hydrogen react with (iron (11, 111) oxide catalyst to form different kinds of hydrocarbons
including olefins and alpha olefins. These hydrocarbons are formed into gasoline range hy-
drocarbons by utilization of zeolites as catalyst in oligomerization reaction, isomerization

reaction and aromatization reaction. (Wei et al., 2017)

Petrol can also be produced directly via methanol to gasoline (MTG) process from metha-
nol. In the MTG process, methanol can be produced from carbon dioxide. The MTG process
consists of three steps (Arya et al., 2017). First, methanol is converted to dimethyl ether
through dehydration by creating chemical equilibrium between water, dimethyl ether and
methanol (France et al., 2015). The dehydration of methanol forms methoxy as intermediate
product. Dimethyl ether is produced from methoxy via nucleophilic attack with another
methanol molecule acting as an electrophile. Second, the dimethyl ether is converted to ole-
fins via dehydration using zeolite catalysts. Finally, these olefins undergo further conversion
into a mixture of paraffins, aromatics and other heavier olefins with carbons atoms more
than four. The convert mechanism involves the formation of carbocation and simultaneous
transfer of hydrogen atom (Arya et al., 2024). These products fall within the range of gaso-

line, and separation is required to achieve the desired fuel components.

4.4.4 Biodiesel

Biodiesel produced by FT process has higher energy density than conventional diesel pro-
duced from fossil fuel (Medrano-Garcia et al., 2022). In addition, it has a higher cetane num-

ber compared to fossil diesel, resulting in higher energy efficiency. (Schemme et al., 2017)
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Biodiesel can also be produced via other innovative solutions, such as microalgal biotech-

nology (Huang et al., 2010).

Light energy and carbon oxide can be transformed into hydrocarbons and other beneficial
products via photosynthesis by microalgae. Microalgae have high photosynthetic efficiency
and rate of growth compared to many other plants. The growth of microalgae can be operated
in an open pond system and the operating costs in this kind of system are moderate. The
needed carbon dioxide can be found out straight from some source of carbon dioxide emis-
sions. The typical flue gas of coal plant contains about 13 percent of carbon dioxide and
enhances the transport rate of carbon dioxide in the open bond system. Additionally,
wastewater can be used in the growth of microalgae. This kind of concept creates a sustain-
able way to recycle carbon dioxide into biodiesel, as presented in figure 3. (Huang et al.,
2010)
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Figure 3. Biodiesel production via microalgae biotechnology in open bond system. (Huang et al., 2010)

Different kinds of microalgae have been investigated for biodiesel production. The reached
lipid contents can vary pretty much depending on the microalga. Microalgae called Chlorella
vulgaris reached the highest lipid content (27 %) in the same conditions than the other re-
searched microalgae. The used reactor was a bubble column photobioreactor in all measure-
ments and it has also the highest lipid productivity compared to time and intermediate cell

growth which were essential matters in the study as well. The lipid productivity is double
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higher than the highest value of 30 other microalgae. The composition of biodiesel produced
via Chlorella vulgaris is shown in figure 4. Produced triglycerides which are one feedstock
of biodiesel include glyceride, fatty acids which have different lengths of carbon chain as

the number of insatiable bonds. (Francisco et al., 2010)
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Figure 4. Gas chromatogram of biodiesel produced via Chlorella vulgaris (Francisco et al., 2010)

Chlorella vulgaris produced biodiesel has also convenient degree of unsaturation which de-
creases the viscosity to support the mechanical features of diesel engine. However, high
degree of unsaturation increases slightly nitrous oxide exhaust emissions. All things con-
sidered, Chlorella vulgaris is a potential microalga to produce biodiesel due to its high lipid
productivity and high quality including cetane number and degree of unsaturation. All the
quality parameters passed the limits given by the US Standard (ASTM 6751) and European
Standard (EN 14214). (Francisco et al., 2010)

4.45 Kerosine

E-kerosine can be produced via FT, such as gasoline or biodiesel. The difference is largely
only the control of the structure and length of carbon chains. Typically, e-kerosine or sus-
tainable aviation fuel (SAF) consists of cycloalkanes and isoalkanes with carbon chain

length from eight to eighteen. The compression is needed to increase their pressure into 25
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bars to ease the upcoming FT before hydrogen and carbon dioxide can be entered RWGS
reactor. Then composed carbon monoxide is converted into another reactor via FT process.
The heat formed by the exothermic FT reaction can be benefitted in the endothermic RWGS
reaction. The effective remove of heat is definitive important in FT due to the exothermicity.
Optimal control and heat transfer within the reactor are necessary to verify the quality of the
forming SAF and effective reaction speed. There are four different kinds of reactor types
which are commonly utilized in FT: slurry phase reactor, tubular fixed bed reactor, fluidized
bed reactor and circulating fluidized bed reactor. Every alternative has its own benefits con-
cerning selectivity, reaction kinetics and heat transfer. Producing one-kilogram SAF is
needed roughly 14 kilograms of carbon dioxide and 1.4 kilograms of hydrogen if iron or
cobalt-based catalysts are used as usual. The latest innovations have demonstrated that iron-
based catalysts combined with transition metals as promotors can lead higher selectivity of
SAF and conversion rates of carbon monoxide. The selectivity reached is typically a little
under 50 % for hydrocarbons with length carbon chain. The lowest productions costs can be
achieved via sourcing carbon dioxide from ammonia or ethanol plants. Other factors influ-
encing profitability are the recycling ratio of hydrogen and carbon dioxide as well as the

conversion rate of carbon monoxide. (Arya et al., 2024)

Another way to produce SAF is the Methanol-to-Kerosene (MTK) process. SAF can pro-
duced via this route without RWGS reaction. However, the biggest focus has been on con-
verting methanol into smaller hydrocarbons and SAF-specific concept is newer. The MTK
process includes the formation of olefins via hydration and oligomerization into heavier ole-
fins are followed by that. Methanol is compressed into the reactor to generate olefins and
then washed out of carbon dioxide and dried before the oligomerization. After that unsatu-
rated hydrocarbons are converted into alkanes via hydrogenation and fractioning forms the
desirable fuel fractions via distillation in the end. MTK is analogical to common alcohol-to-
hydrocarbon formations and the combination of dehydration and oligomerization is a vital
matter to the product formed. The operating conditions of kerosine range oligomerization
reaction are 150-300 °C and 40-100 bar. After that the reactor is cooled for the separation of
light alkanes and other light hydrocarbons to maximize SAF output. Typically, light frac-
tions are recycled into the oligomerization reactor, but multi-stage oligomerization is also
possible. FT-based and MTK-based SAF productions are presented in figure 5. (Bube et al.,
2024)
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Figure 5. FT-based and MTK-based SAF production ways (Bube et al., 2024)

MTK process has slightly higher carbon efficiency than FT-based process due to its smaller
product distribution and the recycling of light olefin fractions. However, the operating con-
ditions and catalysts of FT process are helping to regulate the chain growth probability which
makes the optimizing of process towards better SAF efficiencies more realistic. In addition,
FT-based SAF is more uniform and easier to get standards acceptable than MTK-based
which includes higher amounts of light components. The energy efficiency of MTK-based

SAF is also six percent higher. (Bube et al., 2024)
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5 Technological and economic challenges and future prospects

There are fundamental issues concerning CCU even if the growth has increased remarkably

last years, as figure 6 presents.
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Figure 6. The growth of CCU capacity (Global CCS Institute, 2024)

However, many CCU technologies are energy intensive and complicated to execute. That
causes the necessity to improve the processes to reach implementation on a large and indus-
trial scale. Effective catalysts are needed to decrease the consumption of energy and increase
the selectivity in the carbon dioxide convert processes to liquid fuels which requires high
quality research. (A Garifullina et al., 2024) The convert of methane to fuels is an example
of a process which demands harsh reaction conditions to be able to put into effect. That is a
consequence of the completely symmetrical tetrahedral structure which occurs very high
bond energies. (Sun et al., 2020)

Even if carbon dioxide-based fuel production can decrease GHG emissions and help forward
circular economy the top problem is profitability compared to fossil-based fuels. The pro-
duction of fossil fuels is cheaper due to established and well-organized infrastructure and
low energy requirements. The initial investments for carbon dioxide conversion facilities are

high as well as CCU technologies integration into already existing systems. (Arya et al.,
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2024) The construction and commissioning of new CCU infrastructure can also face caution
by the public due to facilitating current wasteful lifestyles or might obstruct necessary soci-

etal change (Jones et al., 2014).

The role of policy is massive in the energy sector transition. Its task is to create the circum-
stances for industry to move forward CO--based production. Without suitable policy, indus-
tries must justify the new systems themselves which makes the totality more difficult to
realize. The expansion of stricter GHG emission requirements and carbon pricing mecha-
nisms are keys to supporting new CO.-based products as well as investments in development
and further research. In addition, market demand is still for fossil-based solutions, a limiting
factor due to their domination in the global energy sector. These problems can be overcome
via not only new and innovative solutions and catalysts but also supportive frameworks to

the deployment of sustainable alternatives. (Castillo Castillo et al., 2019)

Despite the technological and economic challenges there is hope concerning the fast ad-
vancement of new technologies and methods. Fast advancement can lead to inevitable
change for current systems. It is also important that further research focus on developing
knowledge about principles to appropriate catalysts as well as optimizing the processes.
(Saeidi et el., 2021) 50 % of fossil-based fuels used in transport can be replaced by new
generation solutions e.g. renewable hydrogen or Co2-based fuels until 2040 (Neste, 2022).
There are around 300 projects under different levels of progress due to remarkable momen-
tum over the last years. The developers have aimed to reach more than 220 million tons of
captured carbon dioxide annually by 2030 (Arya et al., 2024). However, 75 % of operated
or planned CCU capacity is in Europe or North America. Strong policy and cooperation are
needed to spread CCU facilities to all regions, particularly developing economics and emerg-
ing markets (IEA, 2023).
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6 Conclusion

The utilization of carbon dioxide in the chemical industry plays globally a significant role in
the transition towards a sustainable future. It is capable to reduce GHG emissions as well as
advancing the principles of circular economy which means that industry can move to closed
loop production systems. In this way, carbon dioxide can circulate continuously by being

converted into new products instead of accumulating in the atmosphere.

New innovative and effective catalysts are essential due to their ability to enhance the selec-
tivity of processes and decrease the need for energy by decreasing the activation energies of
reactions. Therefore, the conversion of carbon dioxide into valuable products like fuels or
chemicals is becoming possible on an industrial scale. The greener production methods of
ammonia, urea and other fuels can reduce agricultural, transport and aviation emissions

thereby supporting the sustainable development of industry.

Even if carbon dioxide utilization technologies have remarkably developed, large-scale im-
plementation is still facing challenges related to infrastructure and economy. Large initial
investments are needed due to the high cost of CO: infrastructure and fossil-based production
remains more economically competitive. There are also technological challenges related to
process optimization and catalyst development, although much progress has already been
made. Each alternative has its own pros and cons in terms of performance, cost and availa-
bility, and the optimization demands high quality research taking all factors into account. In
addition, the strong market demand for fossil-based products slows the adoption of new and

more sustainable options.

The role of policy is decisively important. Without suitable regulations like emission limi-
tations, industry will not move to new more sustainable processes so fast. However, it is still
necessary that these regulations should be accepted by the general public to maintain support
for new technologies. In addition, global cooperation and political actions are essential to
create conditions needed for the large-scale commissioning of new technologies. For in-
stance, microalgal biotechnology and many carbon dioxide recovery methods are developing
but not yet commercially viable at an industrial scale. These technologies require further

development and investment to become financially competitive.
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Cooperation between society and industry combined with investments into research and de-
velopment is key to enabling the utilization of carbon dioxide as a central part of the chem-

ical industry’s future.

Continued research should focus on the integration of already existing processes as well as
optimizing and creating new processes that are strongly linked to new catalysts. Supportive

regulations and policies are necessary to create favorable conditions for this transition.

In summary, although significant challenges remain, technological development has been
exceptionally rapid, and more new innovations are expected in the near future. In this regard,
large-scale recovery of carbon dioxide is a realistic goal and can become a cornerstone of a

sustainable future. Ultimately, the solution to the problem may lie within the problem itself.
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Appendix 1. Materials and methods

This literature review thesis involved gathering information from various search engines and
databases. Initially keywords such as sustainable ammonia, green hydrogen, carbon dioxide
recovery, sustainable methanol production and e-fuel production were used. The primary
databases utilized include LUT Primo, Scopus, and ScienceDirect. Moreover, relevant in-
formation was sourced from articles published in online broadsheets and websites of various

enterprises and organizations.

Search terms became more specific as the work progressed, incorporating various keyword
combinations. More detailed search terms were used to find more exact resources. Most of

the resources utilized consisted of academic articles, scientific studies, and scholarly books.



