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Carbon capture and utilization (CCU) has been proposed as a
sustainable alternative to produce valuable chemicals by
reducing the global warming impact and depletion of fossil
resources. To guarantee that CCU processes have environ-
mental advantages over conventional production processes,
thorough and systematic environmental impact analyses must
be performed. Life-Cycle Assessment (LCA) is a robust method-
ology that can be used to fulfil this aim. In this context, this
article aims to review the life-cycle environmental impacts of
several CCU processes, focusing on the production of methanol,
methane, dimethyl ether, dimethyl carbonate, propane and
propene. A systematic literature review is used to collect
relevant published evidence of the environmental impacts and

potential benefits. An analysis of such information shows that
CCU generally provides a reduction of environmental impacts,
notably global warming/climate change, compared to conven-
tional manufacturing processes of the same product. To achieve
such environmental improvements, renewable energy must be
used, particularly to produce hydrogen from water electrolysis.
Importantly, different methodological choices are identified
that are being used in the LCA studies, making results not
comparable. There is a clear need to harmonize LCA methods
for the analyses of CCU systems, and more importantly, to
document and justify such methodological choices in the LCA
report.

1. Introduction

Global anthropogenic fossil CO2 emissions have continuously
increased over the last decades, peaking at 37.9 Gt in 2018.[1]

They represent over 75% of the total anthropogenic green-
house gas (GHG) emissions,[1] causing global warming and
therefore affecting the Earth’s climate system. The Intergov-
ernmental Panel on Climate Change (IPCC)[2] estimates that, if
these emissions keep growing at the current rate, global
warming is likely to reach 1.5 °C between 2030 and 2052. The
Paris Agreement Work Programme, under the United Nations
Framework Convention on Climate Change, aims to maintain
the increase in global average temperature to below 2 °C,
ideally below 1.5 °C, above pre-industrial levels.[3]

Most efforts to mitigate the effects of climate change have
been directed towards reducing anthropogenic CO2 emissions.
Different approaches are being considered by improving the
efficiency of different processes. Alternatively, there are oppor-
tunities to capture CO2 that has been emitted, or would be
emitted, to the atmosphere, preventing an increase of CO2

concentration in the air. Such ‘carbon capture’ options include
Carbon Capture and Storage (CCS), to permanently store CO2

preventing its release to the atmosphere, and Carbon Capture
and Utilization (CCU), to use the captured CO2 in different
industrial applications. Both CCS and CCU support a circular
carbon economy where carbon emissions are reduced, reused,
recycled and removed.

In fact, CCU continues to gain pace. Figure 1 shows the
number of research papers published per year as identified by a

Scopus search of the terms CCU and “CO2 or carbon dioxide” or
“carbon dioxide utili*ation” or “ CO2 recycling” or “ CO2

utili*ation” or “carbon capture and utili*ation” or “carbon
dioxide recycling” or “carbon capture and recycling” or “carbon
dioxide reactions” or “CO2 conversion“ or ”carbon dioxide
conversion“. It can be seen that, since 2012, there has been a
growth in the number of publications demonstrating an
increase in research activity.

Although it has been claimed that CCU may play a role to
both reduce dependency on fossil fuels and reach climate-
change mitigation targets,[4] CCU’s potential to reduce CO2

emissions is very limited compared to that of CCS.[5,6] However,
CCU has other advantages by providing valuable CO2-based
products,[7] enhancing resource scarcity and minimizing the use
of fossil resources.[8] Numerous reports have discussed the
potential of using CO2 as an alternative carbon source within
the chemical industry.[7,9,10] It has also been claimed that CCU
has the potential to strengthen business models for further
industrial emissions reduction.[11]

The International Energy Agency[7] identified five categories
of such products: fuels, chemicals, building materials from
minerals, building materials from waste and fertilizer of bio-
logical processes. The production of fuels could increase the
demand of CO2 by up to 2050 Mt per year,[12] or between 500
and 6200 Mt CO2 per year in 2050 for CO2-based fuels,
chemicals and concrete building materials.[13] Other sources
give a much higher estimation, with a potential of CO2 used in
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a circular carbon economy to be about 14 Gt CO2 per year in
2050,[14] either temporarily or on a longer time scale.

The only way to make CO2-based products competitive in
the market is to ensure that they have associated economic
and/or environmental benefits over the current manufacturing
of these products, or to manufacture products with an
improved performance over existing similar products. Since
CO2-based products are commonly the same as those they
could substitute (they are chemically identical but are manufac-
tured by a different reaction and from different raw materials),
and generally CO2-based products are still more expensive than
the substituted products, the potential environmental benefits
of the CO2-based products may be the key factor that could
make their manufacturing more favorable. Assessing such
environmental impacts and benefits of CO2-based products is
challenging due to the amount of data and calculations
required.

Life-Cycle Assessments (LCA) are needed to obtain reliable
environmental results.[15] LCA is a widely used methodology to
assess the environmental impacts of products in all their life-
cycle stages and its use is increasing in both the research field
and the industrial sector.[16] Due to its increasing popularity in
the last twenty years, LCA has been standardized by the
International Organization for Standardization.[17,18] Conse-
quently, there is a clear need to undertake LCAs of CCU
processes to quantify environmental impacts or benefits of
these solutions.[19–23] Nevertheless, there is a lack of such
studies.[5,24–27] Some CCU processes and products have not yet
been studied. For others, such studies become quickly
outdated, since research in the CCU field is rapidly evolving and
providing novel, better solutions. In this context, we believe
that an article that reviews and discusses all the published
evidence of the life-cycle environmental impacts of the most
promising CCU technologies, focusing on the most-recently
published studies, would be a very valuable contribution to the
CCU community. Furthermore, as the LCA methodology keeps
constantly evolving too, a critical analysis of the LCA methodo-
logical decisions undertaken in CCU studies is also needed.
Such analysis would clarify which products could be produced
via CCU rather than by conventional methods, so their life-cycle
environmental impacts can be reduced. Although some

valuable tutorials and reviews have been published in the past
on this area (e.g., von der Assen et al.[28] and Thonemann[29]),
several key studies have been published since, some new
developments have been achieved, and important CCU prod-
ucts have not yet been analyzed.

Based on these considerations, this article aims to analyti-
cally review the life-cycle environmental impacts of some of the
most promising products that could be manufactured from
CO2, at an industrial scale in the short-medium term. The CO2-
based products selected for this study were methanol, methane,
dimethyl ether (DME), dimethyl carbonate (DMC), propane and
propene. We aimed to compare the key results for each product
as well as the main methodological approaches used in the
reviewed papers. This article is structured as follows: Section 2
describes the methodology used to undertake the review of the
state of the art, Section 3 identifies the CO2-based products to
be analyzed, Section 4 assesses the environmental impact of
these products, Section 5 discusses the use of LCA method-
ology to assess the environmental impacts of CCU, and
Section 6 provides a summary of the main conclusions of the
article.

2. Methodology

The objective of the analytical literature review is to identify
and critically analyze the most relevant, up-to-date articles and
reports on life-cycle environmental impacts of CCU routes to
produce valuable chemicals. The review methodology used to
achieve this aim consists of six stages, as shown in Figure 2.
Five of these stages are based on the methodology followed by
Stone and Rahimifard,[30] who, in turn, applied the methodology
explained by Denyer and Tranfield.[31] The six stages of the
review methodology are explained below.

2.1. Formulation of review questions

The formulation of review questions can aid to narrow down
the scope of the analytical review and clarify what should be
considered and excluded from the study. In order to review the
life-cycle environmental impacts of CCU routes to produce
valuable chemicals, the following questions must be answered:
1. What are the potential environmental impacts and/or

benefits of producing these products from CO2, in compar-
ison with traditional methods?

2. To what extent has the LCA methodology been consistently
used to study the environmental impacts of CCU?
Sections 3–5 aim to answer these questions from the

findings of the analytical literature review.

2.2. Definition of a precise review scope

Answering the first review question from the previous section is
necessary to define the precise scope of the analytical literature
review, as it identifies the products and technologies to be
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Sheffield, UK. Peter’s main research areas
cover novel sorbents and processes for
carbon dioxide capture and purification, proc-
esses for carbon dioxide utilization, including
catalysts design, and techno-economic analy-
sis of CDU processes. He is a Fellow of the
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analysed in detail from an environmental perspective. There-
fore, a preliminary, broad review of CCU products and processes
was undertaken to identify such products and technologies,
which were later considered in the comprehensive literature
search (Section 2.3 and Table 1). This preliminary analysis was
completed by a review of the most up-to-date, relevant, high-
quality articles that analyse future prospects of CCU products
and processes, along with the authors’ knowledge in the
subject and consultation with experts. The results of such
preliminary analysis are summarised in Section 3.

2.3. Location of literature

Once the review scope was precisely defined in Stages 1 and 2,
the most relevant literature was identified in Stage 3. To do so,
a list of keywords relevant to the review scope was prepared.
These keywords were classified into three categories, as shown
in Table 1: words related to CCU, to the environment, and to
CCU products (primary, secondary and tertiary words, respec-
tively). The list of products (tertiary words) was shortlisted in
Stage 2.2 and will be explained in more detail in Section 3.
Since different synonyms and abbreviations are used in differ-
ent articles, different terminologies were used to list keywords
(e.g., “carbon capture and utili*” and “CCU”). However, this was
not deemed necessary for the term “life cycle”, because this is
often followed by several different words, such as “assessment”,
“analysis”, “study”, “environmental impacts”, and in the most
common term (LCA, i. e., “life-cycle assessment”), the words “life

cycle” should appear in the text the first time the abbreviation
is used. Furthermore, the term “carbon capture” was not specific
enough as this could refer to carbon capture and storage (CCS).
The asterisk symbol * was used in the searches to find keywords
with the same letters on the left of * (e.g., “utili*” would search
for “utilisation” and “utilization”, “environment*” would search
for “environment” and “environmental”). Similarly, quotation
marks “” were used to find specific phrases (e.g., “CO2
utilization”, rather than “CO2” AND “utilization”). It must be
noted that “CO2-based” shows results of both “CO2-based” and
“CO2 based”.

The keywords listed in Table 1 were used to create search
strings in the following way: one primary word AND one
secondary word AND one tertiary word. For instance, the
following search strings were used for the first, secondary and
tertiary words: “Carbon capture and utili*” AND Environment*
AND Methanol. Consequently, 128 search strings were used in
total. It must be noted that the same articles were frequently
found by using different search strings. The search strings
selected were used in online searches undertaken between
November and January 2020, in Scopus. Some articles that were
published after this period, and that were found while this
article was being written, were also analyzed.

2.4. Selection and evaluation of relevant literature

A total of 21440 articles were found by the search strings
described in the previous section. As the total number of papers
found was too high to be manually screened, a number of steps
were taken to reduce this list to the key papers. The number of
papers left after each step is collected in Table 2. This process
was undertaken by exporting the list generated in each search
engine to an Excel spreadsheet, which allowed for an easier
examination of the articles’ information by displaying different
fields and metadata in columns, and then using built-in Excel
functions to search and organize data.

Figure 2. Methodology for analytical review, partially based on previous reviews.[30,31]

Table 1. Generation of search strings by combination of three-level keywords.

Primary words
(CCU related)

Secondary words
(environment related)

Tertiary words
(products)

“carbon capture and utili*” environment* methanol
“CO2 utili*” “life cycle” methane
CCU emission* dimethyl ether
“CO2-based” greenhouse dimethyl carbonate (and dimethylcarbonate)

propane
propene (and propylene)

Table 2. Number of papers found initially and remaining after each filter.

Criteria Number of articles

total papers found 21440
unique papers found 5729
�2015 or �100 citations 5110
filter by number of citations 1977
SCImago journal ranking �1 1145
title/abstract screening 255
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During the different searches, a number of articles appeared
multiple times, so duplicates were removed. In order to find the
most relevant and updated articles in the subject, articles
published in the last six years were prioritized (2015–2020).
However, there were a number of relevant articles published
prior to 2015 that should be considered, so articles with a
number of citations larger than 100 were included regardless of
the year of publication. Due to the recent growth in the CCU
field, and particularly the increased application of LCA and
environmental impact studies to this field, most relevant articles
in this field were published after 2015 nonetheless, since, as
noted by von der Assen,[32] LCA was not standard practice for
environmental studies of CCU before 2014.

In order to reduce the list of papers further, this list was
scrutinized to remove articles that did not meet the following
criteria, regarding the number of citations and the publication
year as shown in Table 3.

The articles must have been written in English language,
have been accessible online and have been peer reviewed
(except grey literature from prestigious organizations). Articles
published in a journal with an SCImago journal ranking (SJR)
equal or higher than 1 were considered further. SJR is a numeric
value indicating the relative impact of the journal where the
article is published. It is calculated by the number of citations
that journal has, and the importance of the journals where
those citations originated from.

The remaining articles were filtered on the basis of title and
abstract content. Within the field of CCU there are not only
many technology options, but a significant amount of catalysts
for each process. Many of the articles referred to the synthesis
and tailoring of the catalysts for the reactions, with no mention
of the environmental impact or were not directly related to the
research questions.

The analysis described in this subsection reduced the initial
search pool from the initial 21440 articles to a refined 255
articles.

2.5. Literature analysis

In this stage, the final list of 255 articles generated from the
previous stages was closely analyzed to find the answers to the
questions listed in Section 2.1. A detailed read of each of the
articles was used to identify and extract the most relevant
information.

2.6. Reporting of the findings

In this final stage, the findings from the literature analysis were
reported, as well as the extent to which the collected findings
have addressed the research questions from Section 2.1. These
findings, structured in three sections addressing one research
question each, are reported in the next sections.

3. Production of Valuable Products from CO2

There is a wide range of products that can be produced from
CO2, such as fuels, chemicals and building materials. This
section aims firstly to identify the most common CO2-based
products currently manufactured in the industry, to then focus
on the CO2-based products considered in the scope of this
article: methanol, methane, DME, DMC, propane and propene.
Additionally, the technologies needed to manufacture such
products by current, standard methods are identified in this
section.

Out of the current 230 Mt of CO2 consumed per year,
130 Mt are used to manufacture urea, 70–80 Mt to support
enhanced oil recovery operations, around 14 Mt are used in the
food and drinks sector, while the rest is used in applications
such as fabrication of metal, cooling, fire suppression and in
greenhouses to stimulate plant growth.[7] The production of
urea, an important fertilizer, is produced commercially by
reacting ammonia and CO2 via the Bosch-Meiser process,
developed in 1922.[33]

Recent research has enabled the production of a number of
new CO2-based products. Since these products are currently
produced by traditional methods that have been optimized
over time, CO2-based products are not often economically
profitable. Chauvy et al.[34] applied a multi-criteria assessment to
classify viable emerging CO2-based products according to
technical, economic, energetic, environmental and market
considerations. This assessment was based on the Analytical
Hierarchy Process (AHP) method, qualitative uncertainty analysis
and sensitivity analysis. Their results show that the most
promising CO2-based products, suitable for short-term imple-
mentation, are methanol, DMC and methane. This is, for
methanol and methane, because of the maturity of their
manufacturing technology, size of the market potential and the
applicability of the products. DMC, on the other hand, is a
highly valuable chemical and its production from CO2 seems to
be less toxic than its conventional manufacturing. For these
three products, their manufacturing, starting from CO2 as a raw
material, could be commercialized in less than five years, with a
current Technology Readiness Level (TRL) of 7–9.[34–36] TRLs are
scales widely used by the industry to assess maturity of
different technologies and enable comparison between
them.[37] They range from 1 (observation of basic principles) to 9
(demonstration in operational environment).

DME can be used as a clean fuel, substituting diesel and as
a valuable intermediate in the petrochemical industry.[38] Its
manufacturing from CO2, although expensive due to high
electricity costs, has been proven as technically feasible, which

Table 3. Filter by number of citations.

Publication year Number of citations needed to pass filter

prior to 2015 100
2015 50
2016 40
2017 30
2018 20
2019 10
2020 0

ChemSusChem
Reviews
doi.org/10.1002/cssc.202002126

999ChemSusChem 2021, 14, 995–1015 www.chemsuschem.org © 2020 The Authors. ChemSusChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 16.02.2021

2104 / 190529 [S. 999/1015] 1

http://orcid.org/0000-0001-5562-9197


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

is promising due to the projected increase of DME market value
and demand.[39] Propane is a fuel currently used for heating,
cooking and transportation. Its market was estimated at 195 Mt
in 2016 and is expected to keep growing.[40] Propane can be
produced from CO2 via methanol synthesis.[41,42] Propene (also
known as propylene) is used as a feedstock to produce a variety
of chemicals, including polypropylene, propylene oxide and
acrylonitrile. Propene manufacturing from CO2 and H2 has
already been investigated.[43] The CarbonNext project[44] also
identified propene, methanol, methane and DME (along with
other six chemicals) as the best suited chemicals to be
produced from CO2 and therefore replace fossil sources, based
on their TRL, market value, CO2 utilization potential and not
requiring of other non-catalytic chemical inputs that contain
fossil carbon.

Table 4 shows, for each of the six aforementioned products,
the standard, most common processes currently used for their
industrial manufacturing. The environmental impact associated
to these processes to produce the shortlisted products, is
assessed in Section 4.

The distribution of papers screened according to the
publication year is shown in Figure 3. The number of relevant
publications has generally increased over the years. This article
was written in early 2020, so only a few articles published in
2020 were found and registered within this review.

A thorough analysis of the papers found, revealed that from
the 255 screened papers, 103 were not relevant (i. e., did not
report on environmental impacts of the CCU products). The
distribution of products studied in the papers can be seen in
Figure 4. The main product studied in the literature examined is
methanol, followed by methane and fuels, hydrocarbons and
lower olefins. The need for hydrogen has been found as a
hotspot in many carbon capture and utilization processes, and

as a result, a number of papers focus upon the generation of
hydrogen. A small fraction of the papers made no reference to
a particular product or referred to different aspects of LCA.
When a paper studied more than one product, it has been
included in each product’s chart fraction.

4. Environmental Impacts and Benefits of
Producing the Identified Products from CO2

In general, CCU routes to produce a chemical are considered
more environmentally friendly than conventional technologies,
since CCU utilizes CO2 that would otherwise be in the
atmosphere (consequently, the global warming impact may be
reduced), and it uses CO2 instead of fossil resources as a raw
material (therefore, the resources depletion impact may be
reduced). This is illustrated in Figure 5, where the process gas
from a point source containing CO2 becomes the feedstock for
the CCU plant. The production of the chemical from CO2

displaces the use of fossil sources within the chemical industry
and reduces the emissions of CO2 from the point source.

However, even if the global warming and resources
depletion impacts are reduced by implementing a CCU
technology, the environmental impact of other impact catego-
ries may increase, for instance, ecotoxicity, acidification, or

Table 4. Main processes to manufacture the shortlisted products.

Product Current standard process Ref.

methanol hydrogenation of carbon monoxide (from syngas) [45]
methane hydrogenation of carbon dioxide (Sabatier reaction) [46]
DME methanol dehydration from syngas [47]
DMC reaction of phosgene [48]
propane production from natural gas or oil refining [49]
propene steam cracking of naphtha and gas oils [50]

Figure 3. Number of publications per year.

Figure 4. Product focus distribution within the screened papers.

Figure 5. Basic comparison between conventional and CCU production.
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ionizing radiation (namely, “burden shifting”). Furthermore, CO2

emissions and resource use may also increase with CCU
solutions since these options generally need a significant
amount of energy to capture CO2 and then transform it to the
final product.

For instance, the energy requirement of capturing CO2,
known as energy penalty, is often significant, and depends on
the capture technology used and the point sources (i. e., where
CO2 is captured from). Currently, the additional energy input
per t of CO2 captured is higher for natural gas power plants
than for coal power plants, but the CO2 penalty is considerably
lower for natural gas power plants. This is due to the lower
specific CO2 emissions of natural gas combustion.[51–53] Carbon
capture from refinery processes requires the least additional
primary energy, and when related to natural gas, the CO2

penalty is considerably lower than for cement or iron and steel
production. Cement production has the highest additional
energy input per CO2 captured, and as coal is primarily utilized,
the CO2 penalty is considerably higher than for the other
evaluated processes.[51,54] Once CO2 has been captured, its
activation is key to achieve an environmentally friendly (and
economically feasible) CCU process.[55]

Therefore, energy requirements continue to remain a key
issue in CCU, as energy for CO2 utilisation must come from low-
carbon sources to ensure minimal environmental impacts.
Kätelhön et al. calculated that 55% of the global energy
production in 2030, that is, more than 18 PWh, would be
required to realise the potential of CO2 utilisation.[56] And herein
lies a conundrum for CO2 utilisation matching the potential to
create low-carbon chemicals with the vast amount of low-
carbon energy that this would require. To reduce the energy
requirement, the SCOT project[57] identified key technical
research and innovation challenges such as catalysis, reactor
design, separation techniques and novel reaction pathways.

To consider the aforementioned aspects and evaluate life-
cycle environmental impacts in a systematic manner, it is
important to use an LCA methodology, as this allows analyzing
environmental impacts of CCU technologies, considering a wide
range of environmental impacts, and all relevant processes and
stages of the supply chain. The next subsections show the
reported environmental impacts of producing the chemicals
identified in Section 3 via both conventional and CCU methods,
with a focus on LCA studies and considerations.

4.1. Methanol

Methanol can be used as a fuel, for example, for internal
combustion engines, fuel cells and stoves. Due to its high-
octane rating, it is a good additive or substitute for gasoline in
internal combustion engines.[58,59] With cleaner burning proper-
ties than regular gasoline, it reduces the emission of other
pollutants as well. Recent studies demonstrate an interest on
the use of alcohols, such as methanol, as fuel in sectors difficult
to decarbonize, like maritime[60] and aviation.[61] Methanol can
be transformed into ethene, propene, formaldehyde, acetic acid
and other products usually derived from petrochemicals.

Through the methanol-to-olefins process, it can produce light
olefins like ethene and propene, commonly used to make
polymers.

Methanol is traditionally produced by the hydrogenation of
carbon monoxide, where pressurized synthesis gas (syngas)
reacts in the presence of a catalyst. Syngas can be produced
either by steam reforming in the case of light hydrocarbons,
such as natural gas or light naphthas, or by partial oxidation, in
the case of heavy oils or solid carbonaceous materials. Typical
CO2 emissions from methanol production range between 0.5
tCO2 eq t� 1

methanol for steam reforming with primary reform and 1.4
tCO2 eq t� 1

methanol for partial oxidation of residual oil (Table 5).[62] In
Europe, due to the use of both technologies, the average CO2

emissions (direct and indirect) are assumed to be 0.76
tCO2 eq t� 1

methanol.
[63] Artz et al. reviewed LCA studies on methanol

and provided a more recent and narrower estimated range of
the global warming impact of methanol produced by fossil-
based processes of 0.68–1.08 tCO2 eq t� 1methanol.

[64]

Methanol produced with renewable energy, water and CO2

has been described as one of the most promising future fuel
options.[65–72] A successful example is the work carried out by
Khanipour et al.,[73] who proposed a new configuration of a flare
gas treatment to collect hydrogen and CO2 that is subsequently
reacted to produce methanol. They estimated that this allowed
avoiding the emission of 300 tCO2

per day.
It has been estimated that the net CO2 emissions for a plant

producing methanol from the hydrogenation of captured CO2

are 0.23 tCO2
t� 1methanol

[63] (lower than the average emissions of
European methanol plants of 0.76 tCO2

t� 1
methanol). Moreover, since

the discussed hydrogenation process utilizes up to 1.4
tCO2

t� 1
methanol, the net amount of CO2 avoided, compared to the

current average emissions, is in the region of 2 tCO2
t� 1methanol.

[63]

According to this study, the yearly direct and indirect gate-to-
gate emissions of the CCU process to produce methanol was
0.1 Mt y� 1, while a conventional plant to synthesize methanol
emits 1.7 Mt y� 1. The CO2 not produced, defined as the
difference between the CO2 emissions of the conventional route
compared to the CCU route, was 0.54 tCO2

t� 1
methanol. The CO2

avoided, defined as the difference between the CO2 not
produced and the CO2 that enters the CCU plant as a raw
material to be used, was 2 tCO2

t� 1methanol. However, this study
considered that the hydrogen required to synthesize methanol
was provided by a hydrogen network that was outside of the
boundaries of their study. If full life-cycle emissions are
considered, hydrogen production must be taken into account,
and this would significantly impact the overall CO2 emissions
reductions. Considering the methanol production volume in
2011 in the European Union, CO2-based methanol could avoid
the emission of nearly 4 Mt of CO2 per year.[74]

Nguyen and Zondervan[75] compared the CO2 emissions of
methanol production by hydrogenation, bi-reforming and tri-
reforming of CO2. Both direct (from flue gases) and indirect
emissions (from steam and electricity generation, from hydro-
gen and oxygen production and from the natural gas supply
chain) were considered. For a methanol plant with capacity of
3500 t day� 1, CO2 hydrogenation with hydrogen from steam
reforming showed the highest CO2 emissions (1.47 tCO2

t� 1
methanol)
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Table 5. CO2 emissions of different methods to produce methanol.

Technology/
process

System boundaries Hydrogen and electricity
source

CO2 emissions Notes Ref.

steam reform-
ing with pri-
mary reform

cradle-to-gate 0.5 tCO2 eq t� 1
methanol

standard production (non-
CCU)

[87]

partial oxidation
of residual oil

cradle-to-gate 1.4 tCO2 eq t� 1
methanol

standard production (non-
CCU)

[87]

steam reform-
ing of natural
gas

cradle-to-gate 0.85 tCO2 eq t� 1
methanol

standard production (non-
CCU); includes emissions asso-
ciated to production and trans-
port of natural gas

[43]

steam reform-
ing of natural
gas

cradle-to-gate; construction,
fuel production, and disas-
sembly of the production
plant is included; utilities
(heat and electricity) are in-
cluded

0.67 tCO2 eq t� 1
methanol

standard production (non-
CCU)

[88]

steam reform-
ing or partial
oxidation

cradle-to-gate 0.68–1.08 tCO2 eq t� 1
methanol

standard production (non-
CCU)

[64]

hydrogenation
of CO2, Cu/ZnO/
Al2O3 catalyst

cradle-to-gate various 1.21–1.44 tCO2 eq t� 1
methanol

values for several reviewed
studies

[64]

hydrogenation
of CO2, Cu/ZnO/
Al2O3 catalyst

gate-to-gate, including CO2

capture and conversion, hy-
drogen production, infrastruc-
ture; excluding transport, stor-
age, and recovery and reuse
of catalyst

wind-based electricity for
water electrolysis, European
energetic mix ENTSO� E for
CO2 capture and conversion

0.226 tCO2 eq t� 1
methanol (indi-

rect+direct)
includes the utilization of 1.6
tCO2

t� 1
methanol as feedstock; CO2

captured with MEA from a
conventional cement plant; an
allocation of CO2 emissions
from cement plant (clinker pro-
duction) is included

[78]

hydrogenation
of CO2, Cu/ZnO/
Al2O3 catalyst

gate-to-gate, excluding hy-
drogen generation and car-
bon capture

hydrogen generation not in-
cluded, electricity use (for
compression and pumping)
from conventional pulverised
coal power plant; 0.17 MWht� 1

for electricity requirements to
produce methanol

0.13 tCO2 eq t� 1
methanol does not include the utilization

of � 1.46 tCO2
t� 1
methanol as feed-

stock

[63]

hydrogenation
of CO2, Cu/ZnO/
Al2O3 catalyst

emissions from flue gases,
steam and electricity genera-
tion, hydrogen and oxygen
production and the natural
gas supply chain were consid-
ered

electricity from natural gas,
hydrogen from steam reform-
ing

2.983 tCO2 eq t� 1
methanol average for three plant capaci-

ties (300, 1500, and 3500 t
day� 1); does not include the
utilization of � 1.54 tCO2

t� 1
methanol

as feedstock

[75]

hydrogenation
of CO2, Cu/ZnO/
Al2O3 catalyst

emissions from flue gases,
steam and electricity genera-
tion, hydrogen and oxygen
production and the natural
gas supply chain were consid-
ered

electricity from natural gas,
hydrogen from wind-powered
electrolysis

0.657 tCO2 eq t� 1
methanol average for three plant capaci-

ties (300, 1500, and 3500 t
day� 1); does not include the
utilization of � 1.54 tCO2

t� 1
methanol

as feedstock

[75]

hydrogenation
of CO2, Cu/ZnO/
Al2O3 catalyst

emissions from flue gases,
steam and electricity genera-
tion, hydrogen and oxygen
production and the natural
gas supply chain were consid-
ered

electricity from natural gas,
hydrogen from reforming of
biomethane from wood

1.958 tCO2 eq t� 1
methanol average for three plant capaci-

ties (300, 1500, and 3500 t
day� 1); does not include the
utilization of � 1.54 tCO2

t� 1
methanol

as feedstock

[75]

hydrogenation
of CO2, Cu/ZnO/
Al2O3 catalyst

emissions from flue gases,
steam and electricity genera-
tion, hydrogen and oxygen
production and the natural
gas supply chain were consid-
ered

electricity from natural gas,
hydrogen from biomass gas-
ification

1.110 tCO2 eq t� 1
methanol average for three plant capaci-

ties (300, 1500, and 3500 t
day� 1); does not include the
utilization of � 1.54 tCO2

t� 1
methanol

as feedstock

[75]

hydrogenation
of CO2, Cu/ZnO/
Al2O3 catalyst

emissions from flue gases,
steam and electricity genera-
tion, hydrogen and oxygen
production and the natural
gas supply chain were consid-
ered

electricity from natural gas,
hydrogen from solar-powered
electrolysis

1.508 tCO2 eq t� 1
methanol average for three plant capaci-

ties (300, 1500, and 3500 t
day� 1); does not include the
utilization of � 1.54 tCO2

t� 1
methanol

as feedstock

[75]

hydrogenation
of CO2, Cu/ZnO/
Al2O3 catalyst

emissions from flue gases,
steam and electricity genera-
tion, hydrogen and oxygen
production and the natural

electricity from natural gas,
hydrogen from hydro-powered
electrolysis

0.899 tCO2 eq t� 1
methanol average for three plant capaci-

ties (300, 1500, and 3500 t
day� 1); does not include the
utilization of � 1.54 tCO2

t� 1
methanol

as feedstock

[75]
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Table 5. continued

Technology/
process

System boundaries Hydrogen and electricity
source

CO2 emissions Notes Ref.

gas supply chain were consid-
ered

bi-reforming emissions from flue gases,
steam and electricity genera-
tion, hydrogen and oxygen
production and the natural
gas supply chain were consid-
ered

electricity from natural gas 1.768 tCO2 eq t� 1
methanol average for three plant capaci-

ties (300, 1500, and 3500 t
day� 1); does not include the
utilization of � 0.36 tCO2

t� 1
methanol

as feedstock

[75]

tri-reforming emissions from flue gases,
steam and electricity genera-
tion, hydrogen and oxygen
production and the natural
gas supply chain were consid-
ered

electricity from natural gas,
oxygen from cryogenic air-dis-
tillation

1.726 tCO2 eq t� 1
methanol average for three plant capaci-

ties (300, 1500, and 3500 t
day� 1); does not include the
utilization of � 0.36 tCO2

t� 1
methanol

as feedstock

[75]

tri-reforming emissions from flue gases,
steam and electricity genera-
tion, hydrogen and oxygen
production and the natural
gas supply chain were consid-
ered

electricity from natural gas,
oxygen from water electrolysis

1.763 tCO2 eq t� 1
methanol average for three plant capaci-

ties (300, 1500, and 3500 t
day� 1); does not include the
utilization of � 0.36 tCO2

t� 1
methanol

as feedstock

[75]

steam reform-
ing of natural
gas

cradle-to-gate; utilities (elec-
tricity, heat and water) are
included; distribution is ex-
cluded

electricity from European grid
mix

0.525 tCO2 eq t� 1
methanol (from

ecoinvent 3)

standard production (non-
CCU)

[77]

electrochemical
reduction of
CO2 with water

cradle-to-gate; utilities (elec-
tricity, heat and water) are
included; distribution is ex-
cluded

electricity from photovoltaic
panels; no hydrogen used

949 tCO2 eq t� 1
methanol

assumed feedstock CO2 free of
environmental burdens

[77]

hydrogenation
of CO2

process-related emissions
only

hydrogen from water electrol-
ysis powered by wind electric-
ity

0.123 tCO2 eq t� 1
methanol

does not include the utilization
of 1.37 tCO2

t� 1
methanol as feed-

stock, nor the emission associ-
ated to the CO2 source (0.58
tCO2

t� 1
methanol)

[43]

reduction of
CO2 to CO,
water gas shift
and methanol
synthesis

cradle-to-gate; construction,
fuel production, and disas-
sembly of the production
plant is included; utilities
(heat and electricity) are in-
cluded

hydrogen generated on site
via water gas shift, heat and
electricity generated from con-
ventional fuels

1.87 tCO2 eq t� 1
methanol

includes the utilization of CO2

as feedstock
[88]

reduction of
CO2 to CO,
water gas shift
and methanol
synthesis

cradle-to-gate; construction,
fuel production, and disas-
sembly of the production
plant is included; utilities
(heat and electricity) are in-
cluded

hydrogen generated on site
via water gas shift, heat and
electricity generated from so-
lar energy

-1.70 tCO2 eq t� 1
methanol

includes the utilization of CO2

as feedstock
[88]

hydrogenation
of CO2

cradle-to-gate electricity from the German
grid mix, hydrogen from poly-
mer electrolyte membrane
electrolysis

6.27 tCO2 eq t� 1
methanol

no environmental impact allo-
cated to the generation of CO2

used as feedstock

[29]
(based
on
[78,79,
89–
94])

hydrogenation
of CO2

cradle-to-gate electricity from wind energy,
hydrogen from polymer elec-
trolyte membrane electrolysis

-0.87 tCO2 eq t� 1
methanol

no environmental impact allo-
cated to the generation of CO2

used as feedstock

[29]
(based
on
[78,79,
89–
95])

hydrogenation
of CO2

cradle-to-gate hydrogen from electrolysis
powered by wind energy

0.3 tCO2 eq MJ� 1
methanol

CO2 captured from biomass
fermentation

[96]

electrochemical
methanol pro-
duction

gate-to-gate carbon neutral renewable en-
ergy input

1:74 � 10� 6 tCO2 eq MJ� 1 CO2 captured does not have an
allocated impact

[83]

hydrogenation
of CO2 using so-
lar energy

cradle-to-gate considers utilities from solar
energy or conventional fuels

normalised results against
reference (100%); 278%
larger GWP when using
conventional fuels and
� 253% when using solar
energy

the construction of the meth-
anol plant is also considered
separately, at 1.87
kgCO2 eq kg� 1

methanol for utilities
from conventional fuels and
� 1.71 kgCO2 eq kg� 1

methanol using
solar energy

[79]
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due to the hydrogen production. Tri-reforming processes
performed slightly better than bi-reforming. Hydrogenation
with solar, biomass, hydropower and wind achieved negative
CO2 emissions. Wind-powered hydrogenation showed the low-
est CO2 emissions, with � 0.86 tCO2

t� 1methanol. All technologies
considered in the study reduced CO2 emissions compared to a
typical industrial methanol plant (1.5–1.9 tCO2

t� 1methanol, according
to this study, higher than current average European emissions).

Milani et al.[76] modelled the integration of CO2 captured
from a power plant into an existing methanol plant fed with
natural gas, in order to produce CO2-based methanol. Results
showed that this integration achieved a combined reduction in
CO2 emissions of 21.9% for both the power plant and the
methanol plant, which corresponds to 502 tCO2

h� 1.
In contrast with the previous studies, Abanades et al.[24]

compared the CO2 mitigation potential of a CCU system
powered with renewable energy producing methanol (taken
from Pérez-Fortes et al.[63]) to the conventional methanol
production from fossil fuels, and concluded that the CCU
system did not perform better with regard to climate change
impact. The authors also estimated that a CCS option using
renewable electricity is significantly more effective at reducing
CO2 emissions than the CCU system.

Rumayor et al.[77] compared the carbon footprint for the
production of methanol by the conventional natural gas route,
via direct hydrogenation of CO2 and via electrochemical
reduction of CO2. The electrochemical reduction of CO2 showed
much higher CO2 emissions than direct hydrogenation due to
the large need for steam for heating in the distillation process.
In what the authors labelled as “ideal conditions” and including
the amount of CO2 used to produce the methanol, these
emissions could be significantly reduced and become even
smaller to those of the conventional process.

Meunier et al.[78] reported a reduction of 1.3 tCO2 eq t� 1
methanol

for an integrated CO2 based process in comparison to 2.8
tCO2 eq t� 1

methanol for the reference system based on the CO2

emissions from cement plant without CO2 capture and from the
conventional process for the production of methanol from
steam methane reforming of natural gas. Similar results were
achieved by other authors,[79–81] when comparing traditional
methanol production via natural gas and the utilization of CO2

from flue gases combined with solar energy for the production
of methanol. All “sunshine-to-petrol” processes showed neg-
ative global warming potential scores compared to a conven-
tional natural gas-based route. In fact, solar energy can be used
to perform electrolysis of water, or perform photoelectrochem-
ical water splitting via a thermochemical route, in both cases
generating hydrogen for compression and further uses for
methanol synthesis.[82]

Well-to-wheel LCAs can be used to compare environmental
impacts of different fuels, considering the extraction of
materials, the production of the fuel, its distribution to the
vehicle, and the utilization of the fuel in the vehicle. The well-
to-wheel CO2 emissions of methanol from CO2 recycling and
hydrogen from renewable sources were estimated at 1.74
gCO2 eq MJ� 1, significantly smaller than the reference fossil fuel
emission of 83.8 gCO2 eq MJ� 1 chosen as the comparator by the

EU Fuel Quality Directive for biofuels.[83] This study estimated
that the well-to-wheel GHG emissions of CO2-methanol pro-
duced with renewable energy were reduced by 98% compared
to gasoline and diesel.

The electricity requirements for the reaction to produce
methanol by CO2 hydrogenation are usually large. They have
been estimated to be 0.17 MWh t� 1methanol.

[63] However, this figure
excludes the hydrogen production and the carbon capture
process. Furthermore, in order to maintain a negative CO2

balance for the process, it is imperative that a renewable source
of electricity is used. More than 80% of the energy needed to
produce methanol from CO2 is required to produce renewable
hydrogen, whilst around 10% is needed to capture CO2 from a
fossil-fired power station.[6] If CO2 is captured from air instead,
the energy required for the process would increase from 43–
44 GJ t� 1methanol [with an energy return on energy invested (EROEI)
of 0.45] to around 60 GJ t� 1methanol (with an EROEI=0.33).[6] These
EROEI values are too low compared to those of mature energy-
supplying technologies. Because of this low energy density and
high energy required to produce CO2-based methanol, this
product could be more useful as a feedstock in the chemical
industry, rather than as an energy carrier. These numbers are
similar to those provided by Parra et al.,[27] who concluded that
more than 90% of the life-cycle environmental impact of fossil-
free hydrogen production is caused by the electricity supply for
the electrolysis process. Koj et al.,[84] in their analysis of 32 LCA
studies on Power-to-X, also concluded that the choice of
electricity source, from renewable or fossil sources, affects the
environmental performance of the process to a great degree.

It has been estimated that if renewable electricity is used for
water electrolysis, CO2-based methanol has a lower global
warming impact than fossil-based methanol.[64,85] However, the
global warming impact is higher if electrolysis is undertaken
with fossil-based electricity (particularly coal) or if hydrogen is
supplied by steam methane reforming of natural gas. It was
estimated that, in a 2020 scenario, the global warming impact
would be 1.21–1.44 tCO2 eq t� 1methanol (slightly higher than current
fossil-based production), but this could be lowered to between
� 1.2 and � 1.3 tCO2 eq t� 1

methanol in a best-case scenario (with wind
energy) via syngas generation and conventional synthesis or
direct hydrogenation.[64] Bazzanella and Ausfelder[43] estimated
that this CO2-based methanol from water electrolysis powered
by renewable energy could reduce emissions by 1.53
tCO2

t� 1
methanol.

For other environmental impact categories, the hydrogen
supply is still one of the main contributors to the overall
environmental impact. In a study that considered wind energy-
based water electrolysis, the environmental impact of hydrogen
supply represented 59% of the impact of climate change, 41%
of fossil depletion and almost 70% of water depletion.[78] The
compression of the hydrogen and CO2 also represents a
significant impact in multiple environmental impact categories.
The authors also considered the impact of performing a water
and heat integration onsite between the CO2 capture and
conversion units, achieving a reduction of 2–24% of the
environmental impacts. Particularly, the environmental impacts
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on climate change and fossil depletion were reduced by 17 and
23% respectively.

Although the environmental impacts of the CO2-based
process are generally lower than the conventional methanol
production, mineral depletion and water depletion, which are
more related to the production of hydrogen, are exceptions,
with an increase by 9 and 45% respectively.[78] For other
environmental impacts, values were reduced by 77% for fossil
resource depletion, 50% for human toxicity, 9% for freshwater
eutrophication and 24% for terrestrial acidification. These
results contrasts with values provided by Thonemann,[29] who
estimated that results for all environmental impact categories
would be worsened via CCU compared to the conventional
scenario. This is particularly relevant for freshwater eutrophica-
tion and ionizing radiation using electricity from the grid, and
freshwater ecotoxicity using wind electricity. In this second
scenario, some environmental impact categories, such as ioniz-
ing radiation and ozone layer depletion, are slightly better for
the CCU method.

With regard to the capture of CO2, Meunier et al. carried out
an LCA of a CO2 capture unit in a cement plant for the
production of methanol.[78] Within the CO2 capture unit, the
heat demand for the regeneration of the monoethanolamine
(MEA) solvent contributed to 76 and 97% of the climate change
impact and fossil resource depletion impact, respectively. As a
result, it appears to be the most impacting demand in
comparison to the use of electricity, water consumption and
MEA production. The use of this solvent still presents a high-
energy penalty for its regeneration and could also degrade the
equipment due to corrosion issues. The remaining treated gas
from the absorber also has an environmental impact and
contributes to 52% of the terrestrial acidification.

The first modern commercial CO2 to methanol recycling
plant using locally available, cheap geothermal energy was set
up by Carbon Recycling International (CRI) in Grindavik, Iceland.
It is a demonstration plant, with an initial annual capacity of 4
kt methanol, that was increased up to 50000 L of liquid fuel per
year. The produced methanol, called “Vulcanol”, is currently
mixed with gasoline. It is claimed they reduce greenhouse gas
emissions by approximately 75% compared to conventional
fuel.[86] Hydrogen is produced by water electrolysis using
electricity produced from geothermal energy. In Japan, Mitsui
chemicals has announced the planned construction of a
demonstration plant, with a capacity of 100 t year� 1 to produce
methanol, using CO2 obtained as an industrial by-product and
hydrogen generated by photochemical splitting of water using
solar energy.[83]

In conclusion, methanol produced via CCU may reduce CO2

emissions compared to conventionally produced methanol, but
only if renewable energy is used, particularly to produce
hydrogen. Results for other environmental impact categories
are not clear, with some studies reporting larger impacts, while
other analyses report smaller impacts. Particularly, water
depletion, associated with hydrogen production, seems to be
larger for the CCU method. Methanol is one of the CCU
products that has been more widely investigated.

4.2. Methane

Methane is primarily used as a source of energy,[97] but can also
be used as a raw material to produce biodiesel, methanol and
other valuable hydrocarbons.[46] Methanation, the process by
which methane is synthetized, is a relatively simple and fast
reaction that generates methane under atmospheric pressure.[46]

Multiple synergies exist in the production of methane by
anaerobic digestion and the Sabatier reaction. The same infra-
structure (e.g., for compression, transport and distribution) can
be used for biomethane and synthetic methane. The methana-
tion process is exothermic and the produced heat can be used
elsewhere, for instance in the CO2 capture process.[98]

Methane can be produced from CO2 emitted from power
plants and other emission point sources. The Power-to-Gas (CO2

methanation) process has an estimated utilization of 1 tCO2
t� 1

of synthetic natural gas (SNG).[98] However, this figure considers
the use of carbon-neutral hydrogen.[99] The electricity require-
ments for this process are 15.2 MWh t� 1

SNG,
[100] which must be met

by a renewable and carbon-neutral source if the environmental
impacts of the process are to be minimized. Bongartz et al.[101]

estimated cradle-to-grave emissions of methane produced from
CO2 to be 14.1 gCO2 eq MJ� 1 fuel. This value is lower than for
current natural gas production and combustion (2.9 tCO2 eq t� 1,
or 64 gCO2 eq t� 1).[102]

Therefore, the electricity source for hydrogen production
significantly influences the global warming impact of producing
methane from CO2.

[64] Using wind power for electrolysis has
been associated a lower global warming impact than fossil-
based production, even negative, in most studies (� 0.04–0
tCO2 eq t� 1

methane).
[89,90,103] In general, Safari and Dincer[88] recommend

proton exchange membrane electrolysis (PEM) over the tradi-
tional electrolysis with KOH as electrolyte to produce hydrogen
from water, due to its superior environmental performance, as
well as lower maintenance costs. However, any hydrogen
source other than water electrolysis powered with renewable
energy generates a larger global warming impact (0–0.3
tCO2 eq t� 1

methane) than current fossil-based methane production (
�0.1 tCO2 eq t� 1methane).

[91,104,105]

According to calculations by Reiter and Lindorfer,[104] process
emissions lower than 113 gCO2

kWh� 1 (if CO2 is considered a
waste product) or 73 gCO2

kWh� 1 (if CO2 separation is
considered) in a Power-to-Methane process make it more
competitive than conventional production (Table 6). Neverthe-
less, their assessment shows several weaknesses, such as
omitting several aspects of the use of the product gas and
infrastructure in the system boundaries, and lack of focus on
multi-functionality issues.[103]

Parra et al.[27] calculated the life-cycle environmental impacts
of SNG from Power-to-Methane and concluded that the impacts
were higher than those from conventional natural gas in
Switzerland, due to the large impact of the electrolysis process
(which is powered in this example by renewable and non-
renewable sources, as per the current Swiss electricity market).
Only when all energy for the electrolysis is provided by
renewable sources, environmental benefits are obtained. Fur-
thermore, the environmental impact of the Power-to-Methane
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system is slightly higher when CO2 captured from air is used as
opposed to CO2 from biogas upgrade, since CO2 from biogas
upgrade is considered a waste product with no environmental
burden (burden-free or cut-off approach). Although this cut-off
approach is often recommended for CCU,[106] it is still important
to consider the environmental impact of the capture process, as
noted by Zhang et al.[103]

Zhang et al.[103] also applied the LCA methodology to study
the environmental impacts of Power-to-Methane from different
CO2 sources and concluded that the climate change impact is
reduced if compared to that of conventional natural gas for use
as transport fuel. However, the normalised results of the LCA
showed that the change in climate change impact is negligible
compared to that of other environmental impact categories,

particularly human toxicity (cancer effects); freshwater ecotox-
icity; mineral, fossil and renewable resource depletion; and
human toxicity (non-cancer effects). For all these categories,
Power-to-Methane has a higher environmental impact than that
of conventional natural gas, making this technology more
environmentally damaging than current practices. This higher
impact (calculated per kWh of electricity input to electrolysis)
holds true even considering photovoltaic and wind electricity
supply. These results are explained by the reduction of
efficiency of the system in the methanation process and the
impact associated with the CO2 capture. These results seem to
contradict results of other studies, which generally show an
environmental benefit of CCU over conventional sources.
However, most studies tend to focus on climate change only,

Table 6. CO2 emissions of different methods to produce methane.

Technology/
process

System
boundaries

Hydrogen and electricity source CO2 emis-
sions

Notes Ref.

methane from
fossil sources

cradle-to-
gate

0.15
kgCO2 eq MJ� 1

CH4

standard production (non-CCU) [64]

methane from
fossil sources

0.54
kgCO2 eq kg� 1

CH4

standard production (non-CCU) [29]

Sabatier reac-
tion, nickel-
based catalyst

cradle-to-
gate

hydrogen from electrolysis with
wind power

� 0.04
kgCO2 eq MJ� 1

CH4

CO2 from a cement plant, heat integration of the
methanation with the capture process included, credit
for utilized CO2 is included

[64]
(based on
[89])

Sabatier reac-
tion, nickel-
based catalyst

cradle-to-
gate

hydrogen from electrolysis with
wind power

� 0.03
kgCO2 eq MJ� 1

CH4

CO2 from biogas, heat integration of the methanation
with the capture process included, credit for utilized
CO2 is included

[64]
(based on
[89])

Sabatier reac-
tion, nickel-
based catalyst

cradle-to-
gate

hydrogen from electrolysis with
wind power

� 0.03
kgCO2 eq MJ� 1

CH4

CO2 from combustion of fossil fuels, heat integration
of the methanation with the capture process in-
cluded, credit for utilized CO2 is included

[64]
(based on
[89])

Sabatier reac-
tion, nickel-
based catalyst

cradle-to-
gate

hydrogen from electrolysis with
wind power

� 0.02
kgCO2 eq MJ� 1

CH4

CO2 from direct air capture, heat integration of the
methanation with the capture process included, credit
for utilized CO2 is included

[64]
(based on
[89])

Sabatier reac-
tion, nickel-
based catalyst

cradle-to-
gate

hydrogen from electrolysis with
wind power, surplus energy

� 0.002
kgCO2 eq MJ� 1

CH4

CO2 from combustion of fossil fuels, heat integration
of the methanation with the capture process not
included

[64]
(based on
[90])

Sabatier reac-
tion, nickel-
based catalyst

cradle-to-
gate

hydrogen from electrolysis with
wind power

0.003
kgCO2 eq MJ� 1

CH4

CO2 from combustion of fossil fuels, energy require-
ments for compression and cooling of the reactor not
included, no credit for utilized CO2 is included

[64]
(based on
[27,103])

Sabatier reac-
tion, nickel-
based catalyst

cradle-to-
gate

hydrogen from electrolysis with
photovoltaic power

0.002
kgCO2 eq MJ� 1

CH4

CO2 from combustion of fossil fuels, energy require-
ments for compression and cooling of the reactor not
included, no credit for utilized CO2 is included

[64]
(based on
[27,103])

Sabatier reac-
tion, nickel-
based catalyst

cradle-to-
gate

hydrogen from electrolysis with
wind power

0.03
kgCO2 eq MJ� 1

CH4

CO2 from combustion of fossil fuels, no credit for
utilized CO2 is included

[64]
(based on
[104])

Sabatier reac-
tion, nickel-
based catalyst

cradle-to-
gate

hydrogen from electrolysis with
photovoltaic power

0.06
kgCO2 eq MJ� 1

CH4

CO2 from combustion of fossil fuels, no credit for
utilized CO2 is included

[64]
(based on
[104])

Sabatier reac-
tion, nickel-
based catalyst

cradle-to-
gate

hydrogen from electrolysis with
current EU grid mix

0.30
kgCO2 eq MJ� 1

CH4

CO2 from combustion of fossil fuels, no credit for
utilized CO2 is included

[64]
(based on
[104])

Sabatier reac-
tion, nickel-
based catalyst

cradle-to-
gate

hydrogen from steam methane re-
forming

0.09
kgCO2 eq MJ� 1

CH4

CO2 from combustion of fossil fuels [64]
(based on
[91])

Sabatier reac-
tion, nickel-
based catalyst

cradle-to-
gate

hydrogen from electrolysis with EU
grid mix 2020

0.21
kgCO2 eq MJ� 1

CH4

CO2 from combustion of fossil fuels [64]
(based on
[105])

Sabatier reac-
tion, nickel-
based catalyst

cradle-to-
gate

electricity from the German grid
mix, hydrogen from polymer elec-
trolyte membrane electrolysis

16.7
kgCO2 eq kg� 1

CH4

no environmental impact allocated to the generation
of CO2 used as feedstock

[29]
(based on
[89–91,95,
104,105,109])

Sabatier reac-
tion, nickel-
based catalyst

cradle-to-
gate

electricity from wind energy, hydro-
gen from polymer electrolyte mem-
brane electrolysis

� 1.99
kgCO2 eq kg� 1

CH4

no environmental impact allocated to the generation
of CO2 used as feedstock

[29]
(based on
[89–91,95,
104,105,109])
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and results provided by Zhang et al.[103] demonstrate that
considering additional environmental impact categories is
essential.

Another issue that affects the methanation reaction is the
heat management during the reaction. Shifting to new reactor
designs and heat resistant catalysts with a higher sulfur
tolerance would create more opportunities to overcome these
challenges.[5,107]

In terms of commercial installations, Audi has an operational
Power-to-Gas facility in Werlte (northern Germany) capable of
producing 325 Nm3h� 1 of SNG from CO2 methanation with
renewable hydrogen generated from wind powered
electrolysis.[108]

Similarly as with methanol, methane produced via CCU
allows reducing GHG emissions only if water electrolysis
powered by renewable energy is used to produce the hydrogen
needed for the hydrogenation reaction. Nevertheless, the
impacts of other environmental impact categories seem to be
larger for CCU than for conventional production, even using
renewable energy, particularly for human toxicity, freshwater
ecotoxicity and resource depletion.

4.3. Dimethyl ether

DME is a product of the dehydration of methanol.[47] DME can
be used as a diesel fuel due to its high cetane number (55–60)
and clean burning properties, such as no soot, no SOx emission
and low NOx emission. This allows the use of simpler exhaust
systems in existing diesel vehicles. DME can also act like a
liquefied petroleum gas (LPG) substitute in applications such as
heating and cooking.[110] DME can be used to produce hydro-
carbons, oxygenates and high ethers.[111] Specifically, there is a
large market value for acetic acid, gasoline and olefins that can
be derived from DME.

DME is an excellent solvent and also degrades rubber
materials.[110] It has been increasingly used as an aerosol
propellant to replace conventional chlorofluorocarbons that
were found to destroy ozone layers of the atmosphere.[112] The
DME aerosol propellant has been used in a wide range of
personal care products, including shaving creams, hairspray,
foams, and antiperspirants, because of its higher water
solubility relative to other propellants. Besides, DME has been
used in a limited amount to freeze meat and fish by direct
immersion.[113,114]

DME can be synthesized either directly or by a two-step
method from syngas. In the direct method, simultaneous
methanol synthesis and in-site dehydration occur. In the
indirect synthesis method, methanol is synthesized from syngas
followed by methanol dehydration. From a cost and product-
yield perspective, the direct synthesis of DME from syngas may
be the preferred route for large scale industrial production.[115]

From a global warming point of view, DME utilizes a high
amount of CO2 for its synthesis (i. e., it locks in a large amount
of CO2): 1.91 tCO2

t� 1.[74] Considering the production volume in
2011 of DME within the European Union, CO2-based DME could
avoid the emission of 100 ktCO2

y� 1.[74]

Artz et al.,[64] based on data from Schakel et al.,[116] estimated
that the global warming impact of CO2-based DME was
estimated to be equal to that of current fossil diesel in a
projected 2020 scenario (0.09 kgCO2 eq MJ� 1

fuel; Table 7). The
impact of CO2-based DME could be reduced further to 0.05
tCO2 eq MJ� 1fuel by using wind energy instead of fossil energy.
These numbers were calculated considering cradle-to-gate
emissions from production, and combustion emissions com-
puted assuming stoichiometry. In both current and wind-energy
scenarios, the global warming impact is mainly caused by the
DME combustion and direct emissions. The global warming
impact reported in this study is significantly higher than cradle-
to-grave emissions of conventionally-produced DME used as
fuel estimated by Bongartz et al. (�0.02 kgCO2 eq MJ� 1

fuel).
[101]

In another study, Thonemann[29] concluded that CO2-based
DME production has lower environmental impact than conven-
tional DME production for all impact categories within the ILCD
1.0.8 2018 midpoint method, except ecotoxicity and ozone
depletion. In their modelling, they used 1 kg DME produced as
functional unit, wind energy as source of electricity, attribution-
al modelling, openLCA 1.9 software and the ecoinvent cut-off
3.5 database.

McKone et al.[110] compared the life-cycle carbon intensity of
DME production from biogas from an anaerobic digestion
process of food and yard waste (namely BioDME), with that of
low-sulfur diesel and DME from natural gas. Although the
carbon intensity of fuel production was higher for BioDME in
this study, the authors found out that negative emissions were
associated with feedstock production, making BioDME perform
significantly better than the other two alternatives. This is
because BioDME is considered to recycle carbon from the
biogas produced by the anaerobic digestion. However, this is
questionable, since the biogas produced by anaerobic digestion
is supposed to be used for electricity and/or heating produc-
tion, which would reduce the need to generate this electricity
and/or heating. Omitting these avoided emissions is misleading,
as otherwise the waste could have been disposed of by other
methods, such as landfill.

The utilization of CO2 from gunwood gasification for the
production of bio-DME (different to the aforementioned
BioDME) reduced up to 20% the environmental impact of the
production process.[117] Bio-DME showed lower emissions than
diesel (0.46 and 1.62 tCO2 eq km� 1 respectively) and a lower
impact on human health and ecosystem than diesel (55 and
68%, respectively).

In another example, Matzen and Demirel[96] applied the LCA
methodology to study the environmental impacts of production
of DME via methanol from CO2 captured from a corn
fermentation process used to produce ethanol, and hydrogen
from water electrolysis powered by wind energy. Both the
methanol and methanol-based DME studied outperform con-
ventional fossil fuels (liquefied natural gas, ultra-low sulfur
diesel and methanol or DME obtained from natural gas). The
only case when conventional fossil fuel showed lower environ-
mental impact is when comparing CO2-based methanol with
gasoline for volatile organic compound and CO emissions.
Overall, CO2-based methanol and DME reduce GHG emissions
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by 82–86% and fossil fuel depletion by 82–91%. The authors
also calculated the environmental impact results for several
categories for both methanol and DME production. Unsurpris-
ingly, methanol outperforms DME for all impact categories from
cradle-to-gate, since DME is produced via the same route as
methanol. When expanding the scope to cradle-to-grave
(including emissions from the combustion), DME shows lower
emissions of volatile organic compounds, CO, NOx and SOx,
although higher GHG emissions and fossil fuel use.

KOGAS, a South Korean public natural gas company, has
been manufacturing DME from CO2 since 2000 on demonstra-
tion and pilot scale plants in Korea. In 2008, the demonstration
plant production was 10 t day� 1 of DME, and they target to
produce 3000 t day� 1 of DME.[85,118] Similarly, Oberon Fuels
produce up to 10000 gallons of DME per day, from feedstocks

like biogas from dairy manure and food waste, to service
regional fuel markets in the US.[119] This DME is primarily used as
a transportation fuel.

In conclusion, there seems to be consensus in that DME
produced via CCU has the potential to reduce GHG emissions
compared to conventional production methods. DME used as
fuel does not increase life-cycle emissions compared to diesel.

4.4. Dimethyl carbonate

DMC represents a good substitute for some organic solvents or
reagents (e.g., phosgene, dimethylsulfoxide, dimethyl sulfate or
methyl iodide) that have an associated high environmental
impact. DMC is also used as a methylating agent, as an additive

Table 7. CO2 emissions of different methods to produce DME.

Technology/process System boundaries Hydrogen and elec-
tricity source

CO2 emissions Notes Ref.

synthesis by dehydrogen-
ation of methanol

cradle-to-gate 1.27
kgCO2 eq kg� 1DME

standard production (non-CCU) [29]

DME from natural gas cradle-to-grave, including feed-
stock production and transport,
fuel production, distribution
and reforming, and vehicle fu-
eling and combustion

91.1 gCO2 eq MJ� 1
DME

70% efficiency [110]

CO2 converted to syngas
via dry reforming of
methane (Ni/Rh/Al2O3 cat-
alyst), then transformed
into DME (γ-Al2O3 catalyst)

hydrogen produc-
tion is excluded
from the system
boundaries

35.8 gCO2 eq MJ� 1
DME

CO2 capture is excluded from
the system boundaries

[116]

CO2 converted to syngas
via dry reforming of
methane (Ni/Rh/Al2O3 cat-
alyst), then transformed
into DME (γ-Al2O3 catalyst)

cradle-to-gate plus combustion hydrogen produc-
tion from steam
methane reforming,
electricity from EU-
27 grid mix

0.15
kgCO2 eq MJ� 1

DME

utilization of CO2 captured from
a coal power plant as feedstock
is not included (-0.05
kgCO2 eq MJ� 1

DME)

[64]
(based on
[116])

CO2 converted to syngas
via dry reforming of
methane (Ni/Rh/Al2O3 cat-
alyst), then transformed
into DME (γ-Al2O3 catalyst)

cradle-to-gate plus combustion hydrogen produc-
tion from electrolysis
with wind energy,
electricity from EU-
27 wind energy

0.12
kgCO2 eq MJ� 1

DME

utilization of purified CO2 as
feedstock is not included (-0.06
kgCO2 eq MJ� 1

DME

[64]
(based on
[116])

CO2 converted to syngas
via dry reforming of
methane (Ni/Rh/Al2O3 cat-
alyst), then transformed
into DME (γ-Al2O3 catalyst)

cradle-to-gate electricity from the
German grid mix, hy-
drogen from poly-
mer electrolyte
membrane electroly-
sis

� 0.48
kgCO2 eq kg� 1DME

no environmental impact allo-
cated to the generation of CO2

used as feedstock

[29]
(based on
[92,116,120])

CO2 converted to syngas
via dry reforming of
methane (Ni/Rh/Al2O3 cat-
alyst), then transformed
into DME (γ-Al2O3 catalyst)

cradle-to-gate electricity from wind
energy, hydrogen
from polymer elec-
trolyte membrane
electrolysis

� 1.07
kgCO2 eq kg� 1DME

no environmental impact allo-
cated to the generation of CO2

used as feedstock

[29]
(based on
[92,116,120])

DME from high solid anae-
robic digestion of food
and yard waste

cradle-to-grave, including feed-
stock production and transport,
fuel production, distribution
and reforming, and vehicle fu-
eling and combustion

� 5 gCO2 eq MJ� 1
DME

[110]

CO2 converted to metha-
nol, then transformed to
DME via a condensation
reaction

cradle-to-gate hydrogen from elec-
trolysis powered by
wind energy

0.5 tCO2 eq MJ� 1
DME

CO2 captured from biomass
fermentation

[96]

CO2 enhanced gasification
of gumwood to produce
DME

cradle-to-gate including the
pre-treatment process; produc-
tion of DME; and utilization of
DME as renewable fuel for
diesel engines.

Chinese grid mix
used for electricity

bio-DME emis-
sions 46.2 kgCO2 eq

per 100 km, and
162 kgCO2 eq per
100 km for diesel

functional unit was diesel and
bio-DME fueled engine travel-
ling a distance of 100 km by an
urban bus; includes both direct
and indirect emissions

[117]
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in petrol (as an octane improver)[5] and is applied as a
replacement to ketones and acetates in paints and adhesives,
due to its strong solvation power. Although traditionally DMC
was produced via reacting phosgene and methanol, most
production now is via oxidative carbonylation by reacting
carbon monoxide, oxygen and methanol. Alternative routes
include transesterification of ethylene carbonate or propylene
carbonate and methanol.[121]

DMC needs 0.50 tCO2
per t of DMC produced, which is only

one fourth of the CO2 used to produce DME.[74] Considering the
production volume of DME in the European Union in 2011, CO2-
based DMC could avoid the emission of 300 ktCO2

y� 1.[74] These
authors conclude that DMC, along with methanol and DME, are
well placed to be synthetized from CO2 because of their
potential to reduce CO2 emissions and their economic feasi-
bility.

There is a lack of LCA studies on the use of captured CO2 to
produce DMC. One of the few examples is an old article by
Aresta and Galatola,[122] who compared a conventional route
based on phosgene with an alternative utilizing CO2 captured
from an ammonia manufacturing plant, a steam reforming
process and fossil fuel fired power plant. Production of CO2-
based DMC performs better than via phosgene for all environ-
mental impact categories considered: greenhouse effect, ozone
layer depletion, acidification, nutrification and oxidant forma-
tion. These results were consistent using either mass or
economic allocation. For the CO2-based process, the capture
process contributes the most to the overall environmental
impacts because of the high energy use to recover CO2 with an
MEA solution.

Despite some variability on the results reported by various
sources, it seems that DMC production from CO2 via ethylene
carbonate and urea transesterification routes have a lower
global warming impact than fossil-based DMC production,[64]

with values between 0.45–0.77 tCO2 eq t� 1DMC (gate-to-gate)[123,124]

and 0.86 tCO2 eq t� 1
DMC (cradle-to-gate)[125] for the ethylene

carbonate transesterification route, and between 0.34
tCO2 eq t� 1

DMC (cradle-to-gate)[125] and 2.93 tCO2 eq t� 1
DMC (gate-to-

gate)[123] for the urea transesterification route (Table 8).
These results contrast with the results obtained by

Thonemann,[29] who concluded that the environmental impact
of producing DMC from CO2 is higher than that of conventional
production, for all impact categories considered with the ILCD
1.0.8 2018 midpoint method. This is mostly due to the high
electrical and thermal energy, and water demand. In their
modelling, they used “1 kg DMC produced” as functional unit,
two scenarios with electricity from the German grid or wind
electricity, attributional modelling, openLCA 1.9 software and
the ecoinvent cut-off 3.5 database. This study is based on
previous work by Garcia-Herrero et al.,[126] who analysed the
electrochemical reaction of CO2 and methanol in the presence
of potassium methoxide and the ionic liquid 1-butyl-3-meth-
ylimidazolium bromide to produce DMC, and Kongpanna
et al.[123] who analysed CO2, urea, ethylene carbonate and
propylene carbonate routes.

Specifically, Garcia-Herrero et al.[126] compared the environ-
mental impact of a novel process to produce DMC via an

electrochemical reaction of CO2 with methanol with the
environmental impact of the conventional process based on
oxidative carbonylation of methanol. The novel method had a
much higher environmental impact than the conventional one
for a range of environmental impact categories considered
(between 11 and 111 times higher) due to the very low
conversion achieved and large energy use in the separation
process. The authors found that the conversion in the novel
process should increase from 0.7 to 20% to perform environ-
mentally better than the conventional process.

Using CO2 captured with MEA to produce DMC in the urea-
based process reduces the global warming potential by
4.3 times compared to the conventional synthesis of DMC from
phosgene (31 vs. 132 tCO2 eq t� 1DMC).

[5,122] The authors used a
cradle-to-gate approach, excluding recycling and disposal
stages. The boundaries included CO2 separation and capture, its
compression, transport and chemical synthesis. The reductions
in the other environmental impacts were similar, ranging from
3.6 times for the eutrophication potential, four times for the
acidification potential and photochemical ozone creation
potential, to 13 times for the ozone depletion potential. The
main reason for this difference is the reduced energy require-
ments for the production of raw materials used in the urea-
based synthesis (hydrogen, ammonia and CO2 recovered with
MEA), compared to the production of raw materials used in the
phosgene-based process (chlorine and sodium hydroxide).

In conclusion, there is no clear agreement among the
studies on the environmental advantages of CCU-based DMC
over conventionally produced DMC. Some studies report a
reduction of environmental impacts, but other studies claim
that the environmental impact of such CCU methods is
significantly higher than existing technologies. This holds true
for most environmental impact categories. Based on this,
further analysis of the life-cycle environmental impacts of
different methods to produce DMC via consistent LCA is
needed.

4.5. Propane, propene, and other light hydrocarbons

Currently, olefins are mostly produced by thermal steam
cracking of naphtha, which is an energy intensive process. This
generates large CO2 emissions of 1.2–3 tCO2

per t of olefin
obtained.[127,128] Methanol to olefins is a widely studied alter-
native that has started to be applied at large scale. The first
commercial methanol-to-olefins plant was launched in 2010 in
China, with a production rate of 600 kty� 1.[129]

Paraffins and olefins can be synthetized from CO2 by
indirect routes (via methanol or carbon monoxide) or by direct
routes, such as CO2-based Fischer-Tropsch synthesis or with
bifunctional catalysts. Direct routes tend to perform better
environmentally.[130]

Olefins production (e.g., propene) from fossil sources or CO2

has associated a high energy use, and therefore would benefit
more significantly if this energy comes from renewable
sources.[131] It has been estimated that utilizing hydrogen from
low-carbon electricity sources (e.g., electrolysis powered by
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renewable energy) and captured CO2 to produce propene has
the potential to avoid 1.89 t CO2 emissions per t of propene
produced.[43] On the other hand, CO2-based C3+ chemicals have
a higher potential to reduce greenhouse gases in the atmos-
phere compared to smaller molecules, since they need more
CO2 per molecule of product obtained.

Mota and Kim[128] claimed that, out of the several methods
to produce chemicals from CO2, photochemical synthesis seems
to be the most energy efficient, followed by electrochemical
synthesis, with thermochemical synthesis being the least energy
efficient. On the other hand, thermochemical synthesis shows
the highest selectivity for olefins, whilst photochemical syn-
thesis has the lowest selectivity.

Jiang et al.[129] assessed the gasification of biomass and use
of CO2 to produce olefins by two methods to generate syngas:
using steam and oxygen for the gasification process in a reactor
combined with a catalytic reforming unit (direct method) and
using steam in a gasifier connected with a combustor (indirect
method). They found that for both processes the biomass
production and direct emissions (i. e., combustion) account for
the largest contribution for CO2 emissions per t of olefins
produced, and although CO2 emissions from biomass produc-
tion were similar in both cases, CO2 emissions from combustion
were nearly four times larger for the indirect process. Never-
theless, the significant negative emissions for both methods
make the net CO2 emissions negative (� 4.44 tCO2 eq t� 1olefins for the
indirect method and � 8.74 tCO2 eq t� 1olefins for the direct method).

Table 8. CO2 emissions of different methods to produce DMC.

Technology/process System
boundaries

Hydrogen and electricity source CO2 emis-
sions

Notes Ref.

conventional production cradle-to-
gate

2.12
kgCO2 eq kg� 1

DMC

standard production (non-
CCU)

[29]

via phosgene from CO and Cl2 cradle-to-
gate

European electricity mix
(from 1998)

132
kgCO2 eq kg� 1

DMC

standard production (non-
CCU), mass allocation

[122]

partial carbonylation (Bayer process) cradle-to-
gate

0.52
kgCO2 eq kg� 1

DMC

standard production (non-
CCU)

[123]

direct synthesis from CO2 and methanol cradle-to-
gate

electricity from the German grid
mix, hydrogen from polymer
electrolyte membrane electroly-
sis

7.33
kgCO2 eq kg� 1

DMC

no environmental impact
allocated to the genera-
tion of CO2 used as feed-
stock

[29]
(based
on
[123])

electrochemical reaction of CO2 with methanol in
the presence of potassium methoxide and 1-butyl-
3-methylimidazolium bromide

cradle-to-
gate

electricity from the German grid
mix, hydrogen from polymer
electrolyte membrane electroly-
sis

465
kgCO2 eq kg� 1

DMC

no environmental impact
allocated to the genera-
tion of CO2 used as feed-
stock

[29]
(based
on
[126])

direct synthesis from CO2 and methanol cradle-to-
gate

electricity from wind energy,
hydrogen from polymer electro-
lyte membrane electrolysis

7.26
kgCO2 eq kg� 1

DMC

no environmental impact
allocated to the genera-
tion of CO2 used as feed-
stock

[29]
(based
on
[123])

electrochemical reaction of CO2 with methanol in
the presence of potassium methoxide and 1-butyl-
3-methylimidazolium bromide

cradle-to-
gate

electricity from wind energy,
hydrogen from polymer electro-
lyte membrane electrolysis

381
kgCO2 eq kg� 1

DMC

no environmental impact
allocated to the genera-
tion of CO2 used as feed-
stock

[29]
(based
on
[126])

via urea from NH3 and CO2 cradle-to-
gate

European electricity mix
(from 1998), hydrogen from
steam reforming

30.6
kgCO2 eq kg� 1

DMC

mass allocation [122]

via ethylene oxide cradle-to-
gate

0.86
kgCO2 eq kg� 1

DMC

[64]
(based
on
[125])

via urea methanolysis cradle-to-
gate

0.34
kgCO2 eq kg� 1

DMC

[64]
(based
on
[125])

transesterification of ethylene carbonate cradle-to-
gate

0.45
kgCO2 eq kg� 1

DMC

[123]

transesterification of urea cradle-to-
gate

2.94
kgCO2 eq kg� 1

DMC

[123]

transesterification of ethylene carbonate cradle-to-
gate

electricity emissions of 35.902
kgCO2 eq MMBtu (million British
thermal unit)� 1

0.77
kgCO2 eq kg� 1

DMC

does not include the uti-
lization of � 0.70
kgCO2 eq kg� 1

DMC as feedstock

[124]

oxidative carbonylation of methanol (Eni) cradle-to-
gate

electricity from the Spanish grid
and solar photovoltaics

3.18
kgCO2 eq kg� 1

DMC

[126]

electrosynthesis from CO2 and methanol cradle-to-
gate

electricity from the Spanish grid
and solar photovoltaics

78.9
kgCO2 eq kg� 1

DMC

includes the utilization of
� 0.49 kgCO2 eq kg� 1

DMC as
feedstock

[126]
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The better sustainability performance of the direct method is
explained by the large emissions of the char combustion to
provide the heat for the biomass gasifier of the indirect method,
whereas the CO2 emitted in the gasification, tar reforming and
water gas shift reaction, was captured in the direct method.

There are several studies that analyzed the production of
Fischer � Tropsch fuels from CO2. For instance, Cuéllar-Franca
et al.[132] studied the life-cycle environmental impacts and costs
of four different processes to produce Fischer-Tropsch fuels
from the CO2 captured from anaerobic digestion of sewage
sludge. They found out that the environmental performance of
the CO2-based systems significantly improves when scaling up
due to economies of scale. At large scale, these CO2-based fuels
perform better than fossil diesel for the following environ-
mental impact categories studied: abiotic depletion of elements
and fossil resources potentials, acidification potential, eutrophi-
cation potential, human toxicity potential, photochemical
oxidants creation potential, freshwater aquatic ecotoxicity
potential, marine aquatic ecotoxicity potential and terrestrial
ecotoxicity potential. This is one of the few studies that
considers a wide range of environmental impact categories in
its analysis of CCU technologies. Fossil diesel performs better
only for global warming potential and ozone layer depletion
potential. However, optimising key parameters of the CO2-
based systems, global warming potential can be reduced to
become even 70% lower than for diesel.

One of the first LCA studies of CCU technologies was
undertaken by van der Giesen et al.[133] They compared the
reduction on CO2 emissions of various Fischer � Tropsch
processes to produce fuels from CO2 via carbon monoxide and
using hydrogen from water electrolysis. They concluded that,
comparing with fossil-based fuels, CO2-based fuels only provide
a reduction on CO2 emissions when solar energy is used, and
the CO2 is captured from atmosphere. In all other cases,
conventional production of fuels from fossil resources is
superior from a CO2 emissions angle. Although they were
skeptical about the global carbon mitigation that CCU can
provide, they noted that novel technologies, as those that have
been investigated and developed since the article was
published, would improve the performance of CCU. Particularly,
they highlighted the potential of CCU to provide fuels for
airplanes and heavy-goods vehicles.

Hombach et al.[134] studied the production of Fischer �
Tropsch fuels from CO2 captured from air, using wind energy
and different water electrolysis systems. Life-cycle GHG emis-
sions could be as low as 64 gCO2 eq MJ� 1

fuel in a 2015 scenario (in
Germany), but this could be further reduced to 6.6 gCO2 eq MJ� 1

fuel

in a 2030 scenario. Both results are lower than for conventional
production via fossil fuel (84 gCO2 eq MJ� 1). These results
significantly change if the German grid mix is used as the
source of electricity instead of wind energy, with values of 441
gCO2 eq MJ� 1 in a 2015 scenario and 148 gCO2 eq MJ� 1, respectively,
in a 2030 scenario. In both cases, they are larger values than
current production via fossil fuels.

With regard to the catalysts needed for the reactions,
composite zeolite-based catalysts have been successfully used
to convert CO2 into gasoline-range hydrocarbons.[135] Never-

theless, large-scale production of zeolites needs large amounts
of energy, high pressures and long reaction times, and
consequently, current research is looking into producing
zeolites greenly and more efficiently, for instance by organic-
template-free, ionothermal, solvent-free and microwave
synthesis.[135]

Another CCU option is to gasify municipal solid waste and
use the syngas to produce valuable chemicals. This is in line
with the waste biorefinery concept, commonly used in recent
years in the agri-food sector.[136] This option, which allows
producing chemicals such as olefins, DME and methanol, can be
considered environmentally sustainable and is generally pre-
ferred over other treatments (e.g., incineration) to deal with
solid waste.[136] Similar approaches were recommended by Jiang
et al.,[129] who used biomass as the starting raw material, and
Peters et al.,[137] who proposed using manure and municipal
solid waste as feedstock for CO2 in Power-to-Gas projects. The
use of liquid manure for this purpose would result in not only a
reduction of CO2 emissions (the authors report a net value of
� 85.6 gCO2

per MJ of generated fuel), but also reducing
acidification and eutrophication of soil and water by avoiding
land spreading this material.

In conclusion, there are a wide range of other chemicals
that can be produced from CO2, such as light hydrocarbons.
Examples of this include propane (a paraffin) and propene or
propylene (an olefin). For these products, LCAs that quantify
their environmental impact are lacking. With the published data
available, production of light hydrocarbons from CO2 may
reduce environmental impacts, particularly GHG emissions, if
renewable energy and hydrogen from water electrolysis is used.

5. Use of LCA to Analyze Environmental
Impacts of CCU Technologies

Several researchers[19–23] have recommended LCA as an appro-
priate methodology to evaluate environmental impacts of CCU
technologies. Although historically few LCA studies of CCU
systems had been undertaken,[5,24–27] the number of these
studies started recently to grow, as shown in this article.
Examples of such approaches are an LCA study of a Power-to-
Gas plant in Switzerland undertaken by the Paul Scherrer
Institute and an LCA analysis of hydrogen production via
fermentation and its conversion to methane by the Energy
Institute of the Johannes Kepler University Linz.[138]

Several methodological choices in LCA studies can signifi-
cantly influence results. For instance, the reduction in GWP is
sensitive to CO2 capture and allocation methods as well as the
assumptions for heat recovery from the system.[5] Furthermore,
a number of studies focus on climate change or global warming
only, omitting the rest of the environmental impact categories.
In order to understand the full life-cycle picture of the process
and products studied, as many as possible environmental
impact categories must be used.[27,84,103,132]

The timing of the capture of CO2 and subsequent emissions
should also be accounted,[139] and this is often lacking.
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Chemicals or fuels produced from CO2 offer temporary storage
of CO2 (very short in the case of fuels). LCA do not account for
emissions timing.[28,140] Several methods have been proposed for
this purpose.[28] In the absence of an accepted method, stand-
ards currently recommend to separately report the amount
stored and the duration of the temporary storage.[113,114]

In order to solve any allocation issues, ISO recommends
using the multi-functionality hierarchy with system expansion,
substitution or allocation. Zhang et al.[103] undertook an LCA of
Power-to-Gas (for hydrogen and methane production) and
claimed that system expansion provides more meaningful
results than subdivision (based on causalities). In fact, in their
study, the GHG emissions associated with synthetic natural gas
production from Power-to-Methane using the subdivision
approach are higher than those of conventional natural gas, in
contrast with results obtained using system expansion including
electricity production (if a power plant is considered) or cement
production (if a cement plant is considered). Other
researchers[106,141,142] also recommend system expansion to deal
with multifunctionality. However, when comparing CO2-based
products to other products, allocation might be necessary in
some cases.[106] In order to ease data collection and calculations,
Abanades et al.[24] recommends applying comparative analysis
of systems with and without CCU and therefore obviate
elements present in both systems.

Koj et al.[84] highlighted the lack of transparency on the life-
cycle inventory and several methodological choices of LCA
studies of Power-to-X. They found that the most common
functional unit used was based on energy and the system
boundary usually covered the factory gate. About half of the
studies analysed by Koj et al.[84] did not specify how multi-
functionality issues were approached. A variety of life-cycle
impact assessment methods was used (e.g., CML, ILCD, ReCiPe).
Endpoint indicators, in addition to midpoint indicators, were
rarely used. All studies used attributional LCA, which indicates
the need to also consider consequential approaches for LCA.
Most practitioners used the ecoinvent database, followed by
GaBi. Most studies analysed Power-to-X under current con-
ditions and only in Europe. The same conclusions were
obtained by Thonemann[29] in their review of CCU studies in the
chemical sector. Artz et al.[64] also found significantly different
results for LCA studies carried out for the same CO2-based
product manufactured by the same route, which proves that a
common framework for LCA of CCU is needed. They identified
the reasons for such variations as different assumptions about
the supply of feedstocks (e.g., CO2, H2 and electricity), definition
of the system boundaries, and the way to allocate products and
co-products. Thonemann[29] identified the selection of system
boundaries, functional unit and allocation method, as the most
relevant methodological choices in environmental impact
studies of CCU. They found that cradle-to-gate systems, output-
based functional units based on mass (e.g., “producing 1 kg of
methanol”) and system expansion are more commonly consid-
ered. In terms of technological choices, most studies considered
CO2 captured from combustion, hydrogen from water splitting,
and the national grid mix as source of electricity.[29] Construc-
tion and transport are often excluded in these analysis.

Von der Assen et al.[143] published a thorough analysis of
potential pitfalls in LCA for CCU, which they identified as: 1)
intuitively characterizing utilized CO2 as a negative GHG
emission, 2) allocation of environmental impacts to individual
products in multifunctional processes, and 3) overestimating
the effect of the CO2 storage duration on the global warming
impact. In the same study, they presented a framework to avoid
such pitfalls of LCA for CCU. Zhang et al.[103] also highlighted the
lack of consensus on the methodological issues for environ-
mental assessment of CCU and underlined that von der Assen’s
framework has not been consistently applied as of yet for
Power-to-Gas systems. von der Assen et al.[28] also provided a
useful introductory-level tutorial of LCA for CCU, which can also
be found in a summarized form in Ref..[15]

In agreement with the several aspects discussed in this
section, CarbonNext[144] gave the following recommendations to
apply LCA to study CCU systems:
* When CO2-based products are compared with the same

product manufactured conventionally, combustion, use and
end-of-life are identical in both scenarios, and a cradle-to-
gate analysis is recommended.

* The study should be location specific if possible.
* System expansion should be used to address multifunctional

processes and the functional unit should be extended
accordingly to account for these additional products.

* CO2 capture should be included in the study if possible.
In order to further support the application of LCA to study

CCU systems, Zimmermann et al.[142] recently published a set of
useful and detailed guidelines. These guidelines describe the
four LCA phases (from ISO 14040) and explain how they should
be approached in CCU studies. They distinguished between
mandatory and optional actions (“shall”, “should”, “may”) for
each of the LCA phases and include a “checklist” to help the
practitioner to complete all actions required in the LCA. They
also published several worked examples to illustrate how the
guidelines should be applied.[145]

According to these guidelines,[142] the following functional
units may be used in CCU studies: energy content, unit of
energy service, mass, unit of technical performance, or
satisfaction of the energy demand. The selection of the func-
tional unit depends on the CCU purpose (i. e., energy storage, a
chemical or a fuel) and the alternative CCU product to which
the CCU product is compared to. They only recommend using a
cradle-to-gate approach when the two products compared are
the same and using a cradle-to-grave approach for different
products and for energy storage.

Zimmermann et al.[142] recommends using the CML method
for the Life-Cycle Impact Assessment phase, and a second
method depending on the geographical scope (e.g., ILCD for
Europe and TRACI for US). Also, they recommend using only
midpoint indicators in the assessment, due to the high
uncertainty of endpoint indicators and single scores. On the
other hand, endpoint indicators and single scores are partic-
ularly useful when comparing products or processes, as CCU
studies do. Therefore, the following ISO recommendations
would be the most appropriate approach: showing results with
midpoint indicators (mandatory) and utilizing endpoint indica-
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tors and, particularly, single scores (optionally) only when
comparative assertions are not to be disclosed to the public.[141]

Our conclusions from the LCAs reviewed of CCU technolo-
gies is that a number of methodological choices significantly
influence LCA results. The selection of the functional unit is a
key step, and this should differ depending on the CCU product
produced. The system boundaries should include all relevant
processes (e.g., carbon capture), only excluding those that are
common for two scenarios in comparative analyses. In multi-
functional processes, system expansion must be prioritized. A
geographical scope must be defined, as this significantly
influences several methodological choices (e.g., electricity
source). The timing of the emissions should be considered, as
this is very different. for example, for fuels (very short) or
construction materials (very long). All assumptions and simplifi-
cations should be justified and sufficiently described. The
quality of data should be assessed. CCU decisions should not be
undertaken based only on GHG emissions, but a wide range of
environmental impact categories should be considered. An
updated and reliable life-cycle impact assessment method must
be used, such as CML, ILCD or ReCiPe. Uncertainty and
sensitivity analyses must be performed to assess the quality and
robustness of the results obtained. Finally, all aspects described
above should be documented in the LCA report.

6. Summary and Outlook

This Review has shown that carbon capture and utilization
(CCU) can be an alternative to manufacture valuable chemicals,
such as methanol, methane, dimethyl ether (DME) and dimethyl
carbonate (DMC), whilst reducing environmental impacts when
compared to standard practices. In the chemical industry, CCU
could reduce CO2 emissions, while at the same time decrease
the dependence on fossil fuels as carbon source for chemical
production.

Nevertheless, using CO2 as feedstock does not guarantee
sustainable or environmental production processes per se. Life
Cycle Assessment (LCA) of prospective products could help to
assess environmental impacts of the production processes,
identify hotspots, guide future research and provide perform-
ance targets. The number of LCA studies on CCU has been
growing over the last five years. However, there are still some
CCU products, such as propane and propene, that have not
been analyzed from a full LCA perspective. Also, different LCA
studies of the same or similar CCU processes often give
divergent results, which highlights the need to harmonize the
LCA methodology in CCU studies.

LCA should not only be limited to impacts on climate
change. Instead, a wide range of environmental impacts should
be considered to avoid burden shifting to other impact
categories, for instance reducing climate change impact at the
expense of increasing toxicity. These tradeoffs need to be
systematically analyzed. Sensitivity analysis should also be used
to assess the assumptions made, such as efficiencies, allocation
methods, estimated data and the actual lifetime storage of CO2

in products.

Uncertainty in the data and results are common, particularly
for low Technology Readiness Level (TRL) technologies. Such is
the case for many CCU processes. The quality of the data
collected therefore, must be reported. On the other hand, early
technology assessments provide the greatest opportunity to
influence design and environmental performance. Considering
both the level of technology maturity and the level of maturity
of the market into which the technology will be deployed, are
critical defining factors of the emerging technology assess-
ments.

Finally, it is important to note that LCA only provides
environmental information of the prospective CCU technolo-
gies, but other considerations are equally important, such as
socio-economic factors. It is recommended to integrate LCA
studies with economic analysis, such as life-cycle costing (LCC)
or techno-economic assessments (TEA) (which also considers
technical factors). Integrating insights from public acceptance
and social impact assessments (e.g., social LCA) into the
research and development process could also become key for
the future implementation of CCU.

In conclusion, CCU research is increasing and new products
from CO2 are continuously emerging onto the market. For
example, you can now buy mattresses produced with CO2

incorporated into the polymer chain, drink vodka produced
from CO2 captured from the air, use building materials such as
aggregates made from CO2 combined with other wastes or fill
your car with fuel containing CO2-derived methanol. CO2

utilization seems set to make a contribution towards moving to
a more circular, sustainable economy with lower environmental
impacts.
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