
1

 
Green Chemistry Series No. 74
Chemical Valorisation of Carbon Dioxide
Edited by Georgios Stefanidis and Andrzej Stankiewicz	
© The Royal Society of Chemistry 2023
Published by the Royal Society of Chemistry, www.rsc.org

1.1  �Introduction
The increase in interest in CO2 conversion to chemicals and fuels is impres-
sive. Using as a simple index the entries in SciFinder on keywords “CO2 
utilization catal” ( journals and review), 78 entries were reported for the 
2000–2010 period, 120 in the 2011–2015 period, and 653 in the 2016–2021 
period (up to August 2021). This is just a fraction of the much larger number 
of publications on the general area of CO2 conversion to chemicals and fuels, 
but it represents a useful index to mark the exploding interest. Among the 
different motivations for the interest in this topic, besides the general aim of 
developing solutions to mitigate climate change and societal relevance, we 
may indicate:
  

●● CO2 is a relevant carbon source that cannot be considered a waste, but 
should be rather used as a sustainable feedstock for the chemical indus-
try1 with an additional decisive role to create a convenient path to intro-
duce renewable energy in the industrial value chain (particularly for the 
refinery and chemical industries).2
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Chapter 12

●● The use of CO2 as an alternative to CCS (carbon capture and storage) 
could be the preferable solution from both the economic and environ-
mental perspectives3 even in short term applications.4

●● CO2 conversion is a bundle of key technologies crucial in developing 
solutions to close the C-cycle, especially in energy intensive industries,5 
a topic of increasing relevance both to meet targets in GHG reduction 
(Europe aims to have zero-emissions in 2050) and to develop a more 
sustainable and resilient industry.6

●● CO2 conversion to chemicals and fuels (by electrocatalytic routes) is one 
of the components to develop artificial-leaf type devices,7 which in the 
future will likely play a relevant role in transforming centralized energy 
and chemical production systems to a decentralized model (energy 
valleys or districts with integrated production of chemicals using local 
resources) with large societal impacts and benefits.

  
Many books and review articles have been published on CO2 conversion to 

chemicals and fuels, and on the novel value chain they can induce. A limited 
selection of these books and reviews is given in the following citations8–28 
and the references thereof. We can generally classify the main research areas 
of CO2 utilization as follows:
  

●● Thermocatalytic conversion of CO2, including the large sector of 
the so-called power-to-X technologies; the latter defines multistep 
approaches where a first step is typical H2 production by electrolysis 
(using renewable energy) which is followed by one or more thermocata-
lytic steps to make gaseous (methane) or liquid (methanol, DME, hydro-
carbons) fuels acting as chemical energy storage (CES) agents.

●● (Catalytic) routes to include CO2 in organic products (polymers, for 
example) or inorganic products (mineralization – a route that, however, 
has seen decreasing interest in recent years, due to the energy costs).

●● Photochemical conversion of CO2, that, even if potentially highly inter-
esting, suffers from quite low productivity and thus is still very far from 
application.

●● Electrochemical conversion of CO2, which may include a photoactive 
element, thus photoelectrochemical (PEC or PV/EC) conversion of CO2, 
also called artificial photosynthesis or artificial leaf. There are already 
quite advanced electrochemical processes to convert CO2 to industri-
ally valuable chemicals, particularly formic acid/formate, that are at an 
advanced prototype experimentation stage.29

●● CO2 conversion by (non-thermal) plasma routes, either in the presence 
of co-fed H2 or in the presence of H-donor species (H2O or methane).

●● Thermal conversion of CO2 using concentred solar power (CSP); experi-
mentation in various pilot units has been reported, but many technical 
issues have decreased interest in this route in recent years.

●● Enzymatic routes of CO2 utilization which also include photo- and  
electro-assisted enzymatic routes (such as electro microbial cells) to 
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3Turning CO2 into Fuels and Chemicals: An Introduction

avoid the use of co-factors such as ATP and NADH; costs of downstream 
separation, and low productivity (per reactor volume) are the main 
issues to solve.

●● Other minor CO2 uses, for example as soft oxidants for dehydrogenation.
  

When solar energy is used in these processes, a popular term is “solar 
fuels” (or chemicals). Numerous reviews have discussed this topic, and just 
a few can be cited.30–40

1.2  �Role of CO2 to Chemicals and Fuels Paths in a 
Future Sustainable Scenario

As preamble, it is useful to remember that CO2 is already a large volume 
commodity chemical, around 230 million tonnes per year of which ∼56% 
accounts for urea (fertilizers) production, ∼34% for EOR and the remaining 
for a series of other uses (beverages, food, fabrication of metals and oth-
ers).41a However, the new paths for the use of CO2 in the production of fuels 
and chemicals are generating global interest, although when they will start 
playing a significant role in contributing to overall GHG targets is a matter 
of intensive debate. While many still have the idea that even up to 2050 their 
contribution will remain small (IEA indicates around 1% in 2050 41b), others 
consider a faster market penetration by these technologies.3 The SUNERGY 
initiative (www.sunergy-initiative.eu) considers feasible in its roadmap the 
initial commercial introduction of solar fuels by 2030–2035. There are some 
main reasons behind this different impact assessment: (i) the method of 
accounting for the impact, (ii) the role that CCS and related technologies will 
play to meet targets on GHG emissions fixed at political levels and (iii) the 
cost of technologies and how scientific developments can make them com-
petitive. While a full discussion of these aspects is going beyond the scope 
of this introductory chapter (some aspects will be also discussed in the other 
book chapters), some comments are necessary to evaluate better the impact 
of the technologies under development and the preferable routes.

1.2.1  �How to Account for the Impact of CO2 Utilization
The first question regards how to account for the impact. Many consider 
CO2 utilization routes as a complementary solution to CCS and in fact, a 
common way is to indicate CO2 utilization as CCU or CCUS (thus directly 
recalling CCS). Following this approach, the impact is accounted for in 
terms of the amount of CO2 sequestrated and for how long. This is not a 
correct approach, because it does not consider the overall effect on GHG 
reduction. The impact of CO2 utilization routes should be rather in terms 
of GHG reduction related to the services that are provided in converting 
CO2.2,3 If CO2 is converted to fuels, through the use of renewable energy, 
the important elements are (i) the net amount of renewable energy that is 
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Chapter 14

introduced in the value chain, (ii) the reduction in the impact due to substi-
tution of fossil fuels (and derived products) for an equivalent service (thus 
estimating the significant impact on GHG related to extraction, transport, 
conversion of fossil fuels, fugitive emissions), (iii) the additional benefits 
(and related impact on GHG) derived from the use of solar rather than fossil 
fuels (lower emissions, use of local resources and reduced impact on trans-
port, etc.). Looking from this perspective, which is also often accounted for 
only partially in LCA studies on CO2 to chemicals and fuels,42–46 the impact 
appears completely different. For example, CO2 to fuels or chemical routes 
become much more relevant than technologies such as mineralization. 
The latter, after attracting significant interest some years ago, has lost sci-
entific interest. Notwithstanding it may be considered a mature technol-
ogy, mineralization never become a widely used industrial practice, only 
in some specific cases.47,48 Estimations of the impact on GHG emissions of 
CO2 mineralization processes do not properly account for the whole pro-
cess. Ostovari et al.,49 for example, reported an average negative footprint 
of about 1.15 t of CO2eq (indicates the equivalent amount of CO2) per ton 
CO2 sequestrated (they indicate that this value can be even higher in opti-
mized ideal processes), assuming the use of the mineralization products as 
a cement substitute. They assumed that the mineralization products pro-
duced in the mineralization process can be used directly as a component 
for Portland cement. However, both the energy necessary for the whole 
mineralization process (from transporting the starting mineral to grinding, 
etc.) and the energy necessary (in processing) to compensate for the alter-
ation in Portland characteristics due to the addition of the mineralization 
products have to be better considered. The result is that in the industrial 
practice the addition of CO2 mineralization processes is not made, in con-
trast to the apparent large benefits claimed. In addition, a large availability 
of the starting minerals (olivine, serpentine) is assumed while the practice 
is different. The Carbon Capture Machine (CCM) company proposed this 
technology commercially for over a decade, and still the development is at 
a scale of 10 t day−1, thus about 0.1% of an industrial-size cement plant. The 
SkyMine® process, developed by Skyonic (now Eaton), is also among the 
first-of-its-kind proposed in the area, but is still at the stage of proposing, 
rather than implementing the technology. Thus, although forecasts pre-
dict nearly half of the world cement production being substituted by CO2 
mineralization, i.e. about 3.3 billion tonnes per year,50 the current reality is 
that CO2 mineralization is still not a significant part of the cement indus-
try strategy towards GHG reduction. In the EU, for example, the cement 
industry is committed to reach zero emissions by the year 2050, but the 
plan does not consider CO2 mineralization even as a minor complementary 
technology.51 Thus, there is a large discrepancy between what is reported 
in the papers as the outlook for the technology and the industrial practice. 
This example evidences the difficulties in assessing the impact of CO2 uti-
lization paths, with often over- or under-estimations of the effective costs, 
applicability, and contribution to GHG reduction, leading to an intrinsic 
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5Turning CO2 into Fuels and Chemicals: An Introduction

difficulty in properly understanding gaps, limits, and effective possibilities 
of the different routes.

1.2.2  �Putting CO2 Conversion to Chemicals and Fuels in the 
Right Scenario

As it can be seen from the above discussion, it is not simple to clearly identify 
the emerging routes from the literature, and indications are still often based 
on estimations made decades ago that are currently no longer supported by 
the practice. Among these are the contribution of CCS and related technolo-
gies to meet targets on GHG emissions determined at the political level. IEA 
in its “Net Zero by 2050” report41b considers in detail the contribution of new 
technologies (under development) to meet this target, indicating that nearly 
half of the cut in the annual CO2 emissions (about 7.6 Gt CO2 emission reduc-
tion) should be provided by these emerging technologies by the year 2050. 
While the report uses the term CCUS, thus includes storage and utilization as 
a single technological option, it indicates that “around 3.5 Gt CO2 emissions 
are captured from fossil fuels in 2050”. Thus, CO2 storage rather than utili-
zation is considered by IEA as the largely dominant solution to decarbonize 
the energy–chemistry system even in 2050. This conclusion, however, is in 
partial conflict with the other indications given by the IEA itself regarding 
(i) the technologies for “hard to abate” sectors (energy intensive industries), 
(ii) the degree of substitution of fossil fuels with renewables, and (iii) how to 
minimize the costs for the transitions. All these aspects require a significant 
role of solar fuels. In contrast, IEA41b indicates as key pillars to reach NZE (net 
zero emissions) by the year 2050: (i) energy efficiency, (ii) behavioural change, 
(iii) electrification, (iv) renewables, (v) hydrogen and hydrogen‐based fuels, 
(vi) bioenergy, and (vii) CCUS. The latter will globally contribute to around 
18.5% of the global reduction to reach the NZE target, but “around 95% of 
total CO2 captured in 2050 is immitted in permanent geological storage sites 
and 5% is used to provide synthetic fuels.” Thus, the IEA report41b considers 
that CO2 conversion to fuels (and chemicals) will contribute <1% of the total 
cut of GHG necessary to reach the NZE target by year 2050, essentially a neg-
ligible contribution compared to the dominant storage role in CCUS technol-
ogies. IRENA (another major international agency on energy) estimations for 
the year 2050 52 indicates instead that up to about half of the contribution in 
GHG reduction should derive from the “indirect use of clean electricity via 
synthetic fuels & feedstocks”, e.g., from solar fuels (they use the alternative 
term of e-fuels).

We believe that likely the true indications will be in the middle with respect 
to negative and optimistic IEA and IRENA estimations, respectively. Our ele-
ments of the analysis are the following. First, CCS is expensive. Although 
there is a quite large spread of data, and it is almost impossible to have reli-
able indications, the few large scale storage plants, essentially related to EOR, 
demonstrate that effective costs are significantly larger than estimations, 
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Chapter 16

and above €100 per tonne stored CO2, which becomes even larger when the 
energy costs for CO2 capture and storage are considered, accounting for up to 
30–40% of the GHG reduction (i.e. for each ton of CO2 captured, the effective 
CO2eq impact is about 0.6–0.7). By evaluating the impact in the correct way, 
the CO2eq cost reduction for CO2 to chemicals and fuels could reach half of 
that for CCS. Even if some of the technologies are still not mature, there is no 
reason why they should have a minimal impact with respect to CCS. However, 
there is a need to develop improved, second-generation technologies of CO2 
utilization with respect to those actually in development, such as power-to-X 
technologies.

In addition, CO2 to chemicals and fuels technologies will also play an 
essential role in the chemical energy storage (CES) of renewable sources53 
and the integration of the latter in energy intensive industries (EIIs, steel, 
cement, refineries, chemical production and fertilizers).5,54 The targets in 
using renewable energy indicated in the NZE report of the IEA41b,52 cannot be 
met without a significant contribution of CO2 to chemicals and fuels routes 
in CES and in closing the carbon cycle in EIIs. It is thus likely that IEA esti-
mations lack the capability for proper accounting of the emerging technol-
ogies and the very interconnected energy (and chemistry) future panorama. 
On the other hand, the fraction of the current energy uses requiring solar 
fuels, rather than other solutions (direct electrification, for example), may 
range between 20 and 30%. Thus, the IRENA estimation52 appears too opti-
mistic. The European Commission report “Towards net-zero emissions in 
the EU energy system by 2050”55 analysing 18 scenarios to NZE for Europe, 
remarked on the exceptionally large differences in the estimations of CO2 
emission trajectories (ranging from about a negligible reduction with respect 
to the current situation, up to 100% reduction) and in the estimation of the 
different contributions including the role of e-fuels (term used to indicate 
power-to-X technologies), of CES and solar fuels, and of CCS. In general, a 
nearly complete phase-out of the use of fossil fuels by 2050 and a parallel 
increase in the use of renewable energy sources is assumed in scenarios 
reaching at least 90% emission reduction by 2050 (as necessary for the NZE 
target). However, an analysis of their integration reveals that due to their geo-
graphical and temporal mismatch with respect to uses, and due to the too 
large investments necessary to fully change the industrial and energy infra-
structures to use over 60–70% of the energy mix constituted by renewables, 
the targets cannot be reasonably reached without a significant role for CES 
and solar fuels, e.g., by CO2 to chemicals and fuels routes. Thus, looking from 
this perspective, the future of a sustainable society cannot disregard the sig-
nificant role of CO2 to chemicals and fuels technologies. The role of science 
and technology is to enable their effective realization at affordable costs. On 
the other hand, this discussion, even if limited to only a part of the broader 
range of aspects to consider, evidences the difficulty in making precise esti-
mations about the future, the gaps to overcome, and the priorities for R&D. 
The rule of thumb is to have an open mind approach, not limited to consid-
ering few aspects.
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7Turning CO2 into Fuels and Chemicals: An Introduction

1.2.3  �The Cost of CO2 Conversion Technologies
Cost plays a crucial role, although it is not the only parameter in assessing 
the applicability of CO2 to chemicals and fuels technologies. However, even 
here, which could appear a more precise way to evaluate technologies, there 
are extremely large uncertainties. An example of this issue was given in ana-
lysing cost estimations for the CO2 to methanol process.56 From an indus-
trial perspective, assessing the techno-economic feasibility is a fundamental 
step to deciding whether to invest in the development of a technology, even 
at low TRL (technology readiness levels). While this is typically done by the 
in-house engineering expertise within the companies, an abundant litera-
ture also exists on these aspects with the aim to demonstrate the feasibility 
(or not) of certain routes. Various papers have assessed the techno-economic 
feasibility of CO2 utilization routes, with a selection of them being reported 
in the following citations.4,57–76 However, the conclusions are quite contradic-
tory. Hence, a question remains concerning the reliability and robustness of 
these studies, and whether significant barriers exist for the implementation 
and deployment of CO2 to chemicals and fuels routes.

In general, anyone active in the field in the last decade is well aware that 
the scenario for CO2 utilization, in terms of both cost and technical feasi-
bility, has dramatically changed. What appeared some years ago as an aca-
demic exercise11,12 is now often seriously considered as an industrial option. 
Various industrial pilot plants or demo-size units have been constructed to 
evaluate better the techno-economic feasibility. An example is given by CO2 
methanation77–79 or CO2 conversion to methanol.80 Among the companies, 
(a) Haldor Topsoe announced a 50 t per year methanol plant based on their 
eSMR Methanol™ technology to produce sustainable methanol from biogas 
in an electrified reactor, (b) Carbon Recycling International (CRI), together 
with other partners of the MefCO2 project, are building in Germany a ∼300 
t per year CO2-to-methanol demo unit, (c) Thyssenkrupp, as part of the Car-
bon2Chem project, is building 50 t per year of methanol from CO2 for their 
steel mill in Duisburg (Germany), (d) the Audi e-Gas pilot plant produces 
1000 t per year of methane from CO2, (e) Climeworks AG (one of the first 
companies pushing the CO2 direct air technology) and other companies have 
built a pilot for producing 1400 m3 day−1 of synthetic methane from CO2 cap-
tured from the air, as part of the STORE & GO project.

There are many other activities running at demo scale (TRL > 5–6) in the 
area of CO2 conversion to fuels and chemicals, including by electrocatalytic 
routes.29 In contrast to that, the general conclusions that can be derived from 
techno-economic assessments (reported in the literature) are that the barri-
ers for the implementation and deployment of CO2 to chemicals and fuels 
routes are still too large. This agrees with indications of international agen-
cies such as IEA,41b forecasting an essentially negligible role of these technol-
ogies even in 2050, as commented on before. So why do various companies 
invest in costly pilot units when forecasts are so negative? In analogy to the 
assessment of economics for the CO2 conversion routes, the evaluation of 
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Chapter 18

the environmental impact with LCA-type methodologies also resulted in a 
spread of indications.46,81–83 It may be thus surprising why different conclu-
sions can be obtained for the same problem.

The general comment is that techno-economic and environmental assess-
ments require complex methodologies with the final result highly depend-
ing on several parameters, assumptions and boundary limits used for the 
evaluation. Some of them may be critical and thus even if the methodology 
appears rigorous and often follows a standardized approach, as in LCA, dif-
ferent conclusions can be derived. However, without specific experience and 
sensitivity on these aspects (and the use of the results in the proper context 
and limits), it is quite difficult for a reader to derive the correct indications. 
A further general issue is that often the methodologies used, particularly 
those based on LCA, are not able to include the innovation gap correctly, 
i.e. the effective possibility of improvement based on a further technological 
development. This innovation gap is crucial in periods where a full change 
of the system is present, as currently occurring with energy transition. The 
innovation gap appears when a proper pipeline between current and next 
generation technologies is missing. In addition, the strong nexus existing 
between energy and chemical production will change as a consequence of 
the transition.84 This system change is completely transforming the set of 
production, transformation, transport and distribution processes of raw 
materials and products. It is not possible to analyse the techno-economic 
feasibility of CO2 conversion routes making reference to the current system 
and using assessment parameters that do not account for the system change, 
including this evolving nexus.85 A broader-view approach which explores new 
solutions, synergies and possibilities is necessarily guided by an industrial 
vision on targets, issues, integration, and solutions, including new possi-
bilities not currently existing, such as new models of integrated solar- and 
bio-refineries.86–88

To support these indications, it is good to analyse the specific case of 
economic assessment of CO2 conversion to methane or methanol routes  
(power-to-X).56 Figure 1.1 summarizes the results of this analysis (for spe-
cific indications on related references see the original paper56). The results 
are reported as cost of production of methanol (€ h−1) or of methane (€ MW 
h−1) from CO2 by using renewable energy sources as a function of the year of 
publication of the related paper. Even considering that the input data are not 
homogeneous in terms of database for costs of raw materials, technologies, 
approach, and boundary limits, it is evident from this analysis of the liter-
ature on the economic assessment of CO2 to methane or methanol routes 
that the variability of the results falls far beyond the variation range (±30%) 
considered acceptable for preliminary techno-economic evaluations. There 
is an intrinsic basic issue in these estimations.

Figure 1.1 refers only to those power-to-X technologies that are currently 
at a more advanced stage of development (TRL > 5–6) and at demo/pilot 
scale. For other, less mature technologies, like electrocatalytic and even 
less so photocatalytic, the level of uncertainties is even higher and also 

D
ow

nloaded from
 http://books.rsc.org/books/edited-volum

e/chapter-pdf/1336998/bk9781839164071-00001.pdf by Indian Institute of T
echnology M

adras user on 03 F
ebruary 2023



9Turning CO2 into Fuels and Chemicals: An Introduction

techno-economic assessments are limited. While more specific comments 
and analysis of literature results are reported in the paper by Centi et al.56 on 
CO2 economics, here the relevant point is that great care must be taken when 
using these literature assessments in order to judge whether further investi-
gation of the CO2 to chemicals or fuels routes make sense.

Our personal opinion is that a technological gap is still present. The speed 
in overcoming this gap will determine the role played by CO2 to chemicals 
and fuels technologies in the evolving scenario for energy transitions and 
depends on the investments in R&D. These will be determined from the push 
from public and industrial stakeholders to overcome the current technolog-
ical gaps. However, we consider that the conditions exist to accelerate this 
push and we are thus confident that CO2 to chemicals and fuels technologies 
(in synergy with other solutions, but as an alternative to CO2 storage) will 
have an increasing role even in the near future (next decade). Thus, these 
technologies will play an increasing role even starting from 2030 and not 
only in the year 2050 and beyond. However, a requirement is to start investi-
gating them today. In a transition period, technologies related to power-to-X, 
and some biotech routes of CO2 utilization, will be important. However, 
reaching the targets for NZE requires to surpass these technologies (that we 

Figure 1.1  ��An overview of the results in terms of costs of methanol production 
(€ t−1) and of methane production (€ MW h−1) in CO2 conversion using 
H2 produced from renewable energy sources. For indications on the 
references (A1–A38) see the original paper.56 Reproduced from ref. 56, 
https://doi.org/10.3389/fenrg.2020.567986, under the terms of the CC 
BY 4.0 license https://creativecommons.org/licenses/by/4.0/.
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can indicate as first generation) with more efficient and less costly solutions, 
using directly solar energy, rather than (renewable) electrical energy. Substi-
tute fossil fuels with renewable energy sources, beyond a degree of penetra-
tion in the energy mix higher than about 50–60%, also require the effective 
deployment of economic and reliable technologies for CES and production 
of solar- and e-fuels. CO2 conversion to chemicals and fuels will be also cru-
cial in closing the C cycle (and foster circularity) in EIIs. To fully proof these 
indications using the current techno-economic and LCA methods is not pos-
sible, due to the intrinsic weaknesses of these methodologies in the light of 
a full system change. However, at the same time it is not possible to wait for 
more reliable and robust assessment methodologies. Thus, at this stage, it is 
necessary to create more solid scientific and technological bases, and at the 
same time improve the assessment methodologies. This has to be realized 
both on the (i) shorter-term (mature) power-to-X, (ii) the medium-term (elec-
trocatalysis and photoelectrocatalysis, playing both a crucial role in moving 
to a distributed production of chemicals and energy), and (iii) the long-term 
(photocatalysis and some of the biotech approaches, such as electro micro-
bial cells). For thermal conversion of CO2 using CSP we believe that there 
are intrinsic barriers limiting applicability, but nevertheless they should be 
further investigated to prove or disprove their applicability, and in which 
specific cases (and within which boundary limits) they could eventually be 
preferable over alternative options. Still indications do not allow to clarify 
this aspect.

1.3  �Paths in CO2 to Chemicals and Fuels Conversion
Many reviews have analysed and compared the different paths in CO2 to 
chemicals and fuels conversion, a selection of them being cited before. For 
a recent analysis from an industrial perspective, two reviews prepared by 
Johnson Matthey scientists may be cited (Alcasabas et al.89,90). In part I, they 
discuss biological, catalytic and electrocatalytic routes, while in part II pho-
tochemical, photoelectrochemical, plasma and microbial electrosynthetic 
routes are analysed. Among the recommendations and conclusions of these 
reviews are:
  

●● Research needs to be focussed on developing routes to synthetize 
molecules not competing with existing high TRL processes; for 
example, to produce syngas from CO2 (and H2O) and further pro-
duce fuels by the FT (Fischer–Tropsch) process or via methanol. 
These technologies are not suggested as being worthy of investiga-
tion, while it is better to produce CO or formic acid (where electro-
chemical routes offer promise) or especially molecules in the C2–C4 
range (where electrochemistry appears well suited at present) or in 
the C2–C8 range (by biological processes). Figure 1.2 reports the 
possible value chains in multistep conversion of CO2 to fuels and 
chemicals.89,90
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11Turning CO2 into Fuels and Chemicals: An Introduction

●● Some target molecules such as CO, formate and ethylene have shown 
good FEs (Faradaic efficiencies), close to industrially relevant current 
densities. Cell geometries (suitable for industrial scale-up) are funda-
mental (together with electrodes) to achieve these conditions at relevant 
current densities for industrial exploitability (>0.5 A cm−2). However, 
among the issues to be solved are: scale-up, stability and identification 
of degradation routes, production costs, reduction of additional down-
stream steps and separation units. We may further add that the use of a 
different reaction at the anode to produce more valuable products than 
O2 (from water oxidation) is another relevant target.

●● Integration in complete processes and full value chains (some examples 
of this multistep processes are given in Figure 1.2) is crucial. Identifying 
the optimal integration of electrocatalytic, thermocatalytic or biochem-
ical steps is the challenge to be addressed.

●● Plasma technologies are one of the options to consider, being possibly 
the direct coupling with renewable energy, but still requiring specific 
energy inputs (SEI > 60%) at industrially relevant conditions, i.e. under 
ambient or higher pressures, not at pressures below the atmospheric 
one. In addition, they should operate with realistic CO2 streams. Scal-
ability of the different plasma reactors under investigation is also a 
main fundamental aspect to be solved.

  
A comparison of the different technology options in CO2 conversion to 

chemicals and fuels was made by Alcasabas et al.89,90 (Figure 1.3). It represents 
a good way to overview the different options discussed later in this book.

Figure 1.2  ��Creation of a value chain to chemicals and fuels in multiple steps 
from CO2. Key intermediates in bold. Original figure created from data 
reported in ref. 89,90.
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1.4  �Conclusions
This introductory chapter of the book on chemical valorisation of carbon 
dioxide aims to provide some elements to consider going beyond the specific 
technical aspects discussed in the various chapters to analyse the role of the 
various discussed technologies in the context of the future scenario.

For this reason, the main point analysed is whether this research area is 
relevant to shape future sustainable chemical production and related energy 
aspects to meet agreed targets (net-zero emissions in Europe), or will it play 
a minor practical role, notwithstanding the fact that this is one of the areas 
to which the largest scientific attention in the literature is addressed. While 
some reports from international agencies are rather pessimistic about the 
relevance of CO2 conversion to chemicals and fuels path, even for the year 
2050, we stress here that a series of misleading aspects determine this impact.

Figure 1.3  ��Carbon oxidation state versus carbon chain length with identification 
of the main domains of the main technologies for converting CO2 to 
chemicals and fuels. The carbon oxidation state relates to the number 
of electrons needed to convert. Reproduced with permission from ref. 
90 with permission from Johnson Matthey Plc.
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Although a thorough analysis goes beyond the scope of this chapter, we dis-
cussed here some of the relevant elements: (i) how to account for the impact 
on CO2 utilization, (ii) the need to put these routes in the right scenario, and 
(iii) the validity and limits of current techno-economic and life-cycle assess-
ment results. Together with a short analysis of the paths in CO2 conversion 
to chemicals and fuels, this discussion aims to give intellectual nourishment 
to put the specific technical elements discussed in the following chapters in 
a more general context, which can provide indications about the relevance 
(and limits) of the various studies.

We consider CO2 conversion to chemicals and fuels an ensemble of tech-
nologies that will play a crucial role in shaping the future, in particular 
(i) in providing chemical energy storage solutions to store and transport 
renewable energy, (ii) in realizing a distributed production of chemicals 
and fuels, and (iii) in closing the carbon cycle in energy intensive indus-
tries. We propose that technologies for CO2 conversion to chemicals and 
fuels will be a part of the backbone solutions to meet net-zero emission 
targets in 2050, and as such will start playing a significant role from 2030, 
notwithstanding the different ideas present in the literature and in the 
public debate. However, this target can be reached only when current fun-
damental and applied studies are intensified and carried out in closer 
cooperation. Books such as the present will certainly play a relevant role in 
reaching this objective.

List of Abbreviations
ATP	� Adenosine triphosphate
CCS	� Carbon capture and storage
CCU	� Carbon capture and utilization
CCUS	� Carbon capture, utilization and storage
CES	� Chemical energy storage
CO2eq	� CO2 equivalent (the equivalent amount of CO2 which is reduced)
CSP	� Concentred solar power
DME	�D imethyl ether
EIIs	�E nergy intensive industries
EOR	�E nhanced oil recovery
FT	� Fischer–Tropsch
GHG	� Greenhouse gas
IEA	�I nternational Energy Agency
IRENA	�I nternational Renewable Energy Agency
LCA	� Life cycle assessment
NADH	�N icotinamide adenine dinucleotide
NZE	�N et zero emissions
PEC	�P hotoelectrochemical or photoelectrocatalytic
PV/EC	�D evices combining a photovoltaic (PC) and an electrocatalytic 

(EC) cell
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R&D	�R esearch and development
SEI	� Specific energy input
TRL	� Technology readiness levels
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